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Abstract —We examined the interannual variation in the concentrations of dissolved organic carbon and nitrogen (DOC and
DON, respectively), inorganic nutrients, phytoplankton biomass (concentration of chlorophyll a), and bacterial biomass in
Otsuchi Bay, on the Sanriku ria coast of northeast Japan, opening to the east onto the Pacific Ocean. The variation in DOC was
correlated with both phytoplankton biomass (R=0.427, n=64, p<0.05) and physical parameters (salinity: R=—0.376, n=65,
p<0.01; log-temperature: R=0.294, n=65, p<<0.01), suggesting that both DOC released from organisms and DOC introduced
from outside of the bay by river runoff and water exchange with off-shore water affect its dynamics in the bay. In contrast, DON
concentrations were correlated with Chl a but not with salinity or temperature, suggesting that the fluctuation of DON is less af-
fected by the introduction of DON from outside of the bay. A temperature-salinity diagram suggested that inflow from the Oy-
ashio Current lowers the C: N molar ratio of dissolved organic matter in the bay, whereas inflow of riverine water and the Tsug-
aru Warm Current raise the C: N molar ratio. These results suggest that the origin of water mass introducing to the bay is as im-
portant as the frequency of water exchange with waters from outside of the bay in determining the variation and chemical com-

position of dissolved organic matter in Otsuchi Bay.
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Introduction

The accumulation in surface waters and subsequent
transportation of dissolved organic carbon (DOC) and dis-
solved organic nitrogen (DON) into deeper layers may have a
large effect on global material cycling (Hedges 1992, Ogawa
and Tanoue 2003). Annual fluctuations in DOC and DON
concentrations are closely coupled with biological events
such as spring blooms of phytoplankton (Carlson et al. 1994,
Carlson et al. 1998, Ogawa and Tanoue 2003). In coastal
areas, however, mixing with river water and exchange with
off-shore water interrupt the accumulation of phytoplankton
biomass (Winter et al. 1975, Furuya et al. 1993). Annual
fluctuations in phytoplankton biomass and DOC and DON
levels in coastal areas are controlled by highly complicated
systems where mixing and advection result from the inter-
play of land topography, river inflow, currents, and weather
conditions.

The introduction of allochthonous DOC and DON into
coastal areas via river inflow and exchange with offshore
water may affect microbial and classical grazing food-web

dissolved organic matter (DOM), dissolved organic carbon (DOC), dissolved organic nitrogen (DON), material

dynamics. The marine bacterial community can use not only
the available dissolved organic matter (DOM) released from
autochthonous phytoplankton, but also DOM introduced by
river runoff or materials transported from other oceanic
regions (Hedges et al. 1997, Opsahl and Benner 1997,
Williams 2000). Because the chemical properties of DOM as
bacterial substrates, such as the C: N ratio, affect the rate of
uptake of inorganic nutrients by bacteria, the change of DOM
could affect the competition for nutrient uptake between phy-
toplankton and bacteria (Kirchman 2000, Hasegawa et al.
2005). Thus, qualitative and quantitative changes in DOC
and DON levels could have a key role in determining mate-
rial flow in coastal areas.

Here, we present data on DOC and DON, chlorophyll «
(Chl a) concentrations, bacterial abundance, and environ-
mental parameters, including nutrient levels (NO;, NO;,
NH;, and PO:"), obtained inter-annually in spring at three
different sampling stations in Otsuchi Bay. Otsuchi Bay is a
semi-enclosed small bay on the Sanriku ria coast of northeast
Japan, opening onto the Pacific Ocean (Fig. 1), and is fed by
the Otsuchi, Kotsuchi, and Unosumai Rivers, which produce
a river plume with an approximate influx of 3-10ms™~! (Hi-
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rano and Hayakawa 1976). The river inflow has a key role
controlling water exchange with oceanic water and nutrient
concentrations within the bay (Anbo et al. 2005, Otobe
2005). We examined the relationship between DOC and
DON dynamics and plankton community metabolism. Our
results suggest that two exogenous sources of DOC and
DON, i.e., riverine and off-shore water, together with au-
tonomous phytoplankton-derived sources, are important in
DOM dynamics in the bay.

Materials and Methods

Study site and sample collection

Water samples were collected from stations M, N, and
H, located at the mouth of Otsuchi Bay (39°21'30"N,
141°59'31”E; water depth: 73.3m), near the center of the
bay (39°20'22"N, 141°57'05" E; water depth: 43 m), and in
the vicinity of the Unosumai River mouth (39°20'04"N,
141°55'23" E; water depth: 27 m), respectively (Fig. 1). Sam-
pling dates and depths, water temperature, and salinity at 0 m
water depth are summarized in Table 1. Samples were col-
lected using a 5-1 Van Dorn sampler. Subsamples for deter-
mining bacterial abundance were fixed with formaldehyde
(final concentration 2% v/v) and stored at 4°C in the dark
until the preparation of slides for microscopic observation.

Subsamples for determining concentrations of inorganic nu-
trients (NH;, NO,, NO;, and PO; ") were stored at —20°C.
To measure Chl a, phytoplankton were immediately collected
on a GF/F filter (Whatman International Ltd.) and stored at
—20°C in the dark after soaking in 6 ml of N, N-dimethyl-
formamide (Suzuki and Ishimaru 1990). For determination of
DOC and DON concentrations, subsamples were immedi-
ately filtered through a Whatman GF/F filter with slightly re-
duced pressure (>700mmHg) using a hand-operated vac-
uum pump. The filtrate was stored at —20°C in a glass am-
poule.

Otsuchi River

Kotsuchi Rivery_

Unosumai River

Fig. 1. Locations of sampling stations in Otsuchi Bay, Japan.

Table 1. Sammary of date of survey, sampling site, temperature and salinity at 0 m water depth.

Date of survey Sampling site Sampling depth (m) Temprature (°C) Salinity
17 May 96 Stn. N 0, 5,10, 17, 25 and 40 8.23 32.01
20 May 96 Stn. N 0, 5,10, 15, 25 and 40 9.42 28.55
26 August 96 Stn. N 0,2,5,10, 25and 40 20.50 31.06
27 August 96 Stn. N 0,2,5,10, 30 and 40 20.72 31.99
22 November 96 Stn. N 0, 5,15, 30 and 40 13.00 32.66
27 November 96 Stn. N 0, 5,10, 20 and 40 13.21 33.63
7 April 97 Stn. M 0, 5, 10, 20, 50 and 70 7.30 23.45

Stn. N 0, 5, 10, 20, 30 and 40 8.60 26.16
10 April 97 Stn. N 0, 5, 10, 20, 30 and 40 7.18 23.96
9 June 98 Stn. N 0, 5,10, 25 and 40 14.56 27.63
11 June 98 Stn. M 0, 5, 10, 20, 30, 50 and 70 11.70 33.44
24 May 00 Stn. N 0, 6, 13, 23, 33 and 42 14.15 23.14
22 May 01 Stn. M 1, 7.5, 25 and 50 10.35 33.44
Stn. N 1,7.5,20and 35 12.07 32.29
Stn. H 1,5and 20 12.32 32.45
28 May 02 Stn. M 1, 5,20 and 50 12.09 33.31
Stn. N 1, 5,20 and 35 13.41 32.74
Stn. H 1,10 and 22 14.28 31.70
21 May 03 Stn. M 1,10, 20, 40 and 65 11.80 32.44
Stn. N 1,10, 20 and 40 12.24 31.66
25 May 04 Stn. M 0, 10, 30 and 65 12.21 28.45
Stn. N 0, 5,20 and 40 12.80 20.60
Stn. H 0, 5and 22 12.76 22.05
24 May 05 Stn. M 1,20, 40 and 75 9.84 33.60
Stn. N 1,5,20and 35 11.68 31.74
Stn. H 1,5and 20 11.75 29.69
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Determination of biological parameters and con-
centrations of DOC, DON, and nutrients

Bacterial abundance was counted directly using epifluo-
rescent microscopy after DAPI staining (Porter and Feig
1980). Bacterial carbon biomass was estimated by assuming
the carbon content of a bacterium to be 30x10™ g of car-
bon, which is the mean carbon content of coastal bacteria
(Fukuda et al. 1998). Chl a concentrations were determined
using fluorometry (Fluorometer 10-AU, Turner Designs;
Holme-Hansen et al. 1965) after extraction with N, N-di-
methylformamide (Suzuki and Ishimaru 1990) at —20°C for
more than 2 days. Phytoplankton carbon biomass was esti-
mated by assuming the carbon : chlorophyll a weight ratio to
be 50, which is approximately the geometrical mean between
the lower- and upper end of the observed range in literature
(Laws et al. 2000).

Concentrations of inorganic nutrients (NO3, NO;, NHj,
and PO;") were determined colorimetrically using an autoan-
alyzer (Technicon AA-2 or AACS II or AACS III; Armstrong
et al. 1967). DOC and total dissolved nitrogen (TDN) were
analyzed using a high-temperature catalytic oxidation (HTCO)
system consisting of a commercial unit, the Shimadzu
TOC-5000 (Shimadzu Co.), connected to a total nitrogen
micro-analyzer, the Yanaco TN-7 (Yanagimoto Co.; Ogawa
et al. 1999). The concentration of DON was obtained by sub-
tracting the sum of the concentrations of inorganic nitrogen
(NO3, NO;, and NHY) from TDN (Ogawa et al. 1999).

Integrated standing stock of carbon, nitrogen or phos-
phorus in each chemical and biological component in the
water column, /, are given by

n—1

I=gXz+)Y) {("”) X (zl-ﬂ—z,-)}+ z,X(Z~d,)
1 2

Q)

where ¢g; is amount of substance at depth z,, z; is the ith sam-

pling depth from the surface (i=1, 2, ... n) and Z is water
depth at sampling station.

Statistical analysis

All of the statistical analyses were conducted using
SPSS (SPSS version 11.0; SPSS Japan Inc.). Before calcula-
tions of Pearson’s correlation coefficients, normality of vari-
ables was tested by the Kolmogorov-Smirnov test. When the
log-transformation shorten their Kolmogorov-Smirnov dis-
tance, log-transformed variables were used to calculations of
Pearson’s correlation coefficients.

Results

Physical properties of Otsuchi Bay in the spring
The water temperature at 0 m water depth in April-June

varied from 7.30 to 12.21°C, 7.30 to 14.56°C, and 11.75 to
14.28°C at stations M, N, and H, respectively (Table 1). The
surface temperatures at station H were higher than at the
other two stations, except on 25 May 2004. Salinity in the
surface layer varied from 23.45 to 33.60, 26.16 to 32.74, and
22.05 to 32.45 at stations M, N, and H, respectively (Table
1). Although station H was located closer to the mouths of
the Otsuchi, Kozuchi, and Unosumai Rivers than was station
N, the surface layer salinity at station N was lower than that
at station H on 21 May 2001 and 25 May 2004. Hirano and
Hayakawa (1976) reported that runoff from the Unosumai
River mixed vertically with high salinity water upwelled
from lower layers near the mouth of the Unosumai River.
They also reported that the mixed water flowed under the
river plume from the Otsuchi and Kozuchi Rivers toward the
bay mouth. Thus, the contribution of the plume from the
three rivers to the surface water may differ between stations
Hand N.

Spatial distribution of DOC and DON and biological
and environmental parameters

The average concentrations (*=SD) of dissolved inor-
ganic nitrogen (DIN; NO;+NO;+NH}) and phosphate
(PO37) at the surface (0—1m), subsurface (5—20m), and
below (22 m—bottom) at stations M, N, and H for April-June
were 1.57£1.77 (n=21), 1.57£1.85 (n=45), and 3.81£2.59
(n=34) uM for DIN and 0.09+0.06 (n=18), 0.16=0.14
(n=39), and 0.34%0.20 (n=34) uM for phosphate, respec-
tively (see Appendix). The average concentrations of DIN
and phosphate in the water column in the bay were lower
than those in the three river water (Anbo et al. 2005). Con-
centrations of inorganic nitrogen and phosphate in the sur-
face layer (0—1m) tended to be higher at stations H and N
and decrease with distance off-shore, suggesting the loading
of riverine nutrients (Fig. 2C, D). A negative correlation be-
tween nitrate concentrations and salinity in the surface layer
(0—1m) (r=-0.698, n=21) confirmed this suggestion.

The Chl a concentration fluctuated greatly, as with inor-
ganic nutrient concentrations, whereas levels of bacterial
abundance remained within a narrow range (see Appendix).
The average (=SD) concentrations of Chl a and bacterial
abundance at the surface (0—1 m), subsurface (5-20 m), and
below (22 m—bottom) obtained at stations M, N, and H in
April-June were 3.23+3.15 (n=21), 3.91%=3.60 (n=45), and
2.74+2.87 (n=33) ugl™' for Chl ¢ and 1.30+0.47X10°
(n=19), 1.25%+0.52X10° (n=41) and 0.89*0.27x10°
(n=31) cellsml ™!, respectively (see Appendix). Chl a con-
centrations in the surface layer (0—1 m) followed a trend sim-
ilar to that observed in nutrients, i.e., higher at stations H and
N, but below the surface layer, their vertical profiles had sub-
surface peaks at all stations except station M in May 2005,
station N in April 1997, June 1998, and May 2001 and sta-
tion H in May 2001 and May 2004 (Appendix). This accu-
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Fig. 2. \Vertical and horizontal profiles of (A) temperature, (B) salinity, concentrations of (C) dissolved inorganic nitrogen (DIN:
NO;+NO; +NHj;) and (D) phosphate (PO3), (E) concentration of chlorophyll a, (F) bacterial abundance and concentrations of (G) dis-
solved organic carbon (DOC) and (H) nitrogen (DON) in Otsuchi Bay on 25 May 2006.

mulation of Chl a in deeper layers suggests that spring
blooms were already in decay periods, in which phytoplank-
ton cells and phytodetritus sink below the subsurface layer.
However, the horizontal and vertical variations of bacteria
were less than those of Chl a concentrations. Because of this
low level of variation in bacterial abundance, the effects of
river water and subsurface peaks in bacterial abundance were
not distinctive (Fig. 2F and Appendix).

DOC concentrations were higher in the surface layers
(0—1m) at three sampling station compared with those in the
below depth, except station M in June 1998 and May 2005,
station N in May 2005 and station May 2001 (Fig. 2G and
Appendix). In addition, DOC concentrations in the surface
layer (0—1 m) tended to be higher at stations H and N and de-
crease with distance off-shore (Fig. 2G and Appendix).
These results suggest that a potential source of DOC is the
river inflow. On the other hand, the vertical profiles of DOC
had the peak in the subsurface layer (5-20m) in the above
exceptional cases, suggesting that another potential source of
DOC is autochthonous, possibly of phytoplankton origin.
However, DOC concentrations varied within a much nar-
rower range than did the biological parameters (Fig 2E-G
and Appendix).

In DON concentration, horizontal and vertical profiles
had similar trends with that of DOC (Appendix). However,
the increase of DON concentration in the surface layer at the
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river mouth was not distinctive (Fig. 2H and Appendix). The
vertical profiles of DON had the peak in the subsurface layer
(5-20m) similar to that of DOC, suggesting that the DON
also released from biological processes within the bay. Al-
though DON concentration varied less than that of DOC, the
coefficients of variation (CVs) were almost the same (6.2 and
6.8% for DOC and DON, respectively).

Interannual variation in biological and chemical
properties at station N
The integrated standing stock of DIN and PO; " in the

2 and from

water column varied from 20.6 to 239 mMm™
5.10 to 27.7mM m 2, respectively (Fig. 3A). However, there
were no significant correlations between the variation in DIN
or phosphate and that in phytoplankton carbon or bacterial
carbon (Fig. 3A, B). The phytoplankton carbon and bacterial
carbon varied from 173 to 2000 and 33.2 to 1.12mMm 2,
respectively (Fig. 3B). The correlation between variations in
phytoplankton biomass and bacterial biomass, which is sup-
posed to be linked to phytoplankton activity through the re-
lease of dissolved and particulate organic matter (Cole et al.
1988), was not statistically significant (p>0.05).

The integrated stocks of DOC and DON (2820—
3180mMm 2 and 188-229mMm 2% respectively) varied
within a narrower range than did nutrients and biological pa-
rameters. The integrated standing stock of DON increased
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over the study period (R=0.882, n=6, p<<0.05), whereas that
of DOC showed no significant trend (p<<0.05). However,
DOC increased gradually after May 2001 (R=0.887, n=5,
p<<0.05). The C:N molar ratio of dissolved organic matter
from 9 June 1998 was higher (16.9) than the ratios from
other dates (13.8-15.4).

Long-term variation in the integrated standing stock of
DIN, PO?{, and bacterial biomass tended to decrease during
this decade (R=—0.704, n=11, p<0.05; R=—0.763, n=11,
p<<0.01; and R=-0.653, n=10, p<<0.05, respectively),
whereas that of Chl @ did not follow a significant trend
(p<<0.05). However, the integrated standing stocks of nutri-
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Fig. 3. Changes in the integrated stocks of (A) dissolved inor-
ganic nitrogen (DIN: NO3+NO;+NHj; closed circles) and dis-
solved reactive phosphate (open circles), (B) bacterial carbon
(closed circles) and phytoplankton carbon (open circles), and (C)
dissolved organic carbon (DOC; closed circles) and dissolved or-
ganic nitrogen (DON; open circles) at station N from 17 May 1996
to 24 May 2005.

Table 2.

ents and Chl a exhibited higher short-term fluctuation.

Correlations among DOC and DON concentrations
and biological and environmental parameters in
Otsuchi Bay during the spring

Pearson correlation coefficients between components,
calculated using a consolidated dataset obtained during the
spring period (April-June) from three sampling stations, are
presented in Table 2. The DOC concentrations were posi-
tively correlated with temperature and Chl a concentrations
and negatively correlated with salinity. The DON concentra-
tions were only positively correlated with Chl a concentra-
tions. There was a significant relationship between DOC and
DON. Chl a was negatively correlated with temperature,
whereas the correlation between Chl a and nitrate was in-
significant. Correlation between bacterial abundance and Chl
a suggests that bacterial assemblages were controlled by the
supply of dissolved substrates derived from photosynthesis
by the phytoplankton assemblage. However, significant rela-
tionships between bacterial abundance and DOC and DON
were not observed. Bacterial abundance was negatively cor-
related with salinity and temperature.

Discussion

Previous studies of the dynamics of the phytoplankton
assemblage in Otsuchi Bay have indicated that the distribu-
tion of phytoplankton in spring is controlled mainly by a
combination of water exchange, with subsurface inflow from
outside the bay and vertical mixing with or without induction
by strong westerly winds (Furuya et al. 1993, Kawamiya et
al. 1996). The current of oceanic water with high nitrate and
low Chl a concentrations washes the phytoplankton popula-
tion toward the outside of the bay during spring blooms (Fu-
ruya et al. 1993, Kawamiya et al. 1996). In the winter, this
outflow in the upper layer occurs almost constantly, but occa-
sionally warm water masses originating from the Kuroshio
Current intrude into the upper layer and result in outflow in

Summary of correlation coefficient among salinity, log-transformed water tenperature (Log Temp: °C), concentrations of

dissolved organic carbon (DOC: uM) or nitrogen (DON: uM), log-transformed concentration of nitrate (Log NO3: uM) or chlorophyll a
(Log Chl a: ug L™") and log-transformed bacterial abundance (Log BA: cells mL™"). Correlation coefficient was calculated using consoli-
dated dataset obtained from three sampling stations during spring (from April to June). N. S. indicates that correlation wasnot statitically

significant (p>0.05).
(Number of samples)

Salinity Log Temp Log NO3 DOC DON Log Chl a
DOC —0.376** (65) 0.294* (65) N. S. (65)
DON N. S. (65) N. S. (65) N. S. (65) 0.451** (65)
Log Chl a N. S. (100) —0.307** (100) N. S. (100) 0.427** (64) 0.314* (64)
Log BA —0.242* (92) —0.317** (92) N. S. (92) N. S. (56) N. S. (56) 0.490** (91)

*: p<0.05, **: p<0.01.
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the lower layers (Shikama 1990). In the summer, alteration of
the current direction in the upper layer occurs periodically on
a cycle of a few days (Shikama 1990).

DOC and DON are released from various metabolic
processes including grazing of heterotrophic organisms in
marine environments (Nagata 2000). Because the release
process for DOC and DON is closely coupled with the activi-
ties of organisms, the dynamics of DOC and DON should
correlated with primary productivity. The correlations be-
tween concentrations of DOC and DON and that of Chl « in
Otsuchi Bay (Table 2) suggest that biological processes act
important role to control the dynamics of DOC and DON in
the bay. However, high amounts of refractory DOC and DON
in the water column and rapid incorporation of labile DOC
and DON by heterotrophic bacteria reduce the seasonal fluc-
tuations of DOC and DON (Ogawa and Tanoue 2003). Cor-
respondently, the variations of DOC and DON in Otsuchi
Bay are much fainter than those of bacterial and phytoplank-
ton carbons (Fig. 3). In addition, the inflow of riverine DOC
and DON complicates the DOC and DON dynamics in costal
areas.

Pearson correlation coefficients for DOC and each pa-
rameter indicated that the DOC concentration was signifi-
cantly correlated not only with Chl a, but also with salinity
and temperature (Table 2, Fig. 4A, B). The negative correla-
tion between DOC and salinity in the surface layer suggests
that inflow of riverine DOC is a dominant factor controlling
DOC concentrations in the surface layer (0—1 m) in Otsuchi
Bay (Table 2, Fig. 4A). To evaluate the derivation of DOC
and DON in the surface layer (0—1 m) and below two layers
(520 m and 22 m-bottom), we examined the origin of water
masses in the bay using the relationship between temperature
and salinity because there is frequent exchange of water be-
tween Otsuchi Bay and the ocean (Shikama 1990). Hanawa
and Mitsudera (1986) categorized, on the temperature—salin-
ity (T-S) plane, the origin or source of waters in the Sanriku
coastal area as follows: the water of the Tsugaru Warm Cur-
rent has temperatures >5°C and a salinity range of 33.7 to
34.2 (Fig 5). Waters with high salinity can be regarded as
Kuroshio Water. Oyashio Water has temperatures <7°C and
salinity lower than that of the Tsugaru Warm Current.

Using the T-S diagram, most water was categorized as
belonging to the surface-layer water system (Fig. 5), which
appears in spring and summer and in the upper layers in the
Sanriku coastal area (Hanawa and Mitsudera 1986). How-
ever, the low temperature and low salinity of bay water sug-
gest that the mixing water mass originated from the Oyashio
Current with the surface-layer water in the bay occurred.
Hasegawa et al. (unpublished) reported a decrease in the
C:N molar ratio of dissolved organic matter in the Oyashio
Current in spring. A positive correlation between the C: N
molar ratio of dissolved organic matter and temperature is
consistent with their results (Fig. 6B). Temperatures >5°C
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and salinity >33.7 suggest that inflow from the Tsugaru
Warm Current occurred, especially in August and November
(Fig. 5). Hanawa and Mitsudera (1986) reported that the
Tsugaru Warm Current often goes southward along Sanriku
ria from July to November. The high DOC and low Chl a lev-
els in August 1996 (Appendix) are consistent with the inflow
of a water mass of subtropical gyre origin (Ogawa et al.
2003).

In contrast, DON concentrations were not correlated
with salinity or temperature (Table 2). With the exception of
DOC concentration, DON concentration was only correlated
with Chl a (Table 2). These results suggest that riverine DON
was a minor portion of the autochthonous DON derived from
phytoplankton photosynthesis, and that the release of DON,
unlike that of DOC, was not stimulated by increased temper-
ature. The high C: N molar ratio in the river water and warm
waters are consistent with this speculation (Fig. 6A).

Previous studies of the dynamics of biological and
chemical parameters in Otsuchi Bay during spring blooms
have indicated the importance of water exchange with water
masses from outside the bay and the attending vertical advec-
tion (Furuya et al. 1993, Kawamiya et al. 1996). Our results
show that the origin of water masses flowing into the bay is

also a prevailing factor in the spatial distribution of DOC,
DON, nutrients, and plankton. During periods of water mix-
ing in the bay, the differences in water mass origin cause the
rapid alteration of physical and chemical properties of mi-
croenvironments for planktonic organisms. Our future re-
search will evaluate the effect of these microenvironmental
changes on the population dynamics of planktonic organ-
isms.
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Summary of samling date, sampling site, sampling depth, water temprature (Temp.), salinity, concentration of chlorophyll a

(Chl a), bacterial abundance, nitrate concentrations of dissolved inorganic nitrogen (NO3, NO, and NH;) and phosphate (PO2"), concenrta-
tion of dissolved organic carbon (DOC) and nitrogen (DON) and C: N molar ratio (DOC/DON) of dissolved organic matter.

Date Sampling Depth  Temp. Salinity Chl. a Bacteria NO; NO, NH; PO~ DOC DON DOC/DON
site (m) (°C) (ugL™") (10%cells mL™") (uM) (uM)  (uM) (M)  (uM)  (uM)
17 May 96 Stn. N 0 8.23  32.01 2.59 1.4 152 0.11 036 0.16
5 7.60  33.03 3.18 1.4 0.83 0.15 0.37 0.19
10 7.44  33.28 4.25 1.3 066 0.12 036 0.24
17 7.36  33.27 4.35 1.6 093 0.08 061 0.27
25 6.99  33.37 2.77 1.3 1.89 0.16 153 0.42
40 6.99  33.50 0.940 1.2 432 021 290 059
20 May 96 Stn. N 0 9.42 2855 1.65 1.8 16.7 0.13 090 0.16
5 7.40  33.29 3.87 2.1 2.79 0.07 0.00 0.16
10 7.30  33.40 4.40 1.6 1.61 0.17 099 031
156 7.91 33.56 2.62 1.4 244 0.14 1.01 033
25 7.81 33.562 1.37 1.2 289 0.17 130 038
40 6.98  33.47 0.610 1.1 369 0.13 329 0.64
26 August 96 Stn. N 0 20.60 31.06 5.97 1.8 091 0.04 0.05 0.05 834
2 20.97 33.01 2.07 1.6 0.16 0.04 0.04 0.05 76.8
5 2048 33.43 1.63 1.2 0.28 0.08 0.02 0.05 75.1
10 20.27 33.64 0.903 15 0.19 0.04 0.11 0.06 739
25 20.09 3383 0.725 1.6 0.10 0.08 0.10 0.06 71.2
40 19.61  33.83 1.00 15 1567 0.11 064 006 727
27 August 96 Stn. N 0 20.72  31.99 0.956 1.3 431 028 0556 006 71.2
2 20.81  33.30 1.32 1.6 2.08 0.14 042 0.06 70.6
5 20.43 3361 0.777 1.7 0.20 0.03 0.06 0.06 71.7
10 20.17  33.80 0.822 1.8 0.18 0.04 0.10 0.05 754
30 19.63 33.84 1.59 1.4 0.13 0.08 0.083 0.06 789
40 18.67 33.93 1.86 1.5 0.15 0.08 0.12 0.05 77.8
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Appendix. Continued.
Date Sampling Depth  Temp. Salinity Chl. a Bacteria NO; NO, NH; PO DOC DON DOC/DON
site (m) (°C) (ugL™") (108 cells mL™") (uM) (uM) (uM) (uM) (M) (uM)
22 November 96 Stn. N 0 13.00 32.66 0.857 1.0 240 0.73 0.75 0.28
5 14.46  33.78 1.17 0.87 210 0.77 0.95 0.27
15 1462 33.92 1.41 0.68 1.76 0.83 048 0.24
30 1451  33.97 0.850 0.57 217 0.82 0.70 0.29
40 12.31  33.91 0.283 0.59 6.60 0.50 0.56 0.58
25 November 96 Stn. N 0 13.21 3353 1.61 1.2 269 0.60 0.55 0.31
5 13.67 33.93 1.72 0.82 262 060 0.79 0.33
10 13.14 33.96 1.88 0.71 3.02 058 034 0.32
20 12.90 33.95 0.741 0.55 483 047 021 045
40 1261 33.94 0.316 0.48 6.44 044 085 0.67
7 April 97 Stn. N 0 8.60 26.16 3.60 1.7 158 0.08 0.22 0.19
5 7.36 33.54 8.08 1.5 0.11 0.06 0.25 0.20
10 712 33.63 6.37 1.7 471 0.24 031 0.59
20 6.70 33.66 11.6 1.6 0.34 0.05 0.08 0.56
30 6.89 33.75 7.92 1.1 518 0.31 0.13 0.67
40 6.54 33.70 13.9 1.2 7.31 024 415 1.01
Stn. M 0 7.30 23.45 3.85 21 0.04 0.04 N.D.
5 7.26 33.46 2.76 1.8 1.76 0.10 0.47
10 7.08 33.66 4.58 1.9 584 020 0.43
20 7.07 33.74 3.79 1.6 7.66 0.19 0.78
50 6.96 33.77 2.62 0.95 7.89 0.20 0.29
70 6.64 33.77 2.34 0.64 8.03 0.25 0.86
10 April 97 Stn. N 0 7.18 23.96 3.94 1.9 0.19 0.12 N.D. 0.17
5 7.28 33.48 5.32 1.8 153 0.23 074 0.29
10 7.02 33.58 4.10 2.5 251 029 0.09 032
20 6.98 33.63 3.14 1.8 558 0.17 N.D. 0.50
30 7.03 33.67 4.92 0.87 3.88 0.22 0.03 0.50
40 6.92 33.70 8.08 0.65 1.64 0.07 0.13 0.49
9 June 98 Stn. N 0 1456 27.63 4.40 1.2 096 0.03 0.02 0.01 781 4.59 17.0
5 11.73 33.35 2.54 1.1 0.29 0.01 N.D. 003 735 4.10 17.9
10 11.81  33.61 1.10 0.86 0.24 0.02 N.D. 0.03 724 424 17.1
25 11.30 33.69 4.02 1.0 0.96 0.09 040 0.17 721 4.45 16.2
40 10.15  33.75 1.91 1.2 4.07 025 072 042 68.0 3.96 17.2
11 June 98 Stn. M 0 11.70 33.44 4.32 1.2 0.25 0.01 N.D. 0.03 67.0 4.24 15.8
5 11.66  33.53 7.30 0.98 0.25 0.01 N.D. 0.03 68.8 434 15.6
10 11.45 33.69 5.19 1.1 0.27 0.01 N.D. 0.03 68.0 4.42 15.4
20 11.28 33.70 5.04 1.2 0.68 0.06 N.D. 0.08 67.1 4.26 15.8
30 11.32 33.75 3.24 0.94 1.15 0.08 0.04 0.14 66.0 4.13 16.0
50 10.36 33.74 2.16 0.77 355 0.19 0.04 031 657 412 15.9
70 10.07 33.86 0.670 0.56 450 024 002 037 679 454 15.0
24 May 00 Stn. N 0 1415  23.14 1.67 1.4 323 0.06 094 0.12
6 10.00 33.35 0.846 1.5 0.29 0.02 0.44 0.06
13 9.70 3345 1.33 0.59 0.22 0.05 050 0.14
23 8.98 33.43 1.06 0.80 1.17 0.14 1.44 0.25
33 8.74  33.50 0.731 0.73 1.68 0.18 1.60 0.51
42 8.75 33.65 0.325 0.53 287 027 244 049
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Date Sampling Depth  Temp. Salinity Chl. a Bacteria NO; NO, NH; PO:" DOC DON DOC/DON
site (m) (°C) (ug L") (108 cells mL™") (uM) (uM) (uM) (uM) (M) (uM)
22 May 01 Stn. M 1 10.35 33.44 1.18 2.1 0.18 0.02 0.18 0.12 656 4.70 13.9
7.5 9.92 33.60 1.77 1.2 032 0.03 038 0.19 64.0 4.45 14.4
25 9.21 33.63 2.33 1.0 032 003 038 0.19 648 4.74 13.7
50 8.68 33.69 1.68 0.99 1.39 0.13 0.70 0.28 63.7 5.04 12.6
Stn. N 1 12.07 32.29 2.42 1.7 0.23 0.06 0.03 0.07 682 491 13.9
7.5 10.13  33.58 2.06 1.9 0.16 0.06 0.11 0.14 66.0 4.84 13.6
20 9.48 33.63 2.01 1.9 0.28 0.04 0.21 017 643 4.47 14.4
35 8.88 33.62 3.09 1.5 0.28 0.04 0.21 017 641 475 1356
Stn. H 1 12.32  32.45 1.77 1.7 1.08 0.09 031 0.13 67.0 4.78 14.0
5 10.29 33.52 1.58 1.6 0.32 0.09 0.14 0.10 68.1 4.74 14.4
20 9.60 33.61 1.65 1.8 0.15 0.05 0.40 0.15 64.8 4.66 13.9
28 May 02 Stn. M 1 12.09 33.31 0.16 0.73 0.00 0.03 0.05 0.02 679 455 14.9
5 11.22 33.48 0.10 0.45 0.00 0.04 0.04 0.03 66.7 4.63 14.4
20 10.09 33.63 1.92 0.49 093 0.18 0.39 0.17 632 434 14.6
50 9.30 33.78 N. D. 0.49 324 033 1.11 032 620 437 14.2
Stn. N 1 13.41  32.74 0.39 0.78 0.00 0.07 0.12 0.06 69.5 4.56 15.2
5 11.76  33.48 0.20 0.58 0.02 0.11 0.06 0.10 67.1 455 14.7
20 10.40 33.60 4.31 0.56 0.04 0.10 0.04 0.09 674 467 14.4
35 9.62 33.70 0.06 0.66 225 030 151 029 629 443 14.2
Stn. H 1 1428 31.70 0.32 0.94 0.05 0.08 0.17 0.07 69.7 4.70 14.8
10 11.28 33.60 1.40 0.73 0.00 0.03 0.08 0.02 69.3 4.55 15.2
22 10.00 33.65 1.00 0.90 0.98 021 066 0.21 657 4.39 15.0
21 May 03 Stn. M 1 11.80 3244 103 0.04 0.00 0.12 0.09 80.0 5.37 14.9
10 9.81 3357 10.2 0.06 0.17 0.09 0.04 76.1 4.89 15.6
20 9.46  33.61 10.6 0.05 0.04 0.17 0.08 76.0 4.85 15.7
40 9.16  33.67 7.64 0.57 0.11 083 0.18 72.7 477 15.2
65 8.78 33.71 3.33 142 032 148 028 727 491 14.8
Stn. N 1 1224 3166 12.8 0.18 0.03 0.10 0.01 75.5 5.63 13.4
10 9.72  33.55 6.62 0.03 0.01 0.07 0.05 73.7 5.18 14.2
20 9.19 3357 196 0.09 0.02 0.16 0.11 75.1 5.30 14.2
40 8.77  33.71 4.48 1.24 021 143 0.28 66.6 525 12.7
25 May 04 Stn. M 0 12.21  28.45 1.12 1.0 217 047 0.69 0.156 733 4381 15.3
10 9.62 33.38 1.60 0.87 1.62 051 038 021 69.6 4.69 14.8
30 9.98 33.67 1.07 0.77 230 032 052 023 672 455 14.8
65 941 33.78 0.752 0.64 3.78 043 0.90 038 68.0 441 15.4
Stn. N 0 12.80  20.60 2.16 1.1 475 0.24 058 0.10 724 479 15.1
5 1065 33.34 2.21 0.86 154 020 032 0.11 704 5.02 14.0
20 10.22  33.57 1.06 0.61 1.01 0.15 0.78 0.17 68.0 4.49 15.1
40 959 33.74 1.49 0.86 286 039 1.28 037 67.8 495 13.7
Stn. H 0 12.76  22.05 5.56 0.95 457 048 030 0.09 76.1 457 16.7
5 1059 33.21 1.25 0.87 1.02 038 026 0.12 715 479 14.9
22 10.23  33.60 0.999 0.64 113 032 079 0.17 68.1 4.63 14.7
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Date Sampling Depth  Temp. Salinity Chl. a1 6Bac‘(eria NO; NO, NH; PO3~ DOC DON DOC/DON
site (m) (°C) (ugL™) (10°cells mL™") (uM) (uM) (uM) (uM) (uM)  (uM))
24 May 05 Stn. M 1 9.84 336 1.74 0.63 0.30 0.02 0.24 0.05 69.8 4.72 14.8
20 9.64 3364 1.65 0.66 0.46 0.01 0.36 0.06 75.1 4.69 16.0
40 9.47 33.68 1.36 0.61 0.74 0.06 0.45 0.09 703 4.66 15.1
75 9.46  33.67 1.27 0.61 1.06 0.07 048 0.12 70.0 4.62 15.2
Stn. N 1 11.68 31.74 1.89 0.69 1.37 0.07 045 0.11 71.8 4.79 15.0
5 10.07 33.49 1.97 0.84 0.63 0.03 0.23 0.06 69.8 4.67 15.0
20 9.78 33.61 2.29 0.94 0.46 0.01 032 0.09 69.1 4.70 14.7
35 9.28 33.68 1.36 0.73 1.78 0.12 0.34 0.18 779 4.64 16.8
Stn. H 1 11.75  29.69 1.66 1.5 213 0.09 1.02 0.16 77.8 5.31 14.6
5 10.30  33.42 2.05 0.78 1.04 0.12 0.34 0.11 70.7 4.87 14.5
20 9.64  33.69 2.05 0.77 1.24 0.06 0.22 0.15 756 5.08 14.9

N. D.: Not detectable.
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