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The physical and chemical variability of the water column at subtidal station of an
estuary in the Seto Inland Sea, Japan, was studied over a 24-hour period during a
spring tide (tidal range ca. 2 m) in May 1995. Surface water and several depths through
the water column were monitored every one and two hours, respectively. At each oc-
casion, water temperature, salinity and dissolved oxygen concentration were mea-
sured and water samples were collected for the determination of nutrients and sus-
pended particulate matter (SPM). Disruptive changes in the physical and chemical
characteristics of the water was produced by the tidal cycle and the mixing of water
masses of different origin. These changes were highly significant both spatially and
temporally, yet with varying effects on physical parameters, nutrients and the differ-
ent components of SPM. Significant differences in nutrient concentrations were also
observed when the data-set was divided into ebb and flood components, irrespective
of the depth. Nitrate and nitrite rose to 1.8 times higher during the flood. Spatial
differences of SPM were less marked than those of nutrients, only particulate organic
carbon (POC) being significantly higher at the surface than in the intermediate and
the lower layer. Both POC and pheopigment concentrations increased markedly
through the water column, being highest shortly before the lower low tide. In con-
trast, suspended solid (SS) content increased sharply after the lower low tide (>40
mg 1)) and this coincided with a marked decrease of the C/SS content (<20 mg g™").
The lagtime between POC and SS tidal transport was caused by particle resuspension
from the exposed intertidal sediments as the tidal level rose, and particle transport
selection in relation to the tidal state.
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1. Intreduction

A fundamental aspect in the study of the dynamics
of biophilic elements (i.e. carbon, nitrogen, phosphorus
and silicon) in tidal estuaries relates to the short-term
variability of the water chemistry, which is strongly in-
fluenced by the effect of a tidal cycle. On a time-scale of
hours, ebb advection of fresh water and salt water intru-
sion during the flood can be responsible for major changes
in salinity (Yin et al., 1995a; Uncles and Stephens, 1996;
Montani et al., 1998), nutrient concentrations (Caffrey
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and Day, 1986; Hernandez-Ayon et al., 1993; Montani et
al., 1998) and suspended solid content (Caffrey and Day,
1986; Renshun, 1992). The extent of such changes will
further vary depending on spring-neap tidal state or am-
plitude (Vorosmarty and Loder, 1994; Yin et al., 1995b;
Uncles and Stephens, 1996), current velocity (Renshun,
1992; Dyer et al., 2000), winds (Yin et al., 1995¢; Dyer
et al., 2000) and precipitation rate, which affects fresh
water discharge (Schubel and Pritchard, 1986; Page et
al., 1995). _

In several time series surveys, plots of nutrients as a
function of salinity have been used as a valuable tool to
assess the different sources of nutrients species, whether
from inland, outside the estuary or within it (Balls, 1992,
1994; Clark et al., 1992; Page et al., 1995; Eyre and
Twigg, 1997; Montani et al., 1998). Other works have
focused on the seasonal change in the concentration of
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nutrients and/or particulate compounds (Caffrey and Day,
1986; Ward and Twilley, 1986; Cowan et al., 1996;
Bianchi and Argyrou, 1997), or the temporal variation of
river discharge as a major source of microalgal materials
to estauries (Bennett et al., 1986; Murakami et al., 1992,
1994; De Madariaga, 1995), terrestrial organic matter
(Bianchi and Argyrou, 1997) or suspended solids (Caffrey
and Day, 1986; Schubel and Pritchard, 1986). However,
no detailed information can be found in the published lit-
erature on the short-term spatial and temporal (24-h) vari-
ability of both dissolved (nutrients) and particulate (SPM)
compounds (i.e. Chlorophyll a, pheopigments, organic
carbon and suspended solids), on an hourly basis over a
complete tidal cycle. The distributional pattern and be-
haviour among various compounds is likely to vary both
in quality and quantity, given their different nature, and
the variation would be independent of seasonal patterns.
In particular, this may be closely related to the extent of
low salinity water mass intrusion, the differentiated ex-
port of nutrients and SPM, and possible resuspension and
transport of living and/or non-living particles from the
bottom sediments produced by the tidal cycle and yet
depending on the tidal state (i.e. low tide vs. high tide)
and amplitude (i.e. lower vs. higher low and high tides).

We carried out this study in the context of a long-
term interdisciplinary project which aims to quantify the
cycling of biophilic elements in a tidal estuary of the Seto
Inland Sea, Japan (Magni, 1998; Montani et al., 1998;
Magni and Montani, 2000), and to assess the role played
by primary producers (Magni and Montani, 1997; Magni
et al., 2000a) and consumers (Magni and Montani, 1998;
Magni et al., 2000b) in this cycling. In the present study,
our first objective was to investigate the tidally-mediated
spatial variability of temperature, salinity, and dissolved
oxygen (D.O.) and nutrient concentrations through the
water column over a complete tidal cycle. This study is
integrated with complementary work that we conducted
simultaneously on the horizontal distribution of these
parameters in surface water along the estuary (Montani
et al., 1998). We here extend the investigations to major
components of SPM (i.e. Chlorophyll a, pheopigments,
particulate organic carbon and suspended solids), together
with temperature, salinity, D.O. and nutrients, on a sea-
sonal basis (Magni and Montani, 2000). Secondly, we
aimed to investigate and assess the temporal variability
of both physical and chemical parameters over a 24-h
period, in particular qualitative and quantitative differ-
ences between a high tide and a low tide situation. Since
this is a mixed-semidiurnal type estuary (with pronounced
differences between two successive low and high tides),
we also aimed to evaluate the influence of the tidal am-
plitude on the variability of the water chemistry. We also
discuss spatial and temporal differences in distributional
patterns between dissolved and particulate compounds and
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the ecological relevance of the tidal export to the subtidal
benthic environment and macrofaunal communities also
investigated at this station (Magni and Montani, 1998).

2. Materials and Methods

2.1 Study area and sampling

We conducted the time series experiments at an in-
nermost station (Stn. Y3) in the subtidal zone of an estu-
ary of the Seto Inland Sea (Fig. 1), during a spring tide of
May 1995. This station, with a depth of ca. 10 m at high
tide, has also been the focus of previous, associated work
on the short-term (Montani et al., 1998) and seasonal
(Magni and Montani, 2000) variability of surface water,
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Fig. 1. Study area and location of the sampling station (Stn.
Y3) at an innnermost site of the subtidal zone.



and on the seasonal changes of major chemical param-
eters in surface sediments (phytopigments, total organic
carbon and acid volatile sulfides) and macrofaunal com-
munities (Magni and Montani, 1998).

The survey of the present study started at 10:00 on
the 30th and ended at 10:00 on the next day. Two lower
and two higher tidal levels were predicted during the sam-
pling period (Maritime Safety Agency, Takamatsu). The
first high tide, at 10:57, was +197 cm and the second one,
at 0:24, was +239 cm. We used the difference in tidal
height to distinguish them as a lower and a higher high
tide, respectively. Correspondingly, a lower low tide at
17:28 and a higher low tide at 6:41 occurred, which were
+35 cm and +105 cm, respectively. The largest difference
of the tidal level was 204 cm, between 17:28 and 0:24.
During the survey the weather was fine, following two
days of little rain (Montani et al., 1998). We can there-
fore assume that the strength of river runoff was not in-
fluenced during the course of the survey by variations in
rainfall, which would rapidly affect salinity in our study
area (Magni and Montani, 2000). Every hour, hydrologi-
cal measurements (salinity, measured using the Practical
Salinity Scale, temperature and dissolved oxygen) were
made at 1 m intervals from the surface to the bottom, us-
ing a CTD cast (Alec ADO 1050-D), and surface water
was collected using a clean bucket. Every other hour,
water samples were collected from four additional depths
through the water column using 6-1 Van Dorn bottles.
These layers included 1, 3, and 5 m layers and the 1-2 m
layer above the bottom. At 4:00 and 6:00 we could also
collect from the surface and at three other depths, giving
a total of 75 samples. At each sampling occasion the wa-
ter samples were transferred into 5-1 polyethylene bags
and stored on the boat in the dark at the in situ water
temperature.

2.2 Sample treatment and analysis

Every six hours the water samples were brought to
the laboratory for further treatment and later determina-
tion of nutrients [NH,*-N, (NO,~+NO,™)-N, PO,*-P and
Si(OH),-Si] and suspended particulate matter (SPM:
Chlorophyll a, pheopigments, particulate organic carbon
and suspended solids). For the analysis of nutrients,
subsamples were filtered through Nucleopore filters (0.4
um pore size) and concentrations were determined in
duplicate with a Technicon autoanalyzer II, according to
Strickland and Parsons (1972). For the analysis of Chlo-
rophyll a (Chl a) and pheopigments, 0.5 to 1 1 of water
was filtered through Whatman GF/F glass fiber filters.
Pigments were extracted using a 90% acetone solution.
After 24 h extraction in the dark at 4°C, Chl a and
pheopigments were spectrophotometrically analyzed ac-
cording to Lorenzen’s (1967) method, as described by
Parsons et al. (1984). For the analysis of particulate or-

ganic carbon (POC) and the determination of suspended
solids (SS), the same volume of water used for pigment
analysis was filtered through pre-ignited (450°C for 2 h)
and pre-weighed Whatman GF/F filters. These filters were
washed with distilled water to remove salts. They were
stored at —20°C, and later freeze-dried and weighed for
the determination of SS. The samples were pre-treated
with 12 N HCI vapour to remove the carbonates and neu-
tralized with NaOH before analysis for POC, using a CHN
analyzer (Yanako MT-3).

ANOVA (Sokal and Rohlf, 1995) was used to ana-
lyse the significance of the correlation among the exam-
ined parameters, and spatial and temporal differences of
the data set.

3. Results

3.1 Temperature, salinity and dissolved oxygen

Water temperature varied from 16.3°C at 11:00 (7 m
and 8 m) to 20.9°C at 17:00 (surface) (Fig. 2(a)). The
strongest increase of temperature occurred at the upper-
most 2-3 m, during the lower low tide, between 14:00
and 19:00 (Fig. 2(a)). In contrast, soon after the higher
high tide, between 1:00 and 3:00, temperature values were
homogeneously distributed through the water column,
ranging between 16.5°C (lower depths) and 16.8°C (sur-
face). Water temperature progressively increased again
during the next higher low tide. However, this increase
was more restricted, up to 18.4°C at the surface at 10:00
on May 31.

Salinity was slightly different among layers at the
start of the survey, varying from 31.3 (surface) to 32.0 (8
m), but decreased markedly within the next few hours
(Fig. 2(b})). A major variation in salinity occurred at the
surface, with a minimum of 17.5 at 21:00. At other depths,
salinity remained constantly >31.2. From 23:00 to 3:00,
salinity was again distributed homogeneously, but was
slightly lower at the surface, e.g. <31 between 24:00 and
2:00 (Fig. 2(b)). During the higher low tide, surface sa-
linity decreased again, but to a more limited extent with
a minimum of 26.3 at 8:00.

Dissolved oxygen (D.0.) concentration varied be-
tween 6.1 mg I™! at 7:00 (surface) and 11.3 mg 1! at 19:00
(1 m) (Fig. 2(c)). A noticeable decrease of D.O. concen-
tration (<8.0 mg 1™!) occurred at the surface during the
two low tides and at lower layers down to the bottom from
17:00 to 3:00 (Fig. 2(c)). From 6:00 to 10:00, D.O. con-
centration tended to be lower (between 7 mg 1! and 8
mg 17!) than that found during the first part of the survey
(between 8 mg I"! and 9 mg I™!) (Fig. 2(c)).

3.2 Nutrients

The spatial and temporal distribution of different
nutrient species (ammonium, nitrate + nitrite, phosphate
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Fig. 2. Time series contours of (a) temperature, (b) salinity
and (c) dissolved oxygen (D.0O.) concentration.

and silicate) was quite similar between species. Nutrient
concentrations changed drastically on a time scale of 1-2
hours, strongly depended on the tidal cycle, and tended
to decrease remarkably with depth at each sampling oc-
casion (Figs. 3(a), (b), (c) and (d)).

Ammonium nitrogen (NH,*-N) concentration varied
from 3.7 uM (3 m, 24:00) to 42.6 uM (surface, 3:00) (Fig.
3(a)). At the start, ammonium concentration was homo-
geneously low through the water column, varying between
5 uM and 10 yM. At the following hour, an increase >10
UM occurred at the surface. Such an increase further pro-
gressed down to 1 m at 12:00 and included the whole
water column at 14:00. As the lower low tide approached,
ammonium concentration varied more drastically at the
surface, up to 24.6 uM at 14:00 and 31.9 uM at 15:00. A
subsequent major increase occurred at the surface between
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19:00 (35.7 uM) and 21:00 (34.7 uM), while ammonium
concentration remained constantly £15 uM below the
surface, with a minimum of 4.6 yM at 7 m at 20:00. With
the surging flood of the higher high tide, ammonium con-
centration at the surface dropped rapidly from 19.6 uM
at 22:00 to 4.8 M at 23:00. During the higher high tide,
ammonium concentration was lowest, with values <7 uM
through the water column. Subsequently, a marked verti-
cal gradient was restored with the coming ebb. Values
increased up to >30 uM between 2:00 and 3:00 at the
surface, and were >15 uM at 1 m at 4:00 and down to 7 m
at 8:00. At the end of the time series, at 10:00 on May 31,
ammonium concentration tended to decrease again
through the water column.

Nitrate + nitrite nitrogen [(NO;™+NQO,7)-N] concen-
tration varied from 2.8 yM (7 m, 20:00) to 50.3 uM (sur-
face, 2:00) (Fig. 3(b)), i.e. the range of fluctuation was
relatively larger than that of ammonium (Fig. 3(a)). On a
total of 75 samples, nitrate + nitrite concentration was <5
UM in 24 occasions, most of them found during the higher
high tide period (Fig. 3(b)), while ammonium concentra-
tion was <5 uM only in five samples (Fig. 3(a)).

Phosphate concentration (PO,*~-P) varied from 0.54
UM (3 m, 22:00) to 4.9 uM (surface, 20:00) (Fig. 3(c)).
At the start of the time series, phosphate concentration
was <1 uM at all depths. Similarly to the nitrogen nutri-
ent species, phosphate concentration sharply increased
during both low tides, with values >2.0 uM down to the
near-bottom depth at 8:00 on May 31, while it was ho-
mogeneously low during the higher high tide, with a mini-
mum of 0.80 £ 0.25 uM at 24:00.

During the first four hours of the survey, silicate
[Si(OH),-Si] concentration (Fig. 3(d)) remained rather
homogeneously low, varying from 10.7 uM (7.5 m, 10:00)
to 14.9 uM (1 m, 12:00). At 14:00, approaching the lower
low tide and with a coincident decrease of surface salin-
ity <29 (Fig. 2(b)), silicate concentration peaked sharply
at the surface with 42.5 uM, while it remained <20 uM at
the other depths. At 16:00, surface silicate concentration
increased up to 58.6 uM. This was also accompanied by
a noticeable increase in intermediate layers (26.9 uM at
1 m and 21.0 uM at 3 m). However, similarly to the spa-
tial distribution of phosphate concentration, silicate con-
centration increased further at the surface during the next
few hours, up to a maximum of 76.7 uM at 20:00, while
it rapidly decreased at the other depths, with values <20
UM. During the higher high tide, between 23:00 and 1:00,
silicate concentration also decreased markedly at the sur-
face, with values <20 yM and a minimum mean of 10.8 +
2.1 uM at 24:00. The subsequent spatial and temporal
distribution .of silicate concentration was similar to that
of all other nutrient species, with an increase at the sur-
face between 2:00 and 3:00, and a second major peak at
8:00 with values <20 yM down to 3 m.
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Fig. 3. Time series contours of nutrient concentrations. (a) Ammonium nitrogen (NH,*-N), (b) nitrate + nitrite nitrogen
[(NO; +NO,)-N], (c) phosphate (PO43“-P) and (d) silicate [Si(OH),-Si].

3.3 Suspended particulate matter (SPM)

In contrast to the behaviour of nutrient species (Figs.
3(a), (b), (¢) and (d)), the spatial and temporal distribu-
tion of SPM varied remarkably between the component
species viz., Chlorophyll a (Chl a), pheopigments,
particulate organic carbon (POC) and suspended solid
(SS) (Figs. 4(a), (b), (c) and (d)). In addition, the tidal
amplitude had a greater impact on most parameters, and
the C/Chl a and C/SS ratios (Figs. 4(e) and (f)), than on
nutrients. Yet, as for nutrient concentrations, drastic
changes occurred on a time scale of 1-2 h.

The Chl a content varied from 1.0 g I"! (5 m, 2:00)
to 2.9 ug 17! (surface, 9:00) (Fig. 4(a)). Values 22.0
ug 1! were restricted to the uppermost 3 m, between 18:00
and 21:00 of May 30 and between 7:00 and 10:00 of May
31, but at 16:00 (5 m and 7 m) during the lower low tide.
The Chl a concentration decreased to <1.5 ug I"! at night,
with a minimum mean value of 1.2 + 0.1 ug I"! at 4:00.

Pheopigments displayed a more marked temporal
pattern than Chl a, more noticeably related to the tidal
state and amplitude (Fig. 4(b)). During the first three hours
of the survey the pheopigment concentration was lower
than that of Chl a, varying from 0.3 ug I"! (surface, 10:00)
to 1.0 ug I"! (7.5 m, 10:00). At 14:00, the pheopigment
concentration remained <1 ug 1! at the surface, but in-
creased markedly at lower depths, up to 2.2 ug ™' at 3 m.

At 16:00 it increased strongly through out the water col-
umn, including the surface, up to the maximum value of
4.7 ug 17! at 7 m. Subsequently, after the lower low tide,
the pheopigment concentration decreased rapidly and at
20:00 it was again lower than that of Chl a. The lowest
values occurred at 24:00, with a mean through out the
water column of 0.2 + 0.2 ug 1!, After the higher high
tide, a marked increase occurred at the surface between
2:00 (2.4 ug 'Yy and 3:00 (2.6 ug I'!), as was also ob-
served for the nutrient concentrations (Figs. 3(a), (b), (c)
and (d)). During the higher low tide the pheopigment con-
centration varied between 1.0 ug 1"! and 2.0 ug I''. How-
ever, such an increase was much more limited than that
found during the lower low tide on the previous day. At
the end of the survey, the pheopigment concentration was
again lower than that of Chl @ and <1.0 ug 17}, as it was at
the start.

The temporal distribution of POC (Fig. 4(c)) resem-
bled that of pheopigments (Fig. 4(b)). The POC concen-
tration was homogeneously low during the first three
hours of the survey, varying from 0.25 mg I"' (3 m, 10:00)
to 0.37 mg 1I"! (7.5 m, 10:00) (Fig. 4(c)). Subsequently,
as for pheopigments, POC increased noticeably below the
surface at 14:00 with the strongest increase at 16:00, re-
sulting in a maximum value of 1.49 mg 1-! at 7 m. After
the lower low tide, POC decreased markedly to a mini-
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content in S8 (C/SS).

mum mean of 0.46 +0.09 mg 1! at 24:00. After the higher
high tide, a significant increase of POC concentration
occurred at the surface between 2:00 (0.99 mg 1) and
3:00 (1.23 mg 1™"), as found for pheopigments. At the end
of the survey, the POC concentration decreased once again
to lower values. .
Similar to POC, the SS concentration was homoge-
neously low during the first three hours of the survey with
a minimum value of 4.4 mg 17! at 3 m (10:00) (Fig. 4(d)).
It increased from 14:00 to 18:00, but to a lesser extent
than the increase of pheopigments (Fig. 4(b)) and POC
(Fig. 4(c)). The SS concentration tended to fail in between
the values 10 mg I"' and 20 mg 17!, but was 38.8 mg 1! at
the surface (14:00) and 31.9 mg I"! at 7 m (16:00). Be-

394 P Magnietal.

tween 18:00 and 20:00, starting with the surging flood of
the higher high tide, SS increased drastically from <20
mg ™! to ca. 40 mg 17!, Between 20:00 and 24:00 values
were highest, ranging typically around 40 mg I"! and up
to 45.4 mg I"! at the surface at 22:00. During this sam-
pling occasion we also found a low SS concentration (16.7
mg I~!) at an intermediate layer (5 m).

The C/Chl a ratio was lower than 200 at the start,
with a minimum of 143 at 1 m (10:00) (Fig. 4(e)). Within
the next few hours this ratio increased strongly to >400
throughout the water column, up to 721 (17:00) and 759
(19:00) at the surface. The C/Chl a ratio tended to be
higher at the surface than at other depths. A noticeable
exception occurred at 16:00, with a high value (695) at 7



m, which related to the highest POC content found dur-
ing the time series (Fig. 4(c)). From 20:00, at the flood,
the C/Chl a ratio decreased markedly below the surface
(<300), but remained high at the surface, up to the high-
est peak of 807 at 23:00. Approaching the next ebb, the
C/Chl a ratio increased again through the water column.
In contrast to the increase which occurred during the ebb
on the previous day (toward the lower low tide), the
C/Chl a ratio was >500 only at the surface. As found for
pheopigments and POC (Figs. 4(b) and (c)), the increase
of the C/Chl a ratio was stronger during the lower low
tide, on May 30, than during the higher low tide, on May
31 (Fig. 4(e)).

The temporal pattern of the POC fraction in SS
(C/SS = mg g™!) (Fig. 4(f)) contrasted with that of SS
content (Fig. 4(d)). The C/SS content was high from 10:00
to 18:00 and generally lay between 40 mg g™! and 60
mg g~'. During this period, however, the surface was much
more variable, ranging between 17.1 mg g~! (14:00) and
81.3 mg g~! (15:00). A drastic decrease of the C/SS con-
tent occurred soon after the lower low tide, with a pro-
gressive decrease from 40 mg g™! (18:00, 5 and 6 m) to
20 mg g~! (20:00, surface excluded) and a minimum of
7.7 mg g~! at 22:00 (1 m). This pattern was opposite to
that of SS, which increased sharply during the same pe-
riod (Fig. 4(d)). After the higher high tide, the C/SS con-
tent increased strongly again, while SS decreased strongly,
reaching a maximum at the surface of 88.7 mg g1 (2:00).

3.4 Correlation analysis of physical and chemical pa-

rameters

Temperature and salinity were highly correlated
(P < 0.001) with each other, while D.O. was not signifi-
cantly correlated with either (Table 1). Both temperature
and salinity were highly correlated (P < 0.001) with all
nutrient species. The relevant best-fit regression lines had
R? values varying from 0.36 (temperature) and —0.49 (sa-
linity), for ammonium, to 0.59 and —0.74, respectively,
for silicate. Temperature and salinity also showed a posi-
tive and a negative correlation, respectively, with the vari-
ous components of SPM and the examined ratios, but SS
(temperature) and C/SS (salinity). However, this correla-
tion was highly significant only for pheopigments, POC
and C/Chl a ratio, albeit with fairly low R? values (Table
1). D.O. was also significantly correlated with all nutri-
ents species, Chl a, pheopigments and POC, but with fairly
low R? values. Among the different nutrient species, ni-
trate + nitrite and silicate showed the strongest correla-
tion with each other (R? = 0.93, P < 0.001). Among SPM
components, the strongest correlation was that between
pheopigments and POC (R? = 0.62, P < 0.001), while SS
was not significantly correlated with either Chl a and
pheopigments, or POC (Table 1).
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Table 3. Temporal variability of the investigated physical and chemical parameters. According to the tidal level prediceted by the
Maritime Safety Agency, Takamatsu, the time series was divided into an ebbing period (14:00-19:00 and 2:00-8:00, n = 39)
and a flood period (10:00-13:00, 20:00-01:00 and 9:00-10:00, n = 36). The mean during both ebb and flood periods and the
ratio between ebb and flood values (ebb/flood) are given for each variable. ANOVA was performed to assess the significance
of differences between ebb and flood values, ns: not significant, *: P < 0.05, **: P < 0.01, ***; P < 0.001,

Parameter Unit Flood Ebb Ebb/Flood ANOVA
Temp. °C 17.1+0.8 17.4+1.4 1.02 ns
Salin. 30.6+3.1 30.0£3.6 0.98 ns
D.O. mg 1! 8.2+0.7 7.8£0.6 0.95 *
NH,* M 10.6 8.1 17.3£9.9 1.64 *%
NO,-NO,” uM 8.71£9.8 15.8+£13.1 1.81 *%
PO,*" M 1.4+1.0 2.2+1.1 1.56 Ak
Si(OH), uM 17.0£13.9 25.1%£16.3 1.47 *
Chla ug 1! 1.7£0.4 1.6+0.4 0.93 ns
Pheop. ug 1! 0.6+0.5 1.8+1.0 3.05 Hxk
POC ugl™ 473 £231 758 £289 1.60 *kk
SS mg 1! 23.54+16.9 16.4+£7.8 0.70 *
C/Chl a ratio 274 +£129 4631123 1.69 xx
C/SS mg g™’ 33.5+21.1 49.5%17.9 1.48 Fkok

3.5 Spatial variability: differences between layers

To assess and quantify spatial differences through
the water column, we divided our sample data-set accord-
ing to three different layers: the surface (n = 25), the in-
termediate layer including all samples at 1 m and 3 m
(n = 26), and the lower layer, including all samples be-
low 3 m (n = 24) (Table 2).

Temperature and salinity were significantly higher
and lower (P <0.001), respectively, at the surface (mean:
18.3 +1.3°C and 27.1 £ 4.3) than in both the intermedi-
ate and the lower layer (Table 2). Highly significant dif-
ferences (P < 0.001) also occurred between the interme-
diate layer and the lower layer, the latter displaying the
lowest temperature and the highest salinity values (mean:
16.5 £ 0.1°C and 32.0 £ 0.0). In contrast, D.O. concen-
tration was only lower at the surface than in the interme-
diate layer, albeit with a lesser degree of significance
(P < 0.05). Among the investigated physical and chemi-
cal parameters, nutrient concentrations showed the strong-
est quantitative differences among all layers (Table 2).
They were highest at the surface, with mean values of
23.2 £ 11.0 uM (ammonium), 23.9  14.6 uM (nitrate +
nitrite), 2.82 + 1.26 uM (phosphate) and 35.5+ 19.7 uM
(silicate), and lowest at the lower layer (Table 2). Ac-
cordingly, nutrient concentrations were 1.9 (phosphate)
to 2.8 (nitrate + nitrite) times and 2.4 (phosphate) to 5.1
(nitrate + nitrite) times higher at the surface than at the
intermediate and the lower layer, respectively, all of these
differences being highly significant (P < 0.001). Differ-
ences were less marked between the intermediate and the
lower layer, varying from highly significant (nitrate +
nitrite) to not significant (phosphate). Among SPM, the

POC content was significantly higher at the surface than
in both the intermediate (P < 0.01) and the lower (P <
0.001) layer. However, the extent of quantitative differ-
ences between layers was more restricted than that found
for nutrients and was within the same order of magnitude
(Table 2). Furthermore, both Chl a and pheopigments
showed no significant differences between layers. The
C/Chl a and C/SS ratios were also within the same order
of magnitude, being significantly higher at the surface
than at the lower layers, while not significantly different
between the intermediate and the lower layer.

3.6 Temporal variability: ebb versus flood

As a further step in investigating the effect of a tidal
cycle on the variability of physical and chemical water
parameters, we divided our samples, according to the pre-
dicted tidal levels (Maritime Safety Agency, Takamatsu),
into two data-sets representing an ebb situation and a flood
situation. The ebb situation included samples collected
between 14:00 and 19:00 and between 2:00 and 8:00 (n =
39) and the flood situation included samples collected
between 10:00 and 13:00, 20:00 and 1:00 and 9:00 and
10:00 (n = 36). Table 3 shows that pheopigments, POC
and all nutrient species concentrations were significantly
higher during the ebb. In contrast, both temperature and
salinity, the major variability of which was restricted to
the uppermost 23 m or the surface, respectively (Figs.
2(a) and (b)), were not significantly different between an
ebband a flood situation. It is interesting to note that while
nutrient concentrations showed a much greater difference
between layers than SPM (Table 2), most SPM compo-
nents had a more marked and significant difference on a
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temporal basis (Table 3). Most remarkably, the
pheopigment content was 3.1 times higher during the ebb
(1.8 £ 1.0 ug I"") than during the flood (0.6 £ 0.5 ug 1!
(Table 3). According to the different extent of ebb vs. flood
change of Chl a and pheopigments, the pheopigment/Chl
aratio also increased 3.1 times (P < 0.001, data not shown)
during the ebb.

4. Discussion

4.1 Temperature, salinity and dissolved oxygen concen-
tration

Change of temperature was strongly related to both
the river runoff during the ebb flow, which had a higher
temperature than sea water (Montani et al., 1998), and
heat transfer through the sea surface during the day. Ac-
cordingly, these two processes caused a major increase
of temperature at the uppermost 2—3 m layers during the
lower low tide, which occurred in the afternoon of May
30 (Fig. 2(a)). A low-salinity surface water mass moving
down-estuary with the ebb led to stratification between
the surface and the subsurface layers. The effect of fresh
water intrusion into the subtidal zone was strongest be-
tween the lower low tide and the higher high tide (Fig.
2(b)). During the second ebb, the variation of both tem-
perature and salinity was more restricted. This coincided
with a higher tidal level (+105 cm) than had occurred on
the previous day (+35 cm). Our results are consonant with
the study by Uncles and Stephens (1996), who showed
that salinity intrusion was a strong function of spring-
neap tidal state and a weaker function of fresh water in-
flow; they also give additional information on the within-
one-tidal-cycle behaviour of salt intrusion.

Although D.O. showed no significant correlation
with either temperature or salinity (Table 1), a relative
decrease of D.O. concentration in surface water coincided
with an increase of temperature (Fig. 2(a)) and a decrease
of salinity (Fig. 2(b)) during both low tides (Fig. 2(c)).
Accordingly, D.O. correlated negatively with all nutrient
species and several components of SPM, although to a
lesser extent than salinity (Table 1). This was an indica-
tion that relatively lower D.O. water mass was brought
into the subtidal zone from the inner part of the estuary.
In a paralilel survey conducted simultaneously during the
present time series we found that D.O. concentration was
indeed lower at an intermediate intertidal site (i.e. lowest
D.O. values averaging 2.5 + 0.5 mg I"! between 5:00 and
9:00, with a 24-h mean of 5.2 + 1.6 mg 1) than at Stn.
Y3 (Montani et al., 1998). D.O. concentration also tended
to-decrease in the lower layers of the water column, down
to the bottom, at night and through the whole water col-
umn before the sunrise. We can relate this to a temporary
tendency of respiration processes to over whelm primary
production processes in the absence of light. This was
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also indicated by an overall decrease of the Chl a content
<1.5 pg 17! between 24:00 and 6:00 (Fig. 4(a)). A
normoxic condition remained during the entire period of
this survey, however.

4.2 Spatial and temporal variability of nutrients and their

origin

The greatest change of nutrient concentrations oc-
curred at the surface, up to an increase of 8.9 times for
ammonium (from 4.8 uM to 42.6 uM, between 23:00 and
3:00), 11.2 times for nitrate + nitrite (from 4.5 yM to 50.3
UM, between 23:00 and 2:00), 8.6 times for phosphate
(from 0.57 uM to 4.9 uM, between 11:00 and 20:00) and
8.0 times for silicate (from 9.6 uM to 76.7 uM, between
11:00 and 20:00) (Figs. 3(a), (b), (c) and (d)). The spatial
variability in nutrient concentrations through the water
column was consistent over the complete time series, with
highly significant (P < 0.001) differences between the
surface and the subsurface layers (Table 2). The present
study also demonstrates that major changes in nutrient
concentrations occur temporally, depending on the tides,
which were quantified to be nitrate + nitrite concentra-
tion up to 1.8 times higher during the ebb than during the
flood (Table 3). In contrast, a larger tidal amplitude (i.e.
between the lower low tide and the higher high tide) did
not cause a much stronger increase of nutrient concentra-
tions through the water column, while it was more evi-
dent at the surface, particularly in the inner part of the
estuary (Montani ef al., 1998). Nevertheless, the highly
significant (P < 0.001) negative correlation of nutrients
with salinity (Table 1) was direct evidence that a low sa-
linity water mass with high nutrient concentrations was
brought into the subtidal zone from the inner part of the
estuary. In our associated work (Montani et al., 1998) we
observed a contrasting behaviour of the different nutri-
ent species. In particular, we found that the fresh water
runoff was a major source of silicate and nitrate + nitrite,
the concentrations of which correlated highly negatively
with salinity, most significantly at an upper riverine sta-
tion (R? = 0.88 and R? =0.80, respectively, P < 0.001,
Montani et al., 1998). In contrast, ammonium and phos-
phate were found to be added at intermediate salinity val-
ues at inner intertidal sites. At the same time, the latter
nutrient species correlated significantly with salinity at
Stn. Y3, as this station was less affected by low salinity
water mass intrusion along the transect line surveyed
(Montani et al., 1998). It can be noted that in the present
study the correlation of ammonium and phosphate with
salinity also had relatively lower R? values than silicate
and nitrate + nitrite (Table 1). In addition, the stronger
(negative) correlation of ammonium and phosphate with
D.O. (Table 1) also demonstrated that ammonium and
phosphate had a move intertidal origin than silicate and
nitrate + nitrite. For the former two species of nutrients,



we previously highlighted a major addition at intermedi-
ate salinity, also on a seasonal basis (Magni and Montani,
2000). This relates to the important effect of processes of
benthic nutrient regeneration within the estuary, particu-
larly in the intertidal zone due to the excretory activity of
macrofauna (Magni et al., 2000b). The results of the
present study further clarify the spatial and temporal ex-
tent to which nutrients are exported into the subtidal zone
as a result of the tidal cycle, confirming their riverine
and/or intertidal origin.

4.3 Variability of SPM compounds and tidally-mediated
particle selection transport

As for all nutrient species, pheopigments and POC
(Figs. 4(b) and (c), respectively) increased strongly due
to the effect of the tidal cycle, as they were transported
from the inner part of the estuary into the subtidal zone.
This was most remarkable on May 30, between the lower
low tide (e.g. 16:00, the water column) and the higher
high tide (e.g. from 20:00 and 23:00, the surface), viz.,
during the period of largest tidal amplitude. Accordingly,
these two SPM components were highly correlated with
each other (R? = 0.62, P < 0.001; Table 1). In contrast,
Chl a had a much more limited range of spatial and tem-
poral variability (Fig. 2(a)) and its correlation with both
pheopigments and POC was, although significant, much
weaker (R? = 0.12 and R? = 0.17, respectively, Table 1).
We also observed similar correlations between POC and
phytopigments on a seasonal basis, during a 2-year pe-
riod survey conducted at a creek crossing the adjacent
intertidal flat during low tide (Magni and Montani, 2000).
We found that the Chl a content in ebbing water was on
average ca. 3 times lower than the pheopigment content
and, similarly to the present study, it showed a more re-
stricted range of variability. This relates to the presence
of a large fraction of refractory algal materials, rather than
living phyto-carbon (ca. 5%), on the adjacent intertidal
flat (Magni and Montani, 1998, 2000). The present work
supports our previous findings, clearly showing that a
considerable amount of algal derived organic carbon of
intertidal origin is transported into the subtidal zone due
the effect of a tidal cycle and amplitude.

The C/Chl q ratio (Fig. 4(e)) showed a spatial and
temporal variability similar to that of pheopigments (Fig.
4(b)) and POC (Fig. 4(c)). Our C/Chl a ratio, up to 500-
600 and exceptionally 800 (Fig. 4(e)), was lower than that
indicated in Lake Pontchrtrain (Gulf of Mexico) (Bianchi
and Argyrou, 1997). In Lake Pontchrtrain, the C/Chl a
ratio was highest (1608 + 942) when the Chl a concentra-
tion was at its lowest and the riverine discharge was at its
highest. Bianchi and Argyrou (1997) found that 55% of
the total Chl @ was mostly derived from inputs of degraded
vascular plant detritus. In our study area, a relatively lower
C/Chl a ratio indicates that allochthonous sources (i.e.

wetland input of organic carbon, leading to an increase
of the C/Chl a ratio) are not of primary relevance. In con-
trast, the strong correlation of the C/Chl a ratio with both
pheopigments and POC and the absence of a significant
correlation with Chl a (Table 1) further indicated that the
intertidal zone is a major source of organic carbon to the
subtidal zone.

In contrast to the distributional pattern of
pheopigments (Fig. 4(b)) and POC (Fig. 4(c)), the SS
content was relatively low during the ebb flow (14:00-
19:00) and, by contrast, it increased sharply with the surg-
ing flood, during the higher high tide (Fig. 4(d)). SS did
not correlate significantly with any nutrient species, nor
any component of SPM (Table 1). However, a detailed
examination of the spatial and temporal variability of SS
and POC highlighted a differentiated particles transport
characterized by a different organic content in relation to
both depth and tidal state. To assess such differences, we
used two major cut points, such as 35 mg I"! for SS and
1000 pg I"! for POC, and accordingly divided the sample
data-set into four different compartments (Fig. 5). The
sample points characterized by SS <35 mg 1"} and POC
<1000 pg 1I™! and those characterized by SS >35 mg 1!
and POC >1000 ug 1! were included in a best-fit regres-
sion line which represented the major portion of the sam-
ples (72%, n = 54, Fig. 5). In contrast to no correlation
between POC and SS on an all-sample basis (Table 1),
the samples divided in this was showed a highly signifi-
cant correlation, described by the equation SS = 0.028 x
POC - 2.35, R?> = 0.64, P < 0.001 (Fig. 5). This subdivi-
sion also enabled us to describe major changes occurred
during the time series. At the start of the survey, from
10:00 to 12:00, both POC and SS concentration were low
(sampling points given by a circled letter a, Fig. 5). In
contrast, within the next few hours, during the ebb, the
SS concentration remained <35 mg I”! (Fig. 4(d)), while
the POC content increased markedly, particularly at 16:00
(Fig. 4(c)), up to >1000 ug 17!, As a result, these organi-
cally-richer samples (sampling points given by a circled
letter b, Fig. 5) deviated from the regression line. Never-
theless, the C/SS ratio did not change significantly from
the previous hours, most values being rather high at >40
mg g~ (Fig. 4(f)). Subsequently, between 19:00 and
24:00, before the highest level of the higher high tide was
reached (0:24), the SS content increased sharply through
the water column to >35 mg 17!, while the POC content
decreased markedly below the surface. This corresponded
to a strong decrease of the C/SS ratio, indicating that or-
ganically-poorer samples were being transported into the
subtidal site. In addition, these samples could be further
split according to the POC cut point (1000 ug I™!). Inter-
estingly, only surface samples were found to have a par-
allel POC content >1000 ug 17! (sampling points given as
circled letters cl, Fig. 5). In contrast, most samples be-

Dynamics of Salinity, Nutrients and SPM in Tidal Estuary 399



c2 [+
before higher-high-tide before highe:'-high-tide
50 ———— (20:00~24:00) —_—  (18:00~21:00, 23:00) —
below surface ® suniace Y surface ?_{
C/SS = b s C/sS =
¢ ] ®/ (14:00, 22:00, 24:00) /©
40—11.2:2.9@‘ . ©28.0+2.7
T 3% | S =
> 30 (1:00~10:00) T A b 9
E C/SS = ] < loiwer-low-tide
;,’ | 47.8+14.3 Y o @ (15:00~18:00)
o 20 @ o @ _ % ° %
a 5324 =]
10 | tower-nighide® . & = @ E\g C/SS =
(10:0(;{12:00 G 5(3@ 681 2177
0 ' ' 1000 |
0 300 600 900 1200 1500
POC (ug I)

Fig. 5. Plots of suspended solid (SS) against particulate organic carbon (POC). The regression analysis for all SS (Fig. 4(d)) and
POC (Fig. 4(c)) samples (n = 75) showed no significant correlation (Table 1). Samples were subsequently split in order to
evaluate any inconsistency and to investigate the spatial and temporal variability of these two parameters. Two cut points
were used, such as 35 mg I"! for SS and 1000 ug 1! for POC, which accordingly divided the sample data-set into four different
compartments. A best-fit linear regression line was constructed which highlighted a highly significant positive correlation for
most samples (i.e. all sample points in grey: $S = 0.028 x POC - 2.35, R? = 0.64, P < 0.001, n = 54). This excluded “relatively
lighter (SS <35 mg 1™!)—very organically rich (POC >1000 ug 1-!y” samples (sample points in white, n = 11) and “heavier
(SS >35 mg I"")—relatively non-organically rich (POC <1000 ug 1-')” samples (sample points in black, n = 14). Letters in this
figure indicate: (a) all samples from 10:00 to 12:00 (n = 12); (b) surface from 15:00 to 18:00 and 1-3-7 m at 16:00 (n = 7);
(c1) surface from 19:00 to 21:00 and at 23:00 (n = 4); (c2) all layers below the surface from 20:00 to 24:00, but 5 m at 22:00
(n = 11); (d) surface at 16:00, 2:00, 5:00 and 9:00 (n = 4); non-circled-sample points in black: surface at 14:00, 22:00 and
74:00 (n = 3). The mean C/SS ratio (mg g'l) is also indicated for each of the four compartments.

low the POC cut point, yet with a SS content >35 mg 1"},
were those below the surface (sampling points given as
circled letters ¢2, Fig. 5). All samples characterized by
SS >35 mg 1! and POC <1000 pug 1! had the lowest
C/SS ratio values, as they were the organically-poorest
ones, and accordingly deviated strongly from the linear
regression line (Fig. 5). Most of the remaining samples
collected during the time series were those collected be-
tween 1:00 and 10:00, which represented the core data-
set forming the regression line. Again, some surface sam-
ples could be characterized by a relatively high POC con-
tent and a relatively low SS content (sampling points given
as letter d, Fig. 5). This pattern indicates that particle se-
lection occurs not only temporally, as related to the tidal
state and amplitude, but also spatially through the water
column, as organically-richer particles tend to be trans-
ported through the surface, the most affected layer by
intrusion of a low-salinity (Fig. 2(b)) and high-nutrient
(Figs. 4(a), (b), (¢) and (d)) water mass. Overall, these
results demonstrate that lighter suspended particles (with
a higher pheopigment and POC content, and a low SS
content) are transported from the intertidal zone into the
subtidal zone while decreasing the tidal level. Conversely,
a greater fraction of SS is exported during the subsequent
surging flood. This implies that a major process affecting
the water chemistry of the subtidal site includes
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resuspension and transport of fine particles from the ad-
jacent intertidal flat, characterized by surface sediments
with a lower organic carbon content (TOC = 10.3 £ 8.6
mg g~}; Magni and Montani, 1998) than is found in SPM
(Fig. 4(f)). Thus, heavier SPM corresponded to a decrease
of the C/SS content due to an increase of organically-
poorer sediment particles. As related to the effect of the
tidal amplitude, sediment resuspension and the decrease
of the C/SS content in our samples was strongest after
the lower low tide (+35 cm at 17:28). This was enhanced
by the exposure of the intertidal flat, which occurs at a
tidal level of ca. 50 cm (Magni and Montani, 1998). Fi-
nally, temporal variations were stronger during the lower
low tide (+35 cm) than during the higher low tide (+105
cm), confirming the importance of the tidal amplitude on
the transport of particulate compounds into the subtidal
zone.

On a seasonal and annual basis, we found that
pheopigment and POC concentrations were much higher
in ebbing water than at the surface of Stn. Y3, while nu-
trient concentrations were within the same order of mag-
nitude (Magni and Montani, 2000). We suggested that
such a qualitative difference (i.e. nutrients vs. SPM) be-
tween sites can be related to particle deposition and/or
removal along the estuary, resulting in a limited SPM
concentration at the surface layer of the subtidal site, while



nutriénts are more directly transported into the surface
layer of the subtidal zone by lower salinity water mass
intrusion from the intertidal zone. The different spatial
distribution through the water column between SPM and
nutrients presented in this study are a direct evidence of
our original hypothesis. The results also have important
ecological implications. We infer that the daily export of
particulate compounds through the water column repre-
sents a major source of carbon to the bottom sediments at
Stn. Y3, likely vulnerable to an excessive organic load
from the inner part of the estuary. We do indeed observe
a seasonal mortality of macrofauna at this station due to
an increase of organic load, leading to the enhancement
of anaerobic decomposition and oxygen depletion in
sediments between late summer and early autumn both
in 1994 and 1995 (Magni and Montani, 1998).
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