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Spatial distributions and mixing energies of tidal currents
over the eastern Bering Sea shelf

Tomonori AZUMAYA® and Yutaka ISODA*®

Abstract: The spatial semidiurnal and diurnal tides and their tidal currents over the eastern
Bering Sea shelf were investigated by use of a two—dimensional barotropic model on f-plane.
There is a different tidal response between the two main bays along the Alaska coast. The
semidiurnal tidal current predominates in Bristol Bay, while the diurnal tidal current predomi-
nates in Norton Sound. The results of our model attribute this difference to that between the
forcing periods of the respective co-oscillating tides. Furthermore, the model results suggest that
the larger amplitudes of diurnal tidal current along the slope relative to those of the shelf area
are caused by the topographic Rossby wave manner with energy trapping on the shelf slope. To
spatially investigate the effect of the tidal energy on the mixing of water column, the potential
energy anomaly was calculated using hydrographic data taken between 1963 and 1992. The tidal
front forms along the coast of Alaska, where the potential energy anomaly is relatively small,
and its location well corresponds to the spatial contour—lines of the critical parameter of log
(H/U?*) =25~3., for the tidal mixing energy. It is inferred that the vertical mixing energy of
tidal currents plays an important role in the formation of this coastal front there. However, the
spatial configuration of the potential energy anomaly cannot be explained by the log(1{/U?) in

the north of St. Lawrence Island, where the Anadyr Current flows across the shelf.

1. Introduction

The eastern Bering Sea shelf extends about
1,000 km from Unimak Pass in the southeast to
Cape Navarin in the northwest. It is bounded
by lands on three sides : the Alaskan Penin-
sula in the southeast, the Alaskan mainland in
the northeast, and Siberia in the northwest
(Fig. 1). With its surface area of 1.2 X10°km? it
is one of the widest ocean shelves known, and
also boasts one of the world’s most productive
ocean ecosystems.

Current—meter records over the eastern Ber-
ing Sea shelf have shown that 60-95 % of the
variance in the current’s horizontal kinetic en-
ergy was the result of tidal components
(ScauMAcHER and KINDER, 1983). The mean
vector speeds of the shelf’s current(< 2 cmes™)
were one order of magnitude lower than the
speeds of the tidal current (20 cmes™"). Hence,
the shelf has become notorious for strong tidal

* Faculty of Fisheries, Hokkaido University,
3-1-1 Minato-cho, Hakodate 041, Japan

currents.

Tidal waves enter the Bering Sea as free
waves from the North Pacific Ocean, mainly
through the central and western passages of
the Aleutian—Komandorski Islands. The Arctic
Ocean is a secondary source of tides which
propagate southward into the north Bering
Sea. PEARSON et al. (1991) used long-term direct
current measurements to determine that the
predominant semidiurnal tides, such as the M,
and N constituents, are seen throughout most
of the shelf, while diurnal tides, such as the K;
and O, constituents, predominate in the Norton
Sound. Diurnal tides also predominate over the
shelfbreak at the northeastern Bering Sea shelf
(MoOFJELD, 1986). Recently, SCHUMACHER and
REED (1992) showed that the amplitudes of the
K. tidal current (19.8 cmes™') are larger than
that of the M, tidal current (6.9 cmes™') based
on direct current measurements on the shelf
slope.

A numerical model by SUNDERMAN (1977)
predicted the distribution of the M; constituent
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Fig. 1. Bottom topography of the Bering Sea.

in the Bering Sea, as well as the M. tidal cur-
rent ellipses and tidal dissipation. The model
resulted in a good quantitative agreement for
the M. constituent. The three— dimensional
model by Liu and LEENDERTSE (1982, 1986) also
predicted the M, and K, constituents in the Ber-
ing and the Chuckchi Sea, though it did not
predict either the diurnal tidal current of the
whole shelf to add to the shelf slope or the spa-
tial distributions of tidal mixing energy.
ScHUMACHER and KINDER (1979) investigated
the structure of the tidal front along the coast
of Alaska and its frontogenesis. This tidal
front, the boundary between the mixed water
of the coastal shallow region and the stratified
water of the middle region, is about 20 km wide
along the 50 m depth contour. Another tidal
front, discovered in the vicinity of the British
Isles, has been discussed by SmMmpson (1971,
1978), SimMPsoN and HUNTER (1974), PINGREE et
al. (1974), FEARNHEAD (1975) and JaMEs (1977).
These authors proposed that the tidal front
might have been generated by an energy bal-
ance between tidally generated mixing and
buoyancy input. SiMpSON and HUNTER (1974)
suggested that the location of frontogenesis de-
pends on a critical parameter log(H/U?) for the
mixing energy (H is the water depth in m and
U the amplitude of tidal current in mes~').
However, numerous aspects of the tidal cur-
rent, including its spatial distributions and the
relationship between the parameter log(H/U?)
and potential energy anomaly, have yet to be

determined for most of the eastern Bering Sea
shelf.

Accordingly, the purpose of the present
study is to describe, using a numerical model,
the characteristics of the distribution of the
tide and tidal currents over the Bering Sea
shelf and to examine how the distributions of
log(H/U?®) correspond to the distributions of
the potential energy anomaly over the shelf.

2. Mean field of temperature, salinity and
density

Hydrographic data for the eastern Bering
Sea shelf were obtained by T.S. Oshoromaru
(Faculty of Fisheries, Hokkaido Univ., 1964
1993). The data were collected using Nansen
bottles untill 1983, and by CTD since 1984.
Figure 2 shows the number of hydrographic
stations of inside 1° X 1° quadrangles for 1963
~1992 to describe the spatial mean distribu-
tions of temperature and salinity.

Figures 3(a), (b) and (c) show the averaged
vertical section of temperature, salinity and
density from 180° meridian to 159°W at along
59°N over the eastern Bering Sea shelf based
on long-term successive observations over the
summers of 1963~1992 (see Fig. 2 for its loca-
tion). Thermocline lies at the depth of 20 m~
30 m on the shelf edge. Cold water of less than
2°C occupies the region from the shelfbreak to
the middle shelf during the spring and summer
(OHTANI, 1973 ; CoAcHMAN and CHARNELL,
1979). In the coastal shallow region of Alaska,
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Fig. 2. Number of hydrocast and CTD in each
quadrangle.

where the surface water temperature rises to
8°C, the water column is well-mixed and the
water temperature near the bottom higher
than 6°C. The water near the coast of Alaska
has a salinity of less than 31 PSU and is fresher
than offshore waters. The density structure al-
most depends on the salinity over the shelf re-
gion. Between the middle shelf and coastal
region, there is a narrow transition separating
the two—-layered middle shelf region from the
well-mixed coastal region. Therefore, the tidal
front is a common feature in long term aver-

aged vertical sections of water temperature, sa-
linity and density.

3. Numerical simulations of tide
3.1 Model description

To obtain the spatial distributions of tides
and tidal currents, we use the vertically inte-
grated equation of motion and continuity in a
Cartesian coordinate system :

ou
E%‘V(u-v)qukau

_ _or Tlulu ,

= =gV AV )
%w- {(H+Du} =0 @

where u is the depth—averaged vecolity, ¢ the
time, V the horizontal differential operator, k
the vertical unit vector, g (=980 cm+s™?) the
gravitational acceleration, { the sea surface
elevation above the mean sea surface, 7/
(=0.0026) the bottom frictional coefficient, A
(=107 cm?+s™ ') the coefficient of horizontal
eddy viscosity, H the water depth and the f the
Coriolis parameter at 60°N (f=125x10 * s~ ).
Here, the validity of the f model for a simula-
tion in this region may be checked by estimat-
ing planetary-beta 8,=1X107"* cm™'es ' (the
meridional gradient of f) and topographic -
- T <
beta 8.,=5X10""2cm 'es (= T dr ). Thus,
the topographic f: is dominant by at least one
order, and (8, may be ignored relative to A.
This model sea is covered by a quadratical
grid of 50 km X 50 km. As shown in Fig. 4, the
model incorporates the actual bathymetry of
the eastern Bering Sea region, taking its
bathymetric data from a chart published by
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Fig. 3. Mean vertical distributions of temperature (a), salinity (b) and density (c¢) at latitude

of 59°N (line in Fig. 2).
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the Japan Maritime Safety Agency. This re-
sults in two distinct domains : a deep basin
and relatively shallow shelf.

The M. and K, constituents are dominant
over the eastern Bering Sea shelf. These two
tidal constituents are the only ones included in
the computations, both because their ampli-
tudes are larger than those of N; and O, respec-
tively, and because their cotidal and corange
charts are very similar to those for N: and O,
tides (PEARSON et al., 1981). Here, the M, and
K, constituents are generally representative of
the semidiurnal and diurnal tides. The observed
tidal amplitude and phase lag (Fig. 4) are given
along two open boundaries to the west of the
eastern Bering Sea shelf and the Bering Strait as
located using cotidal charts by S{NDERMAN
(1977) and PEARSON et al. (1981). Table 1 shows
the harmonic constants in two open boundaries.
The tidal elevations across the two open
boundaries are specified as cosines :

{ =Ascos(wi—G) (3)

where A is the amiplitudes, G the Greenwich
phase lags, and w the angular frequency. The

Table 1 Harmonic constants in boundaries.

M2 Kl
a (cm) G a (cm) G
West
20 70—0.8n 30 330
boundary
North
o 231 20 310
boundary

a : amplitude (cm) G : phase (degree)
n : grid number

harmonic constants of the tidal currents are de-
termined by harmonic analyses of the current
records of SUNDERMAN (1977), PEARSON et al.
(1981), MoFJELD (1986), and SCHUMACHER and
REED (1992). Equations (1) and (2) were ap-
proximated by the finite — differences and
solved by the primitive method. The tidal
model ran for a simulation time of 10 days until
the solution showed no significant changes
from cycle to cycle. The sea surface elevation
and velocity were sampled every hour. These
data were then used to perform the harmonic
analysis to determine the tidal constants and
current ellipse parameters.

3.2 Model results
Semidiurnal and diurnal tides

Spatial distributions of observed cotide and
corange lines for the M. constituent are shown
in Fig. 5(a). The three amphidromic points of
the M tide located near Cape Newenham, in
Norton Sound, and southeast of St. Lawrence
Island. The amplitudes of M. tide varied from
40 cm off the mouth of Bristol Bay to 120 cm
along the coast of the Alaskan mainland. On
the other hand, in Norton Sound the ampli-
tudes were less than 10 cm, smaller than those
in Bristol Bay. Figure 5(b) shows the spatial
distributions of the calculated cotide and
corange lines for the M; constituent. The calcu-
lated amphidromic points locate at the same
positions as the observed ones. In addition to
these three points, the model predicts the exis-
tence of an amphidromic point off the Gulf of
Anadyr and one in the Bering Strait. The calcu-
lated amplitude in Bristol Bay is 120 cm, larger
than that in Norton Sound. The calculated
phase lines in the Etolin Strait change abruptly



Tidal currents over the eastern Bering Sea. 39

(b)

Fig.5. (a) Observed cotidal map for M, tide (PEARSON et al., 1981). (b) Model-predicted cotidal
map for the M, tide. Solid lines are cotide lines referenced to Greenwich in degrees. Broken

lines are corange lines in cm.

(b)

Fig. 6. (a) Same as Fig. 5(a) but for K.. (b) Same as Fig. 5(b) but for K..

between the north and south ends.

Spatial distributions of the observed cotide
and corange lines for the K, constituent are
shown in Fig. 6(a). One of the two
amphidromic points of the K, tide located west

of Norton Sound, and other point in the area
between Nunivak Island and the Pribilof Is-
lands. The maximum amplitude of the K, tide
in Bristol Bay was about 60 cm, and in Norton
Sound was about 40 cm. Figure 6(b) shows the
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Fig. 7. (a) Observed tidal current ellipses for M, (PEARSON et al., 1981). (b) Model-predicted

tidal current ellipses for M.

spatial distributions of the calculated cotide
and corange lines for the K, tide. The
amphidromic points locate at the same area in
the observed cotide lines. The phase and ampli-
tude distributions of the calculated diurnal tide
are highly similar to the observed ones.

Semidiurnal and diurnal tidal currents

Figure 7(a) shows the spatial distributions
of observed tidal current ellipses for the M.
constituent. The observed M. tidal current el-
lipses over the shelf were almost circular, and
exhibited a clockwise rotation. However, there
were two exceptions, one near the Alaskan
Peninsula, where the ellipses had a nearly recti-
linear motion, and the other in Bristol Bay,
where the rotation was anticlockwise. Figure
7(b) shows the distributions of calculated tidal
current ellipses for the M, constituent. They
are almost identical to those of the observed
ones. The rotation of the observed tidal current
ellipses is well reproduced by the numerical
model. At the mouth of Bristol Bay, the major
axes of these predicted ellipses have a maxi-
mum speed of 30~40 cme+s~’, while in Norton
Sound the maximum speed of tidal current is
less than 20 cmes™'. The model predicts tidal—

current amplitudes of more than 40 cmes ' in

the Etolin Strait, where the predicted ampli-
tudes is largest in the whole region.

Figure 8(a) shows the observed tidal current
ellipses for the K. constituent. They rotate
nearly clockwise and are elongated to form a
straight line, unlike the nearly circular tidal el-
lipses of M.. The observed amplitudes of K,
over the shelf are 10~15 cme+s™' and almost
smaller than the tidal ellipses of M. with the ex-
ception of those in Norton Sound. The ampli-
tudes of the K, tidal current in Bristol Bay are
as large as those over the shelf. On the other
hand, the amplitudes of the tidal current in
Norton Sound are larger than 30 cme+s™'. The
calculated K, tidal-current ellipses distribute
like the observed ones, as shown in Fig. 8(b).
Our model also reproduces these differences of
predominant tidal current in each bay. The el-
lipses along the shelf slope become circular and
their maximum amplitudes are over 40 cmes™',
although the calculated phase and amplitudes
of K, tidal currents vary widly.

4. Discussions
4.1 Tidal currents in Bristol Bay and Norton
Sound
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Fig. 8. (a) Same as Fig. 7(a) but for K,. (b) Same as Fig. 7(b) but for K..

PEARSON et al. (1981) proposed that the small
semidiurnal tidal current in Norton Sound
might have been the result of bottom friction
across the broad Bering Sea shelf, and that the
diurnal tidal current in Norton Sound was
larger than that in Bristol Bay because of the
shallower depth. However, if bottom friction
dissipated tidal current, then the amplitude of
not only the semidiurnal tidal current but also
the diurnal tidal current must be small in Nor-
ton Sound than in Bristol Bay. Since PEARSON
et al. (1981) also reported that the diurnal tide
/tidal current phase relationship indicated pre-
dominantly standing wave characteristics in
Norton Sound, we suspected that the co—oscil-
lating tide was associated with the position of
amphidromic points in both Bristol Bay and
Norton Sound. To examine the cause of the dif-
ferent behaviors of tidal current in both loca-
tions, we used the simple one-dimensional co—
oscillating tidal models shown in Figs. 9(a) and
(b). The length I of both Bristol Bay and Nor-
ton Sound is 250 km(the mouth of the bay is
=0), where r is the coordinate defined along
the longitudinal axis of the bay. The depth &
of Norton Sound is 20 m. On the other hand, in
the case of Bristol Bay, with its constant bot-
tom slope and a water depth determined as

h=2h,(1—2x/1), the mean water depth is ~.=40
m. The tide is assumed to oscillate by the eleva-
tion a. at the mouth of the bay for each forcing
period. Here, a. is the observed amplitude of
the tide, and the given a. at the mouth of Bris-
tol Bay and Norton Sound are 40 cm and 10 cm,
respectively. These a. are constant for each
forcing period. The case for Norton Sound is
given by Egs. (4) and (5), below.

_cos(k(I—x))

n(z) = an cos(kl) )
_  C sintk(I—x))
u(x) = a h cos(kl) )

The standing oscillation in the linear case for
Bristol Bay is given by Egs.(6) and (7) (UNOKI
and IsozAKl, 1965) :

_ .]O(N[Z_klvlfl'/l)
7(z) = a. W TH 6
_an'C LZRWI—2/1)
W@ = T2l R

where /o and J, the zero- and the first—order
Bessel functions, 7 (x) the elevation, u(x) the
velocity, g the gravitational acceleration, C the
propagation speed of phase for gravity wave
(Ygh), k the wave number(27z /CXT), and T
the forcing period.
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(a) Depth profile for Norton Sound. (b) Depth profile for Bristol Bay. (¢) Theoretical

amplitudes of #(x=10 km) for each forcing period of Norton Sound and Bristol Bay.

Figure 9 (¢) shows the distributions of « (z
=10 km) for the the forcing period in the sim-
ple model of each bay. The peak of the theoreti-
cal amplitudes of #(x=10 km) is seen at about
hour 13 of the forcing period in Bristol Bay.
This result indicates that the semidiurnal tidal
period is equal to that of the fundamental oscil-
lation in Bristol Bay. Thus, the standing oscilla-
tion is generated due to the resonance, and
consequently, gives rise to the large ampli-
tudes of ¥ (x=10 km). On the other hand, in

Norton Sound the peaks of the theoretical am-
plitudes of # (=10 km) are found at hours 7
and 20 of the forcing period. Since the period of
fundamental oscillation is near the diurnal
tidal period, the resonance also occurs in the
bay over the diurnal forcing period. The result-
ing theoretical amplitudes are thus larger than
those in Bristol Bay, as shown in Fig. 9(c).
These calculated amplitudes of tidal current
can be brought into close agreement with those
of our realistic model quantitatively.
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Collectively, these results from the simple
one-dimensional model suggest that the differ-
ence between the predominant tidal currents
for each forcing period in Bristol Bay and the
comparable currents in Norton Sound may be
attribute not to bottom friction but to the co-
oscillations of the tides in each bay.

4.2 The predominant diurnal tidal currents along

the shelf slope area

The calculated amplitudes, as shown in Fig.
8(b), of the diurnal tidal current along the shelf
slope are substantially larger than those on the
shelf, even though there is only a small change
in sea level. In addition, since the inertial pe-
riod of 13.9 hours at the latitude of this study
area is shorter than a diurnal-period, no
inertial-gravity waves can be considered to
propagate along the shelf slope. We believe
that this fluctuation in tidal current is driven
by a topographic Rossby wave. Thus, it is
would also seen that the energy of the tidal
current is trapped in the area of the steep shelf
slope. Using a theoretical model by BUCHWALD
and Apams (1968), we next examine the disper-
sion relation of the topographic Rossby wave
trapped on the shelf edge. The topography con-
sists of an exponential shelf slope connecting
to the shelf and open ocean of constant depth
of 2000 m (Fig. 10(a)). We assume an infinite,
straight shelf edge and a depth dependent on
offshore distance only. Figure 10(b) shows the
theoretical dispersion curves for the 1st mode,
and Fig. 10(c) shows this model's phase speed
and group velocity. Since the group velocity is
much lower than the phase speed at period =24
hours (w/f=0.6), it follows that the energy of
the diurnal tidal current is trapped along the
shelf slope. The theoretical wavelength of the
diurnal tide has a value of about 400 km as de-
termined from the dispersion curve (Fig.
10(b)), and the phase speed for the period of 24
hours is about 4m-+s™' (Fig.10(c)). We esti-
mate the relative vorticity (V.—U,) for the
transect A—-A’(Fig. 4) along the shelfbreak in
order to investigate the temporal and spatial
variabilities. The space-time diagram of the
relative vorticity is illustrated in Fig. 11. The
contour lines for the relative vorticity suggest
a northwestward propagation along the shelf

Sea level

200

(a)

4

224 6 81012141618 20 A
(b)

204 6 8 10 1214 16 18 20 K
(c)

Fig. 10. The x—axis is taken along the bay.
(a) The form of the depth profile. (b) Disper-
sion curves. K is a nondimensional wave
number based on width of shelf (L=170
km). The y—axis is a nondimensional fre-
quency based on the Coriolis parameter (f),
(¢) Phase velocity (C) and group velocity
(Ce)

break at a speed of about 4 m*s™' and a wave-
length of about 350 km. This theoretical phase
speed of the 1st mode topographic Rossby
wave model is consistent with that of the diur-
nal tidal current fluctuations at the shelf slope.
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Fig. 11. Space-time diagram along the shelf
slope (line A-A’ in Fig. 4) for the vorticity of
the period of 24 hour. Positive (negative)
vorticities are shown by solid (broken) lines.

These calculated characteristics of the diurnal
tidal current on the shelf slope well reproduce
those actual characteristics observed by
SCHUMACHER and REED (1992). Therefore, this
feature suggests one evidence that the pre-
dominant diurnal tidal current fluctuations
may cause the topographic Rossby wave.

4.3 Spatial distributions of potential energy ano-
maly and parameter log (H/U?®)

The tidal front along the coast of Alaska
separates a well-mixed coastal region from a
stratified middle region. MUENCH (1976) first
suggested that the tidal front exists only near
Bristol Bay over the shelf. SCHUMACHER and
KINDER (1979) confirmed the existence of such

a front along the coast of Alaska, and calcu-
lated the parameter log (H/U®)=35 at the
front near Nunivak Island. As shown in Figs. 3
(a), (b) and (c), the tidal front is also seen in
the averaged vertical sections of temperature,
salinity, and density.

Here, we calculate the parameter log(H/U?®)
using our model results over the whole shelf
for purpose of comparison with the spatial dis-
tributions of the potential energy anomaly.
This potential energy anomaly for a density
stratifica-tion relative to its well-mixed state is
defined by the following equations :

ﬁ:%ﬁlp(z)dz ®

V= %fl(p(@ —0)zdz )

where V is the potential energy anomaly, o (z)
the density in each layer, 6 the averaged den-
sity for the water column, g the acceleration of
gravity, and H the water depth.

Figure 12 shows the spatial distribution of
potential energy anomaly over the eastern Ber-
ing Sea shelf based on hydrographic data gath-
ered over a period of 30 years (1963-1992). The
potential energy anomaly is less than 1.0 near
the coast of Alaska and around the Nunivak Is-
lands. These regions are well-mixed states, as
shown in the vertical sections of Fig. 3. The
value of the potential energy anomaly gradu-
ally increases from the coast of Alaska toward
the shelf break. The potential energy anomaly
corresponding to the tidal front has a value of
1.0~1.5, which is distributed parallel to about
60 m isobath over the shelf (cf. Fig. 4).

We used the calculated current amplitudes
(U) of the semidiurnal and diurnal tides and
the depth (H) to estimate the spatial distribu-
tions of log(H/U?). Since the amplitudes of the
N2 and 01 tidal currents are, respectively, 31%
of the M, tidal current and 61% of the K, tidal
current (see PEARSON et al., 1981, table 8-1), the
sum of the tidal current amplitudes (U) at each
grid can be estimated as

U=131+Us:+161Ux: (10)

where Uw, and Uy, are the principal tidal cur-
rent amplitudes of the M, and K, tides.
Figure 13 shows the spatial distribution of
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Fig. 12. Spatial distribution of the potential en-
ergy anomaly.

log(H/U?®) over the eastern Bering Sea shelf as
derived from the model. A value smaller than
log (H/U?) =3.0 spreads from the south—west
area of Nunivak Island to the shelfbreak, and is
also found in Bristol Bay and Norton Sound.
The value for the Etolin Strait is smaller still,
less than log (H/U?)=1.0, while that around
St. Lawrence Island is greater than log
(H/U?) =4.0.

ScHUMACHER and KINDER (1979) showed that
a front having the value of log (H/U?®) =3.5 was
restricted along the 50 m isobath. However,
these authors used the observed value of 25
cmes~ ' around the front in their calculation, for
our estimation of log (H/U?®) we used the calcu-
lated amplitudes of the semidiurnal and diur-
nal tidal currents, values which were greater
than 35 cmes™!. Consequently, the relatively
small value of log(H/U?®)=25~3.0 appears
from the coast of Alaska to the shelf slope. Be-
cause the parameter log(H/U®) is highly sensi-
tive to the choice of tidal current amplitudes,
the difference in amplitude may have caused
that between the SCHUMACHER and KINDER's ob-
served and our estimated distribution of

Fig. 13. Spatial distribution of log(H/U) calcu-
lated from the model ocean.

log (H/UY.

A comparison between the spatial distribu-
tions of log (H/U?% (Fig. 13) and those of the
potential energy anomaly (Fig. 12) reveals the
following. The contour lines of log(H/U*)
=2.5~3.0 along the coast of Alaska and Bristol
Bay, where the tidal front is seen, run parallel
to those of the potential energy anomaly.
These distributions suggest that the tidal cur-
rent may control the mixing process in these
regions. Although the small potential energy
anomaly 16 north of St. Lawrence indicates
very weak stratification, the tidal mixing en-
ergy is relatively small here. This result would
suggest that the density structure north of
StLawrence Island cannot be explained by
tidal mixing. As COACHMAN and SHIGAEV (1988)
noted, the Bering Slope Current comes into this
region, and the Anadyr Current flows through
the Bering Strait (KINDER ef al., 1986) and gen-
erates the turbulent energy north of St. Law-
rence Island. Thus, the stratification
downstream from the Anadyr Strait may be
weak.



46 La mer 35, 1997

2.5 Conclusions

The calculated cotide, corange distributions,
and tidal current ellipses for the semidiurnal
and diurnal constituents agreed well with the
observed ones. The finding obtained in the pre-
sent study can be summarized as follows :

(1) The semidiurnal tidal current dominates
in Bristol Bay, while the diurnal tidal current is
predominant in Norton Sound. In both cases,
the co-oscillating tide varies according to tidal
period. The difference in predominant tidal
current between Norton Sound and Bristol Bay
can be attributed to the different forcing peri-
ods of the respective co—oscillating tides.

(2) Our model shows a relatively large diur-
nal tidal current rather than a semidiurnal
tidal current along the shelf slope, and predicts
large tidal current fluctuations propagating
northwestward. These results are similar to the
observed features for this area. Because the in-
ertial period in this area is shorter than a diur-
nal—period, the energy of the diurnal tidal
current is trapped at the shelf slope. We sug-
gest that these large fluctuations of the diurnal
tidal current behave like a 1st mode topo-
graphic Rossby wave.

(8) The parameter log (H/U®) along the
coast of Alaska and Bristol Bay gradually in-
creases with offshore, as does the potential en-
ergy anomaly. This indicates that stratification
near the coast of the Alaskan mainland is de-
pendent on tidal current mixing. On the other
hand, the strength of the stratification cannot
be explained by the dissipation of tidal energy
at the north Bering Sea shelf. Although the pa-
rameter log(H/U?) is relatively large north of
St. Lawrence Island, the water column seems to
have weak stratification. In this area, the
Anadyr current may break down the density
stratification.
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Nutrients limiting the Algal Growth Potential (AGP) in the Gulf of

Introduction

Riga, eastern Baltic Sea, in spring and early summer 1996

Serge Y. MAESTRINI®, Maija BALODE ", Christian BECHEMIN *
Ingrida PURINA** and Céline VERITE"

Abstract; In May, June and July 1996, samples were collected along one transect greatly
influenced by river discharge (eastern side of the gulf), along one transect slightly influence by
river discharge (western side), at one station located in the mouth of the main river (River
Daugava), at one station located in the center of the Gulf and at several nearshore locations of
the western side. Ratios of molecular concentrations of in situ dissolved inorganic nitrogen,
phosphorus and silicon, as well as enrichment bioassays were used to determine which nutrient
(s) limited the potential biomass of phytoplankton. Both comparison of (NO;+NO,+NH,): PO,
(DIN : DIP) values with Redfield’s ratio and bioassay inspection led to the same conclusions.
Phosphorus was clearly the nutrient most limiting for the potential biomass of test species in ni-
trogen-rich waters, which occurred in mid spring, in the upper layer of the southern—eastern part
of the Gulf which is greatly influenced by river discharge. In late spring, with the decrease of the
total DIN reserve, nitrogen and phosphorus showed an equal limiting role. In deeper layers of
this area and out of the river plume (western side and central part of the gulf), nitrogen was the
limiting nutrient. In summer, when river discharge was the lowest, all DIN concentrations but
one ranged between 1.6 and 2.6 uM, and the whole area was nitrogen—limited for both the
cyanobacterial and the algal test strains. In 749 of the samples for which nitrogen was the lim-
iting nutrient, phosphorus was recorded to be the second potentially limiting nutrient. In con-
trast, silicon never appeared as limiting the growth potential of either Microcystis aeruginosa or
Phaeodactylum tricornutum; phosphorus was the limiting nutrient when DIN : SiO; values were
>1 (in May), but DIN : SiO; was <1 when nitrogen was limiting (June and July). The authors
conclude that the recently reported decrease of silicon loading in coastal waters and its subse-
quent enhanced importance in pushing the outcome of species competition towards harmful
species may not yet be the most important factor for the Gulf of Riga. Iron appeared for 12% of
the tests in the list of nutrients limiting the potential biomass. Tentative results also indicated
that a significant fraction of the nitrogen (~4 yg-atom N 17") taken up by Microcystis aeruginosa
may have been in the form of dissolved organic nitrogen (DON). It is thus also suggested tenta-
tively that more attention be paid to these nutrients during further research in the Gulf of
Riga.

centration resulting from river discharges and

In recent decades, noxious algal events have
emerged as a major environmental problem in
the Baltic Sea (HORSTMANN, 1975; Niemi, 1979;
NEHRING, 1992), as well as in many other
coastal waters (NIXoN, 1990; DEDEREN, 1992;
HALLEGRAEFF, 1995). Increase in nutrient con-

*Centre de Recherche en Ecologie Marine et
Aquaculture de L'Houmeau (CNRS-IFREMER),
B.P.5, 17137 L’'Houmeau, France
E-mail: smaestri-@ifremer. fr

**Institute of Aquatic Ecology, University of Latvia,
Miera lela 3, LV-2169 Salaspils, Latvia

varied loadings has been suggested as respon-
sible for both macroalgal and phytoplankton
biomass increases (Bolkova, 1986; ROSENBERG
et al., 1990; ANDRUCHAITIS et al., 1993, 1995;
PITKANEN et al., 1993; YURKOVSKIS ef al., 1993).
Bottom-water oxygen deficiencies and subse-
quent faunal mortality have been the most
commonly observable consequences of excess
in algal biomass in summer (BADEN et al., 1990,
RICHARDSON, 1990). Changes in phytoplankton
population structure have been also marked
(ScruLz and KAISER 1986, WULFF et al., 1986;
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CEDERWALL and ELMGREN, 1990; BALODE, 1996).

Nitrogen has been invoked most as the prin-
cipal nutrient limiting algal growth potential
in seawater when light and temperature are
adequate and losses do not prevail (RYTHER
and DunsTAN, 1971; Hcky and KiLaam, 1988;
HowARTH, 1988; GRANELI et al., 1990). Accord-
ingly, one might expect that the more nitrogen
were present, the more algal biomass would de-
velop (RUDEK et al., 1991). Several authors,
however, have reported either co—occurring or
successive limiting nutrients (SMAYDA, 1974;
BERLAND et al., 1978; LEVASSEUR et al., 1990;
FISHER et al., 1992). In addition, the growth po-
tentials of different species in the same assem-
blage may be limited by different nutrients
(MAESTRINI and BonIn, 1981).

Human activities have significantly in-
creased the input of algal nitrogenous and
phosphorus nutrients to estuarine and coastal
waters. In contrast, the silicon concentration
has remained constant or has even decreased in
river loadings, as a result of its absence in
human wastewater and the secondary effect of
eutrophication in freshwater, which leads to
larger blooms of diatoms and subsequent ex-
haustion of the silicate content before dis-
charge into the sea (SCHELSCKE and STOERMER,
1972; EGGE and AKNES, 1992). Hence, altogether,
along with increased eutrophication in coastal
water, N:Si and P:Si nutrient ratios have in-
creased (RAHM et al., 1996), and silicon limita-
tion has become potentially more likely
(OFFICER and RYTHER, 1980; Conley et al., 1993;
RAGUENEAU et al., 1994).

Cyanobacteria have been the taxon most fre-
quently cited as giving harmful blooms in the
Baltic Sea in summer (EDLER et al., 1985
KONONEN, 1992; BALODE, 1993; HEISKANEN and
KONONEN, 1994; LEPPANEN et al., 1995; TENSON,
1995). Moreover, their presence seems to have
increased in the past decades both in space and
time (KAHRU et al., 1994). Toxin-producing
dinoflagellates, which develop in waters of low
nutrient concentrations, and which can be
harmful at low biomass levels, have also been
recently reported in the same area (WILLEN ef
al., 1990; CARPENTER et al., 1995, BALODE and
PURINA, 1996). Thus, the present situation
might concur with the above-mentioned

assumption that the continuous relative deple-
tion of silicon in freshwater would lead to dia-
toms being replaced by non-siliceous forms
such as cyanobacteria and green algae
(SCHELSKE and STOERMER, 1972).

On this basis, we have endeavored to investi-
gate whether uptake of dissolved organic com-
pounds might favor the growth potential of
toxic cyanobacteria and dinoflagellates in the
same assemblage. Here we report an investiga-
tion of the nutrients limiting the growth poten-
tial in one cyanobacterium and one diatom,
both grown in water collected from spring to
summer in the Gulf of Riga. Data provided by
bioassays have also been tentatively used to es-
timate the fraction of nitrogen taken up by
these strains which might have been provided
by dissolved organic matter

2. Material and methods

Samples were collected following two differ-
ent strategies: (i) In early May, early June and
early July 1996, seawater was taken at varied
depths along two transects (Fig. 1); the first
transect started from Saulkrasti, on the south-
eastern coast of the gulf, while the second one
started from Melluzi, on the south—western
coast. In addition, one sample was collected in
the mouth of the river Daugava, and another in
the central part of the gulf. Seawater was sam-
pled with Niskin bottles, filtered on glass—fiber
filters (GF/C, 08um pore equivalent), and
stored deep—frozen until use on 10 July. (ii) On
19 July 1996, nearshore surface water was col-
lected with a bucket at various stations on the
southern coast. Samples were filtered on glass-
fiber filters (GF/C, 08um pore equivalent),
then kept overnight at 4°C and used for experi-
ment on 20 July.

Ammonium (KOROLEFF, 1969) and phosphate
(MurpHY and RILEY, 1962) concentrations were
immediately measured by using manual proto-
cols. Other nutrients were analysed later on
deep—frozen subsamples by using a Skalar
autoanalyzer: nitrate (reduction to nitrite
according to protocols of STRICKLAND and
PARSONS, 1972), nitrite (BENDSCHNEIDER and
ROBINSON, 1952), silicate (MuLLIN and RILEY,
1965), urea (KOROLEFF, 1976). Total nitrogen
and total phosphorus were obtained after
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ultraviolet oxidation under successive acid and
alkaline conditions (CoLLos and MORNET,
1993), and then treated as for soluble reactive
nitrogen and phosphorus.

Bioassays for nutrient (s) limiting growth poten-
tial.

Aliquots (30 ml) of either unfrozen or subse-
quently thawed samples were placed in 33-ml
polycarbonate tubes, and the respective enrich-
ment mixtures (Table 1) were added in vol-
umes of 1 ml. Initial nutrient concentrations in
the spike—~enriched media were assumed to be
low enough not to change the ecophysiological
adaptation of the test algae and to be high
enough to sustain an algal biomass signifi-
cantly higher than that sustained by the
unenriched control, thereby making clear
which nutrients, if any, were present in situ at
concentrations sufficiently high to sustain

Study area and positions of sampling stations.

growth and which were not (for detailed dis-
cussion, see MAESTRINI ef al., 1984). Two cul-
tured strains were used as test organisms:
Microcystis aeruginosa (strain: Station Marine
d’Endoume, France, courtesy of Dr B. BERLAND)
was chosen for being a dominant summer com-
ponent of local planktonic communities
(BALODE and PURINA, 1996); Phaeodactylum
tricornutum (strain: Plymouth Marine Biologi-
cal Laboratory, England, courtesy of Dr. M.
PARKE) was chosen for its capability to take up
nutrients at extremely low concentrations
(BoNIN et al., 1986). Test cells were inoculated
in maximum volumes of 250 11, in numbers to
give an initial cell density of 136 X 10° cells. 1
(experiment of 10 July) or 557 X 10° cells. 17"
(experiment of 20 July) of Microcystis
aeruginosa, and 6.9 X 10° cells. 1" (experiment of
10 July) or 9.2 10° cells. 17! (experiment of 20
July) of Phaeodactylum tricornutum; these cells
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List and composition of spike enrichments used to bioassay the nutrient (s) limiting

the growth potential of Microcystis aeruginosa and Phaeodactylum tricornutum; initial nutri-
ent concentrations in the test cultures (equivalent to the enrichments alone) are indicated

within parentheses.

—

Nothing
Nothing
Nothing
Nothing
Nothing
All

All
All-N
All-N
All-N

11 All-N

O 00 3 O U1 &> W N

—_
<

12
13
14
15
16
17
18
19
20
21
22

AllI-N

All-P

All-P

All-Si

All-Si
All-(Fe-EDTA)
All-(Fe-EDTA)
All-vitamin mix(Vit)
All-vitamin mix
All+metal mix(M)
All+metal mix

All=N (50uM) +P (84uM)+Si (60uM) +Fe (200 nM) +EDTA (1.2 M) +Metal mix=Co
(5nM) +Mn (100 nM) +Mo (100nM) + Vitamin mix=Dbiotin (410 pM) +cyanocobalamin

(135 pM) + thiamin (150 nM)

had been previously nutrient-depleted by cul-
ture for 2-3 days in nutrient—poor water. Incu-
bation of the test cultures was carried out by
placing the tubes before a north—facing win-
dow; light period was roughly 14 hours’ light
and 10 hours dark, at circa 100 pmole. m™% s~ ;
temperature varied between 18°C and 22°C
within a circadian period. In vivo fluorescence
was moni-tored daily, during 6-10 days, with a
R10 Turner Fluorometer (BRAND et al., 1981),
up to the respective maximum growth. Respec-
tive fluorescence values were then used to pro-
duce bar diagrams, with the value obtained
after all-nutrient enrichment defined as 100%.

Data sets were first inspected by comparing
the different enriched—culture fluorescence val-
ues to those of the unenriched and all-nutrient
enriched controls. For each set (one water sam-
ple—one test species), it resulted in a number
and a rank for each limiting nutrient. Then, in
order to quantity the limiting role of each nu-
trient, the ratio of fluorescence in the
“All minus one nutrient” enriched aliquots to
the fluorescence in the unenriched control
(abridged “All-X/control”) was also calculated.
In other words, for each particular nutrient
missing in the spike and therefore present in
the culture medium at its iz situ concentration,
this ratio is the increase in the coefficient of the
natural AGP sustained by that nutrient. Hence,
the lower the coefficient, the greater limiting

effect, and vice versa. All included, 35 bioassay
sets were done with 28 water samples and two
test strains. All test cultures but four grew
well, thus indicating no adverse chemical con-
dition.

Bioassays for indirect estimation of the uptake of
dissolved organic nitrogen.

Aliquots (30 ml) of unfrozen or thawed sam-
ples were distributed in 33—ml polycarbonate
tubes. For Microcystis aeruginosa, five aliquots
were left unenriched, and five others were en-
riched with the “All- N” mixture. With
Phaeodactylum tricornutum only, five unenri-
ched aliquots were grown. Growth and maxi-
mal biomass were estimated as for the
differentially enriched bioassays. Mean values
and standard deviations were calculated for
each set of five biomass values; samples which
differed by more than 50% of the standard de-
viation were discarded; others were pooled and
used for analysis of DIN (NOs, NO;, NH,). Nitro-
gen uptake was calculated as being the differ-
ence between concentration at time zero and
the respective concentration at the time of
maximum biomass. The biomass was estimated
after filtration on glassfiber filters (nominally
0.45pm), by analysis of the content of protein
(PETTY et al., 1982) for M. aeruginosa, or chloro-
phyll @ (JESPERSEN and CHRISTOFFERSEN, 1987)
for P. tricornutum.
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Table 2. Nutrient concentrations (uM) in samples collected at different depths along
transects on 1-5 May, 4 June and 3-4 July, as well as samples collected on 19 July at different
nearshore stations. SA: transect from Saulkrasti, ME: transect from Melluzi.
. Z NO; NO; NH, Urea DIN PO4 SiO;
Stations S % DIN:P DIN : Si
(m) (e (e (uM) (eM) (uM) (M) (uM)
Sampling of 1-5 May
SA-03 0 3.64 35.8 0.7 0.5 3.6 36.9 0.22 167.8 10.1 3.7
SA-10 0 4.16 26.4 0.7 0.3 2.8 274 0.26 105.4 9.6 2.9
SA-30 5 3.70 375 0.6 1.0 43 39.1 0.34 115.1 126 3.2
SA-30 30 593 14.1 0.2 2.7 5.6 17.0 1.11 153 274 0.6
ME-10 0 5.38 8.7 0.2 0.6 1.3 9.5 0.45 21.7 2.2 43
ME-30 0 3.88 434 0.5 0.6 16 44.3 0.59 75.0 5.1 8.7
ME-30 10 5.17 4.7 0.7 0.6 19 6.0 0.73 8.1 04 15.0
ME-30 20 5.58 106 0.6 1.1 16 12.2 0.82 14.9 7.6 1.6
ME-30 30 6.00 12.5 0.4 1.7 3.3 14.7 1.20 123 20.9 0.7
7906 5 1.97 108.3 0.9 2.1 111.3 0.75 148.4 45 24.7
7910 0 5.42 55 0.7 0.2 1.7 6.4 0.33 195 3.0 2.1
Sampling of 4 June
SA-10 0 4.01 5.6 0.5 0.7 0 6.8 0.05 1354 13 52
SA-30 0 4.50 1.4 0.2 0.4 3.8 2.0 0.40 49.0 2.2 0.9
SA-30 5 4.95 0.4 0.1 0.4 2.8 0.9 0.03 0.5 1.8 0.5
SA-30 10 5.00 L1 0.1 04 1.9 1.6 0.003 1.0 1.6 1.0
SA-30 30 5.94 114 0.2 19 7.0 134 0.18 1034 195 0.7
Sampling of 3-4 July
SA-05 0 1.0 0.4 1.0 45 2.4 0.23 104 3.3 0.7
SA-10 0 0.9 0.3 0.8 4.4 2.0 0.17 11.6 32 0.6
SA-20 0 0.7 0.3 1.0 4.2 19 0.15 12.8 3.1 0.6
SA-30 2.5 0.6 0.3 1.6 24 2.5 0.20 124 3.1 0.8
SA-30 5 0.5 0.2 1.7 2.9 2.4 0.15 16.2 2.6 1.0
SA-30 10 0.5 0.1 1.0 3.3 16 0.25 6.2 2.0 0.8
Sampling of 19 July
Dubulti 0 4.14 0.7 0.7 04 5.6 2.3 0.38 6.1 6.3 0.4
Jaunkemeri 0 4.57 0.3 0.6 0.4 1.7 1.6 0.23 7.0 34 0.5
Lapmezciems 0 2.28 0.7 0.6 0.5 2.9 2.3 0.42 5.4 6.8 0.3
Lielupe 0 3.36 8.1 1.7 0.3 55 10.4 1.14 9.1 8.4 1.2
Melluzi 0 3.97 0.9 0.8 0.5 4.1 2.6 0.39 6.5 6.6 0.4
Ragciems 0 4.90 0.3 0.6 0.6 2.1 2.1 0.28 7.5 5.4 04
sampled in the plume of River Daugava. Al-
3. Results though the absolute values were rather high

An important decrease in the nutrient con-
centration occurred between spring and sum-
mer. In early May, waters were nitrogen-rich;
most values of total dissolved inorganic nitro-
gen concentration (DIN=NO; +NO; +NH,)
ranged between 4.7 uM and 43.4 uM (Table 2),
and the mean value was 199 uM (s=14.5,
N=10). There was also an exceptional value of
1083 uM recorded with water (station 7906)

(concentrations ranged between 0.22 and 1.20
¢M; mean value was 0.62 pM; s=0.34; N=11),
the phosphorus content was relatively not as
high; most values of the ratio DIN: PO, (DIN:
DIP) were greater than 16. The silicon content
was also low relative to that of inorganic nitro-
gen. Only two values of the DIN:SiO; ratio
were lower than 1; the others ranged between
1.6 and 15.
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Table 3. Mean relative growth in unenriched seawater expressed as a percentage of that in the
best nutrient enrichment, of Microcystis aeruginosa and Phaeodactylum tricornutum cultured
in water sampled from early May to early July 1996 along Saulkrasti and Melluzi transects,
and/or water collected nearshore on 19 July at different locations.

Transect May—July

Sampling of 19 July

M. aeruginosa

M. aeruginosa P. tricornutum

Mean 20.4
Standard deviation 16.8
N 20

In early June, the nutrient content had al-
ready decreased significantly. Values of DIN
concentration for the upper waters ranged be-
tween 0.9 and 6.8uM (X=28; s=2.7; N=4), and
those for phosphorus ranged between 0.03 and
0.40uM (X=0.13; s=0.18). A sharp decrease in
silicon concentration (X=1.7uM; s=04) was
also observed. Near the bottom (30-m depth)
the ammonium and nitrate concentrations
were much higher than in near-surface waters:
1.9 and 114 uM, respectively. Most values of
DIN : DIP were still greater than 16, however.
The silicon concentration was also high (19.5
uM).

In summer, (early July), all the coastal sta-
tions along the Saulkrasti transect, and all
nearshore stations visited on 19 July (except
one) were nitrogen—poor: the mean concentra-
tion of DIN was 22uM (s=0.3; N=11). The
Lielupe station (near the mouth of the river
Lielupe and also close to the mouth of Daugava
River), however, showed high DIN, 104uM
(Table 2). In contrast, concentrations of phos-
phorus and silicon had not decreased as much:
mean values recorded were 0.26 uM (s=0.10)
and 4.2uM (s=1.7), respectively; at the Lielupe
station, recorded values were 1.14 uM PO, and
8.4 uM SiOs. Accordingly, all values of the DIN:
PO, ratio were <16 and those of the DIN: SiO;
ratio were <1, again except at Lielupe.

For reasons not apparent, water from two
samples did not support growth and water
from a further two samples supported only
weak growth. Water from all the other samples,
however, supported good growth. In growth
trials started on 10 July, there was a two-day
lag phase which prompted us to increase the
initial cell density for trials started on 20
July. Overall, growth rate of Phaeodactylum

6.6 6.7
2.8 4.8
6 6

tricornutum, as reflected by the increase of in
vivo fluorescence, was higher than that of
Microcystis aeruginosa.

Except for a single sample in which nutrient
concentrations were extremely high (ie. 108
wM NOs, 1 May at station 7906), nutrientspi-
ked test cultures showed a significant increase
in the final biomass compared with unspiked
cultures (Fig. 2 and 3). With surface samples
collected on 19 July, the maximum biomass in
the unspiked controls averaged no more than
6.6% for M. aeruginosa and 6.7% for P.
tricornutum, of the spiked culture giving the
best growth. With waters taken during
transects in early May, June and July, the
unenriched aliquots sustained a biomass in M.
aeruginosa averaging 20.4% of that in the best
enrichments (Table 3). Growth was only
slightly enhanced, however, when nitrogen or
phosphorus were absent in the enrichments
(Fig. 4). Omission of phosphorus alone (AlI-N)
usually gave a smaller biomass than did omis-
sion of nitrogen alone (All-P), however. The
absence of chelated iron had similar conse-
quences in only four cases. Omission of silicon
and vitamins from the enriching mixtures did
not decrease the yield of either the
cyanobacterium and the diatom. On the other
hand, the addition of Co, Mn and Mo clearly did
not promote growth, and even slightly inhib-
ited growth in both test species (Fig. 4).

Inspection of the bioassay sets showed that
in all cases but a few, the AGP was limited by
at least two nutrients; in only 4 samples was ni-
trogen the single limiting nutrient, although
there was also one sample for which no nutri-
ent was limiting (Table 4). Over the 31 sets of
bioassays which led to clear results, three si-
multaneous limiting factors were found in only
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first limiting, P is the second limiting nutrient.

6 samples. For both test species, nitrogen was
found to be the primary limiting nutrient in
68% samples, but phosphorus in only 13%,
colimitation by N and P in 19% (all for M.
aeruginosa), and one case for which Fe-EDTA
was equally as limiting as N and P. When nitro-
gen or phosphorus was not the first limiting
nutrient, it was the second, except for one case
of co-limitation at the second rank by nitrogen
and iron. Equal third as the most limiting nutri-
ent were iron and the vitamins, each in two
samples over the 31 sets of bioassays. Silicon
never appeared to limit the growth potential of
the test species.

The nature of nutrients limiting the growth
potential of test species changed from spring to
summer. In early May, over nine samples
(Table 4), phosphorus was the first limiting
nutrient for M. aeruginosa growth in three sam-
ples and was co-limiting with nitrogen in a fur-
ther four. In one sample, phosphorus was also

first limiting for P. tricornutum. In contrast, ni-
trogen was the first limiting nutrient in all
samples collected on 19 July, for both M.
aeruginosa and P. tricornutum.

Mean values of the coefficient reflecting the
limiting effect of each nutrient ranged between
0.2 and 2.2 for nitrogen (Table 5), between 2.2
and 6.3 for phosphorus, between 7.7 and 34.8 for
silicon, between 7.1 and 256 for iron and
Fe+EDTA, and between 3.3 and 32.4 for the vi-
tamin pool. Addition of trace metals decreased
the growth potential, however, values of the
index varying between 3.8 and 32.8, while those
related to the mixture containing all nutrients
but metals ranged between 8.1 and 35.0.

Biomass formed in control cultures was low,
especially in July water (Table 3). Accord-
ingly, plots of biomass formation versus DIN
uptake were scattered. In contrast, sample
aliquots which were nutrient-enriched with all
nutrients but nitrogen led to more homogene-
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Table 4. Nutrients limiting the potential biomass of the cyanobacterium Microcystis aeruginosa
and the diatom Phaeodactylum tricornutum in seawater sampled in the Gulf of Riga, from
early May to 19 July 1996, with indication of respective DIN : PO, Growth : as increase of
biomass in best promoting mixtures versus: +++ :15-20 fold increase or more; ++ : 10-15
fold; +: 5-10 fold.
Station Depth(m) Growth - leltm,g;ndnutrlent = DIN : PO,
1 May — P. tricornutum
7910 0 +++ P N 19.5
1 May — M. aeruginosa
7906 0 +++ Inconclusive 1484
7910 0 0 Inconclusive 19.5
Transect Melluzi, 1-5 May — M. aeruginosa
10 0 ++ N P 21.7
30 0 ++ P (N, Fe-EDTA) 75.0
30 10 +++ N P 8.0
30 20 ++ None 149
30 30 ++ N 12.3
Transect Saulkrasti, 34 May ~ M. aeruginosa
03 0 +++ (N, Fe-EDTA, P) 1678
10 0 +++ P N 105.4
30 5 + 4+ P N 115.1
30 30 ++ N 153
Transect Saulkrasti, 4 June — M. aeruginosa
10 0 ++ N P 1354
30 0 +++ N 49.0
30 5 + 4+ (N, P) 0.5
30 + (N, P) Fe-EDTA 1.0
30 ++ N, P) 1034
Transect Saulkrasti, 3-4 July — M. aeruginosa
05 0 ++ N, P)
10 0 ++ N P
20 0 ++ N P
30 2.5 + 4+ N P
30 5 + Inconlusive
30 10 + + N P
Nearshore stations, 19 July — M. aeruginosa
Dubulti 0 +++ N P 6.1
Jaunkemeri 0 +++ N P Vit 7.0
Lapmezciems 0 +++ N P Vit 54
Lielupe 0 ++ N 9.1
Melluzi 0 +++ N P 6.5
Ragciems 0 0 Inconclusive 7.5
Nearshore stations, 19 July — P. tricornutum
Dubulti 0 +++ N 6.1
Jaunkemeri 0 + 4+ N P Fe-EDTA 7.0
Lapmezciems 0 +++ N P 54
Lielupe 0 +++ N P 9.1
Melluzi 0 + 4+ 4+ N P 6.5
Ragciems 0 +++ N P 75
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Table 5. Mean growth (relative to that in unenriched water) when enriched with the follow-
ing substances: All; All-+metals; All except the component marked, in Microcystis
aeruginosa and Phaeodactylum tricornutum. In water sampled from early May to early July
1996 along Saulkrasti and Melluzi transects, and water collected nearshore on 19 July at dif-
ferent locations. Parentheses indicate standard deviation.

Transects of

May-early July

Nearshore samples of 19 July

Presence of Absence of
M. aeruginosa M. aeruginosa P. tricornutum
(N=21) (N=6) (N=T7)
All 8.1 (2.5) 124 (16.7) 35.0 (30.1D
All+metals 72 (2.1 3.8 (025) 32.8 (29.0)
N 2.2 (0.8) 0.2 (00.5) 15 (00.7)
P 32 (1.3) 2.2 (035) 6.3 (04.8)
Si 7.7 (23) 99 (10.9) 348 (29.9)
Fe-EDTA 71 (2D 82 (075) 256 (25.8)
Vitamins 8.0 (1.6) 3.3 (024) 324 (28.2)

ous plots. All nutrients out of nitrogen being
present in excess in these samples, the mean
biomass formation was higher than that in the
control (Table 5). The overall plot of data ob-
tained with M. aeruginosa grown in transect
samples cuts the X axis at roughly —4 (Fig. 5),
thus suggesting that an average amount of~
4 g atom nitrogen per liter was taken up by
the cells under a chemical form other than
NOs, NO; and NH, (DIN). Since in most samples
the available volume of water was insufficient,
similar plots for P. tricornutum are unavailable.

4. Discussion

REDFIELD (1934) observed that N-NO; and P-
PO, are taken up by phytoplankton at a con-
stant atomic ratio of 16: 1, and FLEMING (1940)
pointed out that this value is also that of the
elemental composition of phytoplankton. It has
since been agreed that ratios lower than 16:1
in the natural nutrient reservoir indicates ni-
trogen limitation, while a value higher than 16
reflects limitation by phosphorus. This concept
must be used with care, because it applies to
algal growth as crop, not as growth rate. On the
other hand, differential enrichments (bioas-
says) apply to the potential maximum
biomass, not to the actual biomass which can
be first limited by the rate of losses. Neverthe-
less, determining the nutrient(s) limiting the
potential biomass greatly helps to focus on the
proper nutrient(s) and mechanisms leading to
the situation of interest.

According to the respective nutrient con-
tents of the water samples collected, it might
be expected that at the time of the spring
bloom (early May) the first limiting nutrient
would be phosphorus in upper waters of the
eastern eutrophicated part of the gulf, and ni-
trogen near the bottom. DIN : DIP values were
indeed greatly >16 for samples taken at the
surface and at a depth of 5 m depth, and <16
for the water collected at 30 m (Saulkrasti
transect). Results given by the bioassays indi-
cated exactly the same order of importance for
the two main limiting nutrients (Table 4). At
the same time, on the western side of the gulf,
free from river discharge (Melluzi transect),
the situation was different. Here nitrogen was
the overall limiting nutrient, while phosphorus
was limiting in only one sample for which DIN:
DIP=175; Redfield’s ratio and the bioassays fur-
thermore led to exactly the same conclusions
for all waters collected near the shore in July:
DIN : DIP values ranged between 54 and 16.2
(X=9.3; s=34; N=12), thus indicating that ni-
trogen was the first limiting nutrient, which
was confirmed by bioassay.

Overall, it is clear that phosphorus was the
most limiting nutrient for cyanobacterial
growth potential in the nitrogen-rich waters.
These conditions prevailed in spring, in the
upper layer of the southern-eastern part of the
Gulf, which is greatly influenced by river dis-
charge. In late spring, with the decrease of the
total DIN reserve, from >17uM to <13uM
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cyanobacterium Microcystis aeruginosa grown in waters collected in the Gulf of Riga, from
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(Table 2), nitrogen and phosphorus then
played a similar role. In deeper layers of this
area and out of the river plume, nitrogen was
the limiting nutrient. It is likely that these dif-
ferences are related to the circulation regime;
although there are both cyclonic and anticyc-
lonic currents and turnovers, the general trend
of the circulation is that saline water of high
salinity from the Baltic Proper enters into the
gulf through the Strait of Irbe and flows south
eastwards along the western coast (Fig. 1),
while water of low-salinity having received
fresh water from the River Daugava is flowing
northwards along the eastern coast (BERZINSH,
1995). In summer, when the river discharge is
the lowest, all DIN concentrations but one
ranged between 1.6 and 2.6 uM, and the whole
area was nitrogen — limited for both the
cyanobacterium and the diatom test strains.
YURKOVSKIS ef al. (1993), who sampled along
the 20-m isobath and at greater depths from
February to October 1989, reported mean
monthly DIN : DIP values from 19 to 56. On this
basis, they inferred that the phytoplankton of
the whole gulf was phosphorus-limited. In con-
trast, at one station located in the Baltic Proper,
mean DIN:DIP values for the same period
ranged between 2.9 and 7.1, leading to the

conclusion that nitrogen was the limiting nu-
trient. From these results as well as from those
showing that the open—sea waters on the Baltic
are presently nitrogen-limited (GRANELI et al.,
1990; Kivi et al., 1993), PODER and JaaNus (1995)
hypothesized that the shift from DIN : DIP val-
ues >16 to those <16 should be observed in
the Irbe Strait area which separates the Gulf of
Riga and the Baltic Proper. Samples they col-
lected in summer 1993-94, along transects from
the strait towards the gulf and the open sea,
showed that most DIN:DIP values were <3;
only for August waters, a few ranged between
5 and 10. Accordingly, the authors concluded
there was no shift from phosphorus to nitrogen
limitation from the gulf to the open sea, and
concluded that nitrogen was the limiting nutri-
ent in both the Baltic Proper and the Gulf of
Riga. Further records on nutrient concentra-
tions and comparison with previous long-term
data led YURKOVSKIS ef al. (1996) to show that
drastic changes have occurred in the Gulf of
Riga in the 90s. Since late 80s—early 90s, nitrate
concentration has continuously decreased:
from~18uM in1991 to ~10 M in 1993, in the
upper (0-10 m) layer, in February; and from
~35uM in 1989 to ~0.5 uM in 1994, in the same
layer, in August, while in deeper (20-50m)
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waters in August, they have decreased from
~22uM in 1991 to ~5uM in 1994. During the
same period, concentrations of phosphorus
have risen, leading to a situation of nitrogen
limitation. Hence, all results agree. Most of the
Gulf of Riga is now clearly nitrogen—limited in
late spring and summer. In contrast, for small
and shallow areas, whether nitrogen or phos-
phorus is limiting is an open question, because
river discharges significantly influence salinity
and nutrient concentrations, particularly in
surface waters.

Important changes in nutrient reserves, nu-
trient ratios and the species composition of
natural phytoplankton assemblages occur
along salinity gradients from river mouths to
the open sea. SAKSHAUG and MYKLESTAD (1973)
and SAKSHAUG et al. (1983) found a permanent
phosphorus limitation of phytoplankton bio-
mass in the inner section of the Trondheim
Fjord, but a clear nitrogen limitation in high-
salinity waters; with DIN:DIP values falling
from 50 to 10-12. In ponds and coastal waters of
Massachusetts, bioassays showed that in low-
salinity ponds (0-65 psu) phytoplankton
biomass was phosphorus limited, while nitro-
gen addition stimulated phytoplankton growth
only in the most saline ponds (31 psu) and the
open sea; in ponds of intermediate salinity,
phytoplankton biomass was limited both by ni-
trogen and phosphorus (CARACO et al., 1987,
CARACO, 1988).

Similar features have been reported for the
Baltic Sea. LIGNELL et al. (1992) observed that
phytoplankton carbon uptake rate and biomass
were P-limited in a fjord-like inlet with low sa-
linity on the south-west coast of Finland,
whereas in the open sea both nitrogen and
phosphorus were limiting. PITKANEN and
TAMMINEN (1995) have shown that, in summer,
from the river Neva to the open part of the Gulf
of Finland, there was an associated gradient for
salinity, nutrient concentrations and DIN : DIP.
Both DIN : DIP values and bioassays indicated
that phosphorus was limiting the potential
biomass of phytoplankton in the river; then,
phosphorus was first limiting and nitrogen was
the second limiting nutrient in the estuary, and
nitrogen was first limiting and phosphorus was
the second limiting nutrient in the transition

zone, whilst nitrogen was the single limiting
nutrient in the open gulf.

Although technical limitations did not allow
us to take more than two samples on the
transect from the river Daugava to the open
sea, our results as a whole agree with the
scheme of gradual changes from river water to
the open sea. Accordingly, the shift between
DIN:DIP values >16 (freshwater—influenced
waters) and those <16 (typical marine waters)
that PODER and JaaNus (1995) endeavored to
observe in the Strait of Irbe should be searched
inside the Gulf of Riga, at the limit of the river
plume. Controlled by the river discharge re-
gime, the transition area would not have a
fixed area and limits, however, and important
seasonal variations are likely, as already ob-
served for other areas. In the Patuxent River
estuary (Chesapeake Bay), D’ELIA et al. (1986)
reported great seasonal variability in river
flow, nutrient regimes, and the response of
natural phytoplankton assemblages to nutrient
addition. During the high-flow season, in late
winter, DIN : DIP typically exceeded 90, and ad-
dition of phosphorus stimulated growth. In late
summer, DIN : DIP in nutrient standing stocks
was characteristically <5;s0 when nitrogen
was added the growth response was very rapid,
reflecting nitrogen limitation. In the southern
Baltic, GRANELI et al. (1988) have compared dif-
ferent coastal waters sampled outside Warne-
miinde, Rostock, Sopot and Falsterbo. Al-
though the nutrient levels of their samples
were different, there were no significant differ-
ences between the different locations for nutri-
ents limiting the potential biomass. During
winter, before the spring phytoplankton bloom
had started, phosphorus was the most limiting
nutrient for phytoplankton biomass formation;
after the bloom, nitrogen appeared to be the
most limiting nutrient.

Whether in nutrient-poor or in nutrient-rich
waters, important variations in the nature of
the limiting nutrient have been also observed
with species. In oligotrophic coastal Mediterra-
nean water, BERLAND et al. (1978) reported that
the diatom Skeletonema costatum was phos-
phoruslimited, especially from February to
June, whereas Cylindrotheca closterium was lim-
ited according to a complex succession invol-
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ving nitrogen, phosphorus, silicon, and vita-
mins. In the Trondheim Fjord, (SAKSHAUG,
1987; GRANELI et al., 1988) showed that phospho-
rus was the limiting nutrient for Skeletonema
costatum when DIN: DIP=12, and for most the
other species only when DIN : DIP=18-25.

In the Helsinki archipelago, RINNE and
TARKIAINEN (1978) reported a nitrogen limita-
tion for potential phytoplankton biomass, ex-
cept for the nitrogen—fixing cyanobacterium
Nodularia spumigena which showed phospho-
rus limitation. Similar findings were reported
by TAMMINEN et al. (1985) who ran in situ
mesocosm experiments at the entrance to the
Gulf of Finland, in an area not directly influ-
enced by large sewage discharge; addition of
ammonium significantly increased the total
phytoplankton biomass, while phosphate addi-
tion stimulated the growth of nitrogen—fixing
cyanobacteria. Other authors have also re-
ported that addition of phosphorus stimulated
the growth of Nodularia spumigena (HUBER,
1986; LUKATELICH and McCowMB, 1986), thus sup-
porting HORSTMANN's (1975) contention that
blooms of this species are a consequence of
phosphorus loading. Furthermore, KONONEN et
al. (1996) have inferred that N. spumigena
blooms in a frontal region at the entrance of
the Gulf of Finland benefited from the low DIN:
DIP value which prevailed in surface water at
the onset of the bloom. Blooms of Aphanizo-
menon flos—aquae and N. spumigena in the Gulf
of Gdansk have been also related to low values
of DIN : DIP (PLINSKI and JozwIAK, 1996).

Since the 90s, blooms of the nitrogen-fixing
species Aphanizomenon flos—aquae and Nodula-
ria spumigena have also occurred in the Gulf of
Riga, in summer (BALODE and PURINA, 1996).
Their appearance was related to the decrease
of the DIN : DIP ratio (YURKOVSKIS et al.,1996).
This is in agreement with the overall nitrogen
limitation we observed; species such as diatoms
or non—nitrogen—fixing cyanobacterium such
as Microcystis aeruginosa that we used as test
species were nitrogen—limited. In contrast, N.
spumigena were not nitrogen — limited, and
therefore may take the upper hand in the as-
semblage, although diatoms appear not to be
silicon—limited.

Silicon never appeared to be limiting for

either of the two strains we used for bioassays.
This might be a consequence of the absence of
silicon requirement for M. aeruginosa and the
very low needs of Phaeodactylum tricornutum
(BONIN et al., 1986). On the other hand, DIN:
Si0s was <1 in June and July, and phosphorus
was the limiting nutrient when DIN : SiO; val-
ues were >1 (Table 2); hence silicon could
never be more limiting than nitrogen or phos-
phorus. YURKOVSKIS et al. (1993) found no sili-
cate limitation in the Gulf of Riga in the 80s,
but recent data have shown silicon acting as a
limiting nutrient during the spring bloom
(YUrkovVsKis, personal communication). Nev-
ertheless, it is likely that altogether the re-
cently reported decrease of silicon loading in
coastal waters and its subsequent enhanced im-
portance in pushing the outcome of species
competition towards summer harmful species
(SMAYDA, 1990; SOMMER, 1996) may not yet be
critically important for the Gulf of Riga.

In four cases, iron appeared to be in the list of
nutrients limiting potential biomass (Table 2).
This appears to be the first report indicating
finding iron to limit Baltic phytoplankton.
Although role of iron has been stressed mostly
for low-chlorophyll — high —nutrient regions
(JENNINGS et al., 1984; MARTIN and FITZWATER,
1988; ZETTLER et al., 1996), it has also been
found to be limiting on occasion in coastal wa-
ters; namely, in the Gulf of Maine (GraN, 1933;
GLOVER, 1978; WALLS et al, 1991), the coast of
Oregon (GLOOSCHENKO and CURL, 1971), and the
north—west Australian coast (Tranter and
Newel, 1963). Moreover, iron is required for
N. fixation by diazotrophic cyanobacteria
(RUETER et al., 1998; PAERL et al., 1994), whereas
it has been reported that at least 40-90% of the
iron transported by freshwater aggregated and
sedimented when salinity reaches 4-5 psu in
the estuary of the Ove River, western Baltic
(FORSGREN et al., 1996). More research on the
role of iron as a nutrient in the Gulf of Riga
may thus be desirable,

Our results suggest that a significant frac-
tion of the nitrogen taken up by the two test
species may have been as dissolved organic ni-
trogen (DON). It is estimated that an average
of ~4ug-atom N 17! was taken up by Microcy-
stis aeruginosa. This amount is close to the
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mean concentration of urea we recorded (X
=3.3; s=1.5; N=26; range 1.3 to 7.0 uM). Similar
estimations have been made in oyster ponds of
the French Atlantic coast (MAESTRINI and
ROBERT, 1981), where diatom test species were
found to take up 0.6 to 30.7 wg-atom 17! of DON,
and which, results suggested, had the capacity
to take up six times more DON than DIN. These
findings agree with current knowledge on nu-
tritional capabilities of phytoplankton.

Several algae have been reported to grow in
culture with organic compounds as the sole
source of nitrogen and phosphorus (TERNETZ,
1912; Droop, 1961; KUENTZLER and PERRAS, 1965;
FLYNN and BUTLER, 1986; BERMAN ef al., 1991).
Field research also shown that half-saturation
values (K) for urea falls within natural urea
concentrations (McCARTHY, 1972); accordingly,
urea has been considered as an important po-
tential nitrogen source for phytoplankton in
various coastal waters (KRISTIANSEN, 1983;
IGNATIADES, 1986; KOKKINAKIS and WHEELER,
1988; PrICE and HARRISON, 1988; FERNANDEZ el
al., 1996). In mesocosm experiment carried out
in situ, in water of the western coast of the Bal-
tic Sea, SORENSSON et al. (1989) reported an up-
take rate for urea up to five times faster than
that for nitrate. TAMMINEN and IrmiscH (1996)
showed that urea uptake dominated that of
total nitrogen in an incubation experiment
with size-fractionated assemblages collected in
summer at the entrance of the Gulf of Finland;
urea appeared to be a particularly important
nitrogen source during the regenerated phase
of plankton succession. Also, dissolved free
amino-acids have been reported to sustain a
significant part of algal growth in the Chesa-
peake Bay (GLIBERT et al., 1991). Moreover,
PALENIK et al. (1988-89) have shown that some
phytoplankters are able to use various forms of
DON without initial transport into the cell, by
using cell-surface enzymes to degrade these
forms of nitrogen to NHi, and TRANVIK et al.,
(1993) observed the ingestion of proteins such
as ferritin, casein and albumin by heterotro-
phic flagellates.

Suggestion has also been made that organic
compounds from land—drainage origin, such as
humic acids, have favored harmful dinofla-
gellate growth versus that of harmless species

(CaRrLssON and GRANELIL, 1993; CARLSSON ef al.,
1995; LARA et al., 1993; MorRAN and HODSON,
1994). Some results are conflicting, however.
For instance, during a drogue experiment in
the Baltic proper, SOORENSSON and SAHLSTEN
(1987) recorded no uptake of DOM whose
molar C:N was >20, which they inferred was
refractive. These results led them to believe the
nitrogen fixers, mostly N. spumigena, relied
mainly on N: for their nitrogen demand.

The cyanobacterium we used as test species,
Microcystis aeruginosa, is not a N.—fixing spe-
cies. Accordingly, whether or not DOM is a sig-
nificant factor in triggering the onset of toxic
blooms in the Gulf of Riga is still an open ques-
tion and should be a focus for further research.
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Résumé-Nutriment (s) limitant la biomasse potentielle ({AGP)) dans le Golfe de Riga, est Mer
Baltique : bioessais conduits avec la cyanobactérie Microcystis aeruginosa et la diatomée

Phaeodactylum tricornutum.

Des échantillons ont été recueillis début mai, juin et juillet 1996, le long de deux radiales
situées, I’ une dans la partie sud—est du golfe fortement influencée par les eaux fluviatiles,
I’ autre dans la partie sud ouest recevant peu d’ eau douce, a une station située dans le panache
de la principale riviére (Daugava), au mileu du golfe ; mi-juillet, des eaux proches du rivage ont
été prélevés a différentes stations de la cdte ouest. Les valeurs relatives des concentrations
ioniques in situ en azote, phosphore et silicium et des bioessais (enrichissements différentiels)
conduits en laboratoire ont été utilisées pour déterminer les nutriments limitant la biomasse
potentielle. Les deux méthodes ont montré que le phosphore était le nutriment limitant pour les
deux espéces tests dans les eaux de surface riches en azote minéral recueillies en début mai dans
la partie sud—est du golfe; en fin de printemps, 'azotc et le phosphore avaient un roéle
équivalent. Dans les couches plus profondes de la partie est et dans toute les autres parties du
golfe peu influencées par les eaux fluvialtiles, 'azote était le nutriment limitant. En été au mo-
ment du plus faible débit des riviéres, pour toutes les stations échantillonnées, la concentration
en azote minéral était comprise entre 1,6 et 2,6 uM et l'azote était le nutriment limitant. Pour
749 des échantillons ou l'azote était le nutriment limitant, le phosphore est apparu comme
étant potentiellement le nutriment limitant venant en second. En revanche, le silicium n'est
jamais apparu comme pouvant limiter la biomasse, aussi bien pour la cyanobactérie que pour
la diatomée tests ; le phosphore était limitant quand le rapport NO;-+NO,+NH. SiO; était >1,
en mai, et <1 en juin et juiliet quand " azote était limitant. Les auteurs estiment que
l'accroissement en importance du rdle silicium pour la compétition interspécifique au sein du
phytoplancton au bénéice des espéces toxiques non silicifiées récemment mis en exergue pour
d’autres eaux cotiéres n’est pas encore significatif pour le golfe de Riga. Le fer est apparu dans
la liste des nutriments limitants pour 12% des test. En outre, bien que les valeurs absolues soient
entachées d’'imprécision, certains résultats indiquent qu'une faction non néligeable de l'azote
prélevé (~4 pg-atom N 17') pourrait l'avoir été sous une forme organique. Les auteurs
suggérent de préter attention & ces deux facteurs pour les recherches a venir.
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BuoreHsl NMUMUTUpYlolWWe MoTeHUMan pocta BOAOpocnen B PuXckom
sanuBe, BocTo4Hon 4Yactn Bantuitickoro mops ( BecHa-neto, 1996).

C. Y. Maectpunu, M.banope, C.bewemun, W.Mypuna, C.Bepute

Pesiome: Mpo6bl Bofbl 6binv cobpaHbl B Mae, uioHe, wone 1996 ropa Ha
Tpéx paspesax: NepBOM- C CUMbHLIM BO3[EWCTBUEM pEe4yHOro cToKa
(BocTo4HOEe nobepexbe), BTOpoM- 6e3 peyHoro BO3[EeNCTBUS
(sanagHoe nob6epexbe), TpeTbeM- NMPOTUB YycTbs peku [ayrasa (Ha
CTaHUUAX Yy caMoro YCTbsl peku U B OTKPLITOW 4acTu 3anuBa); a Takxe
Ha HECKOMbKWUX NUTOpanbHbIX CTaHuusX 3anapgHoro nobepexbs. [Ans
BbIABMIEHUA  9NeMeHTa, NUMUTUpPYIOLWEero NOTEeHUWasNibHbIA  poCT
uTonnaHkToHa, ObIMM MCMNONbL30OBaHbl OTHOLWEHUA pacTBOPUMOro
asorta, @ocgopa W KpeMHUss jn  situ W TecTbl OGUOreHHoro
NMMMUTUpPOBaHWS. CpaBHeHwue OTHOLWEHNIA pacTBOpUMOro
HeopraHnyeckoro asorta K pacTBOpUMOMY HeopraHudeckomy tochopy
(DIN/DIP) ¢ oTHoweHuem Pepndwnpa v pesynbTaTbl 9KCMEPUMEHTOB
O6UOreHHOro nNUMUTUPOBaHUA nNpuBend K WAEHTUYHLIM  BbiBOOAM.
®octop  BbiiBNEH  KaK  [MaBHbIl  3MIEMEHT  NMMUTUPYIOLWMIA
NoTEeHUMarbHbIA POCT (UTOMNNaHKTOHa BecHoW B 6GoraTbiXx asoToMm
NOBEPXHOCTHBIX CrOSIX BOM IOrO-BOCTOYHOW 4YacT Puxckoro 3anuea,
rAe HabniofjaeTcsi cunbHoe BO3dEUCTBME peyHoro croka. B KoHue
BeCHbl- Ha4ane nerta HabnopaeTcs yMeHblueHue pesepeoB DIN. B aTo
BpeMsi KaK ¢octop, TaKk M asoT CTaHOBATCA JNIUMUTUPYIOWMMU
sneMeHTamn. B Gonee rmybokux BOAHLIX CMOSIX 3TOro paroHa U B
3anafHon YacTu 3anuBea, rge He HabniopaeTcsl BO3{eNCTBUE pPeyqHOro
cToKa, nuMMUTUMpYloWwuM aneMeHToM 6bin asor. Jletom, Korpga
HabniofaeTcsi HauMeHbllee BO3[eWCTBUE MpPecHbIX BOM, KOHUEHTpauuu
DiN aocturanu 1.6-2.6uM, 41O cOycriosnueaio asoTHoe
NMMUTUpPOBaHWE WCCNeflyeMoro pavloHa Ha YTO YyKasblBaeT Takxke
6uoTecTbl NpoBefdeHHble UMaHOGaKTepussMM U AMATOMOBbIMU. B 74%
npo6, rae asoT 6biN IUMUTUPYIOWMM 3NeMeHTOM, hoctop BbISIBNEH Kak
BTOpon 6ofiee 3HauMMbI aneMeHT. B To Xe BpeMs KpeMHWA He
orpaHuuuBan poct Microcystis aeruginosa w Phaeodactylum tricornutum
HU npyn oTHoweHun DIN Kk SiO3 >1 (B mae), korga ¢ocgop 6bin
NMUMUTUPYIOWUM SNIeMEHTOM, HU npu oTHoweHun DIN k SiO3 <1 (B
“ioHe, uione), Korga nuMUTMpylowmm 6bin asot. XKenezo B 12% npo6
nMMuTApoBano  noTeHuuan pocta  (uTonnaHkToHa.  PesynbTarhl
“ccnefoBaHM  MokasbiBalOT, YTO  TecToBble  KymnbTypbl  MOryT
accumunuMpoBaTb HekoTopoe Konu4yecTBo asoTa (~4pg-atomN/l) B
hopme pacTBOPUMOro opraHu4eckoro selectsa. 9ToMy hakTy crieflyeT
yoenutb  Oorfblie BHUMaHWS B MocrnenylowmMx — uccrnefoBaHusX
uTonnaHkToHa Puxckoro sanvea.
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Distribution of nanoplankton around a warm water
tongue in the Kashima-Nada Sea in July 1993

Tetsuji ISHIGAKI ", Jun NISHIKAWA *, Atushi Tsupa** and Makoto TERAZAKI®

Abstract: The abundances and distribution of nanoplankton were investigated within a warm
water tongue and its adjacent waters in the Kashima-Nada Sea from 6 to 8 July 1993.
Nanoplankton abundances in the upper 50m ranged from 3.1 X 10— 5.9 X 10°cells/ml for
heterotrophic nano—flagellates (HNF), 3.8X10*—4.9 X 10° cells/ml! for autotrophic nano-flagel-
lates (ANF), 7.0 X 102—8.1 X 10* cells/ml for cyanobacteria and 2.5 X 10°—1.3 X 10° cells/ml for bac-
teria, respectively. A tendency for abundances to decrease below the thermocline layer, which
was between 50m and 100m, was seen. The depth of the maximum abundance layers for both
HNF and bacteria were the same and there was also a strong correlation between the maximum
abundance layers of ANF and chlorophyll a. However, the stations at which the maximum
abundances of HNF and bacteria occurred were different from those where ANF and chloro-
phyll @ maximum occurred. The HNF maximum abundance layer (10 m) occurred in the layers
above the maximum abundance layer of ANFs (30 m). Although the biomass of macro-
zooplankton varied with different water masses, total cell numbers of nanoplankton in the water

column did not.

1. #

PEJE K MM\ M E i ¥ (Heterotrophic Nano-
Flagellates: HNF) 3IEFEHE AR/ L 0B O IELE K
WERHE LTZOBFEENES OIS, 75 v
JrvELTHNESTON TV, L LEBERERY
WEIORBERETO b0 LA BTV (BEErs,
1982),

LOTOEAIRE, HEBAMEIC X » TKA ORME K
(HosBIE et al, 1977) REL, £ PH] (F ¥y v)
DHL Y AAFER (HOLLIBAUGH ef al., 1980) i< & » fHEE
PEROWEEHE A RT I ENENEFhbh -1, ZOHE
%, Microbial loop (Azam et al., 1983) BaAsiIE X 1,

il

THEKFHEREFR T164 HE#ThHXEA1-15-1
Ocean Research Institute, The University of
Tokyo, 1-15-1, Minamidai, Nakano, Tokyo 164,
Japan

T ACHREDOKEERF TR T085 JLimEsIRETiEEZ116
Fisheries Agency of Hokkaido
116, Katsuragoi, Kushiro, Hokkaido 085, Japan

HNF (3, #EL 8/ NEN% O AZ (FENCHEL, 1975
JOHNSON et al., 1982; GoLpmaN and CARON, 1985) & L
T, KEABROVEBERC R TRE BN EER
INB LI oTc, LR, BUEICES T, MHE
EOMIE (FENCHEL, 1982; Davis and SIEBURTH , 1982;
Lemikkr and Kousa, 1990; Haas , 1982; SHERrR and
SHERR, 1983 a, b; CARON, 1983), HHABE ORIFE (SHERR
et al., 1987, NYGAARD et al, 1988; NyGaarD and
HesseN, 1990) 73 E3iThb N T E 1o,

HNF 3@t Rofic B 8 FET 5 T L85
1TV 5B (FENCHEL, 1982: ANDERSEN nad FENCHEL,
1985), KFEFEMAIHALHE TR, EEE L CHE RN
BIBIBRMICBEARBEREEE LTV S, N7
77 b v, HRIC HNF MR &R/ NS R
(Autotrophic Nano-Flagellates: ANF) O#FISEE,
BHER EOREFLENE (54 - ik 1980, LE
B (EEDS,1993) B EDIRETORKESMIBoONT
W3,

BEEEE S, EHE, BESK BEKESFEVACEME
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Fig.1. Location of sampling stations during the Cruise KT 93-10 in July, 1993. Numbers denote
stations. Stations 1 and 11 were not sampled. O: Oyashio current, K; Kuroshio current.

MHEHEREREERL, 2y VTS v b VEEIK
BT a v b okn L TEMERSELL, BER LT
T 5T EMBHSN TV B (NISHIKAWA et al., 1995), AHf
7213, BEE#HICB ) 3HNF, ANF, filB8 XU 5 v &
¥8 (FiT Synechococcus) X EDWNT 5 v 7+ v DHl
JBEEORIEZITY, TONMEELZIHLMICT ST
EEREE L,

2. MHEEHE

1) BREHA & FEDHEIE

B ASMFET S AT A & AL KT93-10 R g i
BT, 199347 A6 ~8 BiCEE#HORM 7 o v MR
L EED SHEN R BET 2 Tik 72, 10
W (AR 22510 TEAIEL) KBVWTH/NT 5 ¥
7 b v OBREET - 12 (Fig. Do ¥ 7, #ifTdh, Mhic#
# & H1 72 ADCP (Acoustic Doppler Current Profiler:
MABEEF Y 7S —H#E 7o 7 745 =) ickb, K
0, 20, 100 3B X T 200 m DF 4 BOHEEFIE L 72,
i, MEA10/ v b PLEDOEICRIE S /e ADCP @ fE
ZERA LT

2) RELSHNE
BEZ, CTD %5 Lico €y P BIHKSE (RMS:

LIt CTD-RMS &7R9) TiTH» 1o 72720, RED A
Woxar oy TEIK L 72, BRKIEIR 0, 10, 30, 50, 100, 150,
200 B L 250 m DFF8BE L7, BKBEBICEKES
&0 80ml ZWY, SVIALTIUFE FEROVWT, &R
BEEDS 1% 10785 X 9 IClElE L7z, MER & #8113 DAPI
(PorTER and FElG, 1980) THf%k, 1 VA5V 75y
I THREOLEZAR02 um X7 v ET 7 4 VY —THB
%%7\v, HNF B & 0 ANF (3 DAPI & Primulin
(CaRoN, 1983) @ & 4¢tt (SHERR and SHERR, 1983a)
BffotE, ANAS VT Iy s THRELZALE0S
umx 7 VRT 7 4 V7 —-TAHBETY, ThEh 7L
NG5 — P EREICTER L, 718 — b 3ERE T
DI ZFRER 3 HEANICIT » 7ct%, FHEERTE THR
A (—20°C) Ui FTBUEMMR TR L ¥ AUIR B
REITTHEHE B EEAMEE (Zeiss #8 Axioplan) F ¢
fTotee BiERICEARER YV, MEIC> L TIRER
10004 T 300 FHALL F, HNF > W T35 400 & T
S0fAMALL F AR L 72, T VBB L O ANF 0¥,
FHHEELIC L 2 AFIEPBEB L URBERE LS
D%, FNENFER 400 {52 THOMMKLL EicEd 2T
fTote BB, 877 v 7 b v ORENHERDOIERICIE
YEXIF 2 7 + Spyglass Transform 2.1 (Spyglass &)
ZHERAL, AEEEZHVTRD, £, SHlFRoKE
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Fig. 2. Stick diagram of water flow at four depth layers recorded by the ADCP. Vectors were
plotted at 5 minutes intervals. Data taken while the ship was cruising at speeds less than 10
knots were not included. K: Kuroshio, WWT: Warm Water Tongue, F: Front.

BEMERINFEEC L > TEONANESTHS Lm
RABR OMMEMEE S 0m H 5 250m £ THRET S &
Itk ki,

3) kBHEBLU 7007 4 VallE

Boki210/15 0 0, 10, 20, 30, 50, 75, 100, 125, 150,
175, 200 3 X U 250 m DEFT12@Ic > W T CTD-RMS i
0Tt KEE (M BHREER  NO,-
N-+NO,N, LI NOs &7Rd, U vERREY) v : PO~P,
Pl PO, ER9) BEL 7 oo 7 1 Ve BEORIE M
R TERHESICEDBIRE > TIT-» ko KBEEFILOL
T3, M EicTHEK 10m]l % 045pum IV ET 7 4V F —
THBH, BEERE (—200) L, HRETERTH
#L, #—F74 54 #— (BRAN+LUBBE #&) %
HOTHIEL, 7o 7 0 va B, #ECTHEK
200 ml % Whatman GF/F 7 1+ V% — (B& 25 mm)
AL, N, N-Dimethylformamide (&t[&E 5 —61°C)
itk r7oa 7 4va 2 L(Svzukl and IsHIMARU,
1990), {EEMEA (—20°C) LK%, HREICTH
JeEEEE (TURNER MODEL 111) 2 &k 0 FHAIL 720

3. # R
1) #wERE

HEEROEHERIEOME (GEIE NISHIKAWA ef al.,
1995) BUTOEY TH 5, HABBROLR[ITH WL
0, 20, 100 3 & 75200 m ® 4 BOFIAB L CHHIL,
FIERE—AHRPSEEETH - 1 (Fig. 2) HIH5, 6
BLU12icid, 7oy HBERSN, BERKEELS
NBEKE, EESK (6°C, 340 PSU BIT) A% 200 m
DB D ont (Fig. 3o HE 225 4 T, 28
b ) KERINEKIE, S5 (18°C, 345PSU ULE)
DEBPAMBEEL, SLEAROBOVRASERIS N,
AET H510F Tid, 250 m PIEICEIE 4 /K (34.0 PSU
PR AL, 100m fHEcEMRkEELSN DL
BHEES (345 PSU ) OBADSHENAL XS KHFEET
%, BAEWERS N, R T 510mE» - T
FEHEOTNHEE N X ORNICE(L T B EHEZ TR Z R
L7,

7338, FE0O NisHIKAWA et al., (1995) OXAMTHEL,
AFEERIE, AE2 PS4 ETEREER MSTH25
10F TABEKER, L THES, 6BLU122 70V
MR EERE L, KIEREIZ, E#iKo 50~100m &,
Jo vk, BAKEEHD0~60mEICENEFNEEL
1o

REEEE OMENMIIRE S 2R 2RHD 0 ~30
m T, NO, POLbIKHEBELTHWE, LML, H
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Fig. 3. Vertical profiles of (a) temperature (°C) and (b) salinity (PSU) at Kashima-Nada Sea,

off the Pacific coast of central Japan.

5 OXRATIE, 098uM (NOy), 0.1uM (PO, &Mk
s WESEIHN S 1z (Fig Do

2) WuhT s v o b v OMBIREE L AEN T

HNF, g, > v#&¥b L CANF oFEHRIcB T
% 0~250m & TOKEREMKOEEMEIZZhEN,
L7x10%, 7.0X10%, 2.1X10%, 1.5X10" cell/ml T&-
Too BEHR, 7o v  MEBIUBKERELFOOMT
A OKERREBER ORI TOMED TH - 12,
MEBLUS vEETE, BEichhbxyoy MROK
PERITE N - 7208 (p<0.05: Mann—-Whitney @ U #
), MhoREIC BERENED S, -7z, HNF

Abbreviations follow Fig. 2.

BELU ANF TR 3BEZNFNOB THEELEAD S
Niihdoto, i, 5 VEHEEANF Tk, KEEREELE
J& (50m) O _ERNc A OFLNH - 7cbs, i & HNF
TI7KIEEERE O LMl & THITIIE% U WK B
AR L7 (Fig. 5)o

7007 40ald30micBVTHBABER L, Hll
K5 D 30m BV THEAM 428 ug/l BEAI S h 1z
(Fig. 6),

S VB O AE 3 SCM (Subsurface chloro-
phyll maximum layer: &7 oo 7 4 VIBKRE) &
D EDI0m IcHFEL 7o, MIREEREE 10 cell/ml &
WWEL, KEEEOTETRAKEL & bIcasicibL,
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Fig. 4. Vertical profiles of nutrients in the Kashima—Nada Sea, off the Pacific coast of central
Japan. (a) NO; (M) and (b) PO, (uM). Small dots at sampling depths indicate undetect-
able concentrations of the nutrients. Other abbreviations follow Fig. 2.

100 m PR TId 102 cells/ml IR TH - #20 IS5 D10
m BV TEARMIEEEE 8.1 X 10" cells/ml MELR &
n7:(Fig. 6),

MR, HS 2 D10m BV TLS X10° cells/ml T
ot EEbRE, HERBEAKEIICE WV TI0® cells/
mlBTH-7c, DHEMAREIZ0m ITHELEL, 100m
PIETI3.0X10° cells/ml LI T ¢& - 72 (Fig. 0o

ANF & HNF i, 50 m DT 10%cells/ml B TH -
7ohs, 50m DUETREEICE D L, 10%cells/ml BIF
ERBEEMR SN, ANF O AREIZ 30m i
BEL, SCM &—H L, L L, BEBOKRNTE
WiLrsou7 4 ba &E3—HET, ANF ORI

FER oo s va BBEREERLULNES TR
<RI 8 @ 30 m(4.9X10% cells/mD) ICHHE L 1o HIS
5D 30miTBT 5 ANF OMRIECHE 1 3.3 X 10°cells
/ml T&H »to 100m PIETIZIANF RI3 LA SRS
NSk -1, A, HNF OB AE EANF O A
JEICHANRTELS, 10m KHEELK, MA4010m ics
WTEORHERECETE 5.9 X 10° celis/ml MR s 41, <
DERMOREEID 2 ~3EEVETH > 72, 100m Ll
BT HNF @GHlE 5, 6D 150micBVWTENE N L.
TX10% 1.1X10%cells/ml TH - 7253, #H 10° cells/
ml BTH - 7 (Fig. 6, 7).
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Fig.5. Total cell number (cells/ml) of (a) HNF, (b) bacteria, (¢) cyanobacteria, and (d) ANF
in the 0-50 m and 50-250 m water columns at each station. Solid lines indicate mean values
over all stations. Abbreviations follow Fig. 2.

4. & =

KEEOIREB L UAFEICE T 5 HNF Ok R
i3, 1.0X10*~3.7x10* cells/ml (PORTER et al., 1985;
SANDERS et al., 1992) TH v, IBEIKBVLTE W E. R
LK 10* cells/ml B TdH - 75, L SARICED -
THD LA B O TEY 10% cells/ml &, &K 10°
cells/ml BTH 3 EMESNTWVWB, T, Daviset
al., (1985) 12 & % &JLARPAEEIC B W TR OKE ORI

FhEIcE»H) & HITERBO HNF OMBEEEHEE IR
BOLTOE, KE200m £ TORREBRTIE31X10°

~9.0X10* cells/ml, 7KZE 200m LI o=
6.6 X10~1.6X10%cells/ml T& - 7z, F£7z, Davis and

SIEBURTH (1982) I & % & ANF OMIEREREE 1346 AP
BB W TIRED SAFEICED » TR L 5.0X10°~9.0
x10%cells/ml T&H % L|ESI N TV B, Davis et al.,
(1985) DX 4 Tid, AFHBEIR UKE 1000~2000 m)
AREEREICE L, KBEMEZRETOHNF Ofifai®
FEI 7.1X10°~15X10° cells/ml TH 5 L L T3,
HE, AFBEOFERII50m LIBT3 HNF & ANF
DRI RE DS 8.1 X 10°~5.9 X 10°HNF/ml # & ¥ 3.8
X10*~49X10°ANF/ml TH 3 I %R L 1D T (Fig.
6, 1), RVHEMBATEOKEREEBSOm KB 3
HNF & ANF OMIEEE IZILRFEE O Z 0 & 133
BETHEZEPPLHLER - 1,
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Fig.6. Vertical profiles of (a) chlorophylla (ug/1), (b) cyanobacteria ( X 10* cells/ml), and (c)
ANF (X 10°cells/ml) in the Kashima-Nada Sea, off the Pacific coast of central Japan. Ab-

breviations follow Fig. 2.
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Fig. 7.

Vertical profiles of (a) bacteria ( X 10° cells/ml), and (b) HNF ( X 10° cells/ml)

abundances in the Kashima-Nada Sea, off the Pacific coast of central J apan. Abbreviations

follow Fig. 2.
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Fig. 8. Relationships in abundance between (a) bacteria and HNF, and (b) cyanobacteria and
HNF in the 0-250 m water from of the Kashima—Nada Sea, off the Pacific coast of central

Japan.
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Dr. Masao Hanzawa, a member of the Society,
passed away on 24 March 1997. The Society

presents sincere condolence to his death.
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