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Abstract

Isahaya Bay in Japan has suffered from severe red tides. A previous study reported that red tides continued under dissolved
inorganic nitrogen (DIN) depleted conditions in the bay. One possible explanation for this phenomenon is that regenerated
NH,*, through organic matter decomposition, facilitates the persistence of red tides in the bay. Direct utilization of dissolved
organic nitrogen (DON) by phytoplankton isolated from other coastal ocean areas has been reported. No study has been
conducted on the direct utilization of DON by the phytoplankton community in Isahaya Bay. However, if phytoplankton
in the Bay can utilize DON directly, DON probably contributes more to red tide formation and persistence than previously
thought. In this study, field sampling and DIN and DON (in the form of amino acids and urea) enrichment bioassays were
conducted to test whether growth of phytoplankton in Isahaya Bay can be stimulated through the addition of amino acids and
urea. Phytoplankton growth rates in both the presence and absence of erythromycin, a bacterial inhibitor, were stimulated
by NH,*, NO;~, and urea addition. The results suggest that phytoplankton in Isahaya Bay can be stimulated urea directly
and indirectly. On the other hand, concentrations of DIN and urea were often depleted in the bay station throughout study
period. Thus, DIN regeneration process might be an important process supporting red tides under DIN-depleted conditions.
Notably, urea might prolong red tides through contribution to the NH,* regeneration process, as urea is hydrolyzed to NH,*
by ureases produced by bacteria.
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1 Introduction coastal ecosystems and fisheries (Matsuoka 2003; Jia et al.

2018; Nakada et al. 2021).

Red tides are a significant threat to fisheries and local and
world economies. Due to human activities such as eutrophi-
cation and global warming, the distribution and frequency
of red tides in coastal seas have increased worldwide over
recent decades (Anderson 2009). In Japan, red tides have
been occurring in many semi-enclosed bays, such as Tokyo
Bay and the Ariake Sea, and have caused severe damage to
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The Isahaya Bay is located on the west coast of the Ari-
ake Sea in western Japan and has suffered from severe red
tides (Matsuoka 2003). In 1997, the inner part of Isahaya
Bay was separated from the sea by dikes. Eutrophic high-
turbidity water from a reservoir is frequently discharged into
the bay. Since the Isahaya Bay Reclamation Project began
in the early 1990 s, the frequency and intensity of red tides
and hypoxia have become more severe in the Bay (Matsuoka
2003; Kim et al. 2018). Those environmental problems have
also caused serious social problems (Hayami and Hamada
2016). However, the red tide formation mechanisms in the
Bay are not fully understood.

A previous study has reported that red tides continued
under dissolved inorganic nitrogen (DIN)-depleted condi-
tions in Isahaya Bay (Li et al. 2016). One possible explana-
tion of this phenomenon is that the red tides utilized regen-
erated NH,* from the decomposition of organic matter in
the drainage water (Takasu et al. 2019). We estimated that
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under the influence of the drainage water, the NH,* regen-
eration rate increased by 31.5-46.8% in the water column
in the bay (Takasu et al. 2019). Thus, regenerated NH,*
can support the persistence of red tides in the bay. On the
other hand, direct utilization of dissolved organic nitrogen
(DON) by isolated phytoplankton has been reported (Car-
penter et al. 1972; Flynn and Bulter 1983). However, there
are a few studies about direct utilization of terrestrial DON
by natural phytoplankton in coastal systems (Fagerberg et al.
2009; 2010). No study has assessed the direct and indirect
utilization of DON by phytoplankton in Isahaya Bay. If
phytoplankton in the Bay can utilize DON directly, terres-
trial organic matter loading from drainage may contribute
more to red tide formation and persistence than previously
thought.

This study examined DON utilization by phytoplankton
assemblages in Isahaya Bay. Dissolved free amino acids
(DFAA) and urea are two major components of terrestrial
DON (Berman and Bronk 2003). Therefore, we selected
alanine, glycine, and urea as DON for addition to the phy-
toplankton assemblages in Isahaya Bay. We found that urea
may be as potentially important as DIN in providing a nitro-
gen source to phytoplankton assemblages in I[sahaya Bay.

2 Methods
2.1 Sampling
Water samples were collected with a small fishing vessel
(F/V Hougei-maru) at fixed stations in the central part of
Isahaya Bay on 20 April, 1 and 28 June, 21 July, 27 August,

and 27 September, 2021 (Fig. 1). Water temperature and
salinity were measured with a multi-parameter water quality
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meter (WQC-24; DKK-TOA, Tokyo, Japan). Surface water
samples were collected using a 3 L Van Dorn water sampler
(RIGO, Tokyo, Japan). Seawater samples for DIN, DFAA,
urea, and dissolved inorganic phosphorus (DIP) analyses
were filtered onboard the ship using pre-combusted 0.7 pm
GF/F filters (Cytiva, Marlborough, MA, USA) and stored
in 125 mL acid-washed high-density polyethylene bottles.
Samples for chlorophyll-a (Chl @) analysis were poured into
125 mL amber polyethylene bottles. Samples for incubation
experiments were poured into a 7 L high-density polyeth-
ylene tank through a 300 pm nylon mesh to remove meso-
zooplankton. Polyvinyl chloride gloves were worn during
sample collection and processing to avoid contamination.

We also collected water samples for DIN, DFAA, urea,
and Chl g analyses from the north and south discharge gates
in the reservoir using a plastic bucket. Sample processing
was done in the same manner as seawater.

2.2 Estimation of efficiency of the bacterial
inhibitor

An antibiotic agent (erythromycin) was used during incuba-
tion to inhibit DIN regeneration through bacterial organic
matter decomposition of DON to determine whether phy-
toplankton in Isahaya Bay can directly utilize amino acids
and urea. During April sampling, we verified the efficiency
of erythromycin as an inhibitor for bacterial organic matter
decomposition. The screened seawater was filtered through
pre-combusted 0.7 pm GF/F filters (General Electric, Cov-
entry, UK) to remove particulate organic matter. Glucose
(Fujifilm Wako Pure Chemical Industries, Osaka, Japan) was
added to the filtrate at a final concentration of 5 mg L™,
The filtrate was poured into 100 mL acid-washed biologi-
cal oxygen demand (BOD) bottles. Triplicate samples were
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Fig. 1 Maps of the Japanese Islands (a), Kyushu Island (b), and Ishaya Bay (c). Plots indicate sampling stations in the Ariake Sea and the reser-
voir. The incubation experiments were performed using seawater collected from the bay station
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used to estimate the initial dissolved oxygen (DO) concen-
tration. Triplicate assays were spiked with erythromycin
(Fujifilm Wako Pure Chemical Industries, Osaka, Japan) at
a final concentration of 20 mg L™! and incubated in the dark
at in situ temperature. Ultrapure water (Milli-Q, Direct-Q
UV3; Merck Millipore, Burlington, MA, USA) was used
in place of erythromycin in the control experiment. After
2 days of incubation, samples were collected to measure DO
concentration. The inhibition efficiency of erythromycin (/,
%) was estimated from the following equation:

I= (100 - ((DOyy = DOy, ) / (DO — DO, ) ) ) X 100,

where DO, is the initial DO concentration (mg L"), and
DOy, , and DO, are the final DO concentration (mg L™")

with and without erythromycin, respectively.

2.3 Incubation experiments to estimate
phytoplankton growth rates with various
nitrogen sources

In the laboratory, 100 mL aliquots of seawater were filtered
through 0.7 pm GF/F filters, and the filters were stored
at— 20 °C until further analysis to estimate the initial Chl
a concentration. The screened water was poured into acid-
washed 250 mL polycarbonate bottles (100 mL in each
bottle). Triplicate assays were spiked with NH,CI (NH,*),
KNO; (NO;7), alanine, glycine, and urea (Fujifilm Wako
Pure Chemical Industries, Osaka, Japan) at a final concen-
tration of 25 pmol L™ N, and ultrapure water was used in
the control experiment. An identical series of triplicate
assays was prepared and spiked with erythromycin (a final
concentration of 20 mg L™!). The assays were incubated
at in situ temperature, a light intensity of 3000 1x, and a
12:12 h light:dark cycle for 72 h. This incubation duration
was selected, because we confirmed that the exponential
growth phase of phytoplankton is maintained at least 72 h
in Isahaya Bay (author’s unpublished data); this incubation
duration was selected. The bottles were mixed once a daily
to suspend the phytoplankton. After incubation, the samples
were filtered and stored as above until further analysis.

2.4 Chemical and biological analyses

DO concentrations were measured by the Winkler titration
method (Dickson 1994) using an automated titration system
(AT-710; Kyoto Electronics, Kyoto, Japan).

DIN concentrations were determined colorimetrically
with an ultraviolet—visible (UV-Vis) spectrophotometer
(V-730; JASCO, Tokyo, Japan) using the cadmium column-
diazotization method for NO;~ +NO,™ (Wood et al. 1967)
and the phenol-indophenol method for NH,* (Sagi 1966).

DFAA was determined through the fluorometric method
with a fluorometer (FP-8300; JASCO, Tokyo, Japan) using
the o-phthalaldehyde (OPA) derivatization method (Parsons
et al. 1984). The standard curve for DFAA was determined
using glycine, and total DFAA was calculated as a gly-
cine equivalent. Notably, NH," interferes with this DFAA
determination method (Tada et al. 1998). Thus, our DFAA
values must be overestimated. Urea was determined by the
colorimetrically with a UV-Vis spectrophotometer (V-730;
JASCO, Tokyo, Japan) according to the method of Revilla
et al. (2005), which is an improved method of the diacetyl
monoxime method of Newell et al. (1967).

Dissolved inorganic phosphorus (DIP) concentrations
were determined colorimetrically with a UV-Vis spectro-
photometer (V-730; JASCO, Tokyo, Japan) using the molyb-
date method (Murphy and Riley 1962).

The Chl a concentration was determined from samples
collected on GF/F filters and extracted with N, N-dimethyl-
formamide (Fujifilm Wako Pure Chemical Industries, Osaka,
Japan), and analyzed using fluorometry (FP-8300; JASCO,
Tokyo, Japan), according to the method of Welschmeyer
(1994).

2.5 Phytoplankton growth rate

We found a significant positive correlation between phyto-
plankton cell number and Chl. a concentration in the north-
ern part of Ariake Sea (r2=0.89, p<0.01, n="7, author’s
unpublished data) when Skeletonema sp. was dominant
(mean +sd, 76 +28%). Although we did not analyze phy-
toplankton composition in this experiment, it has reported
that Skeletonema sp. is often dominant in the surface layer
during summer in Isahaya Bay (Nakajima et al. 2016). Thus,
we used Chl. a as a proxy for phytoplankton biomass. The
growth rates (1, days™') of phytoplankton were calculated
from the Chl a concentrations at the start and end of the
incubation experiment, assuming that phytoplankton growth
follows the exponential model:

u=(1/t)In (N, /N,),

where ¢ is the duration of incubation (days), and N, and N,
are the Chl a concentrations (ug L") at the beginning and
end of the incubation, respectively.

2.6 Statistical analysis

Statistical differences in phytoplankton growth rates were
analyzed using one-way analysis of variance (ANOVA),
and the differences among means were analyzed using the
Tukey—Kramer multiple comparison test. All statistical anal-
yses were performed using R ver. 3.3.3 (R Development
Core Team, 2017).
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3 Results and discussion

3.1 Occurrence of red tides, and DIN, DFAA,
and urea concentrations in the reservoir
and Isahaya Bay

In Isahaya Bay, Chl a concentrations were higher than 10 pg
L~! except in April (Table 1). According to the definition
of Tsutsumi et al. (2015), a Chl a concentration higher
than 10 pg L' is considered a red tide. Thus, the red tides
occurred from June through September during our study
period.

In both Isahaya Bay and the reservoir, DIN
(NH,* +NO4,,") concentrations were generally higher than
DFAA and urea (Table 1). However, urea concentrations
were comparable to DIN’s in the reservoir on 20 April and
1 June. Concentrations of DIN, urea, and DIP were often
higher in the reservoir than in Isahaya Bay, suggesting that
this drainage might be an important source of DIN, urea and
DIP for the Bay throughout the study period. Because urea
accounts for 40% of total nitrogen fertilizer used globally
(Matthews 1994), runoff from agricultural areas may be an

3.2 Phytoplankton growth rates with various
nitrogen source

In the erythromycin addition experiment, DO,,, was 8.12 mg
L~!, whereas DOy, and DOy, , were 7.95 and 8.09, respec-
tively (Table 2). Therefore, 82.4% of bacterial respiration
was inhibited by the erythromycin at 20 mg L™! (Table 2).
This concentration can be regarded as effective in inhibit-
ing nitrogen regeneration through bacterial organic matter
decomposition.

We did not added DIP to the experimental bottles, and,
therefore, phytoplankton might have been under DIP limi-
tation during the incubation period (Table 1). However, we
consider the following discussion is based on the finding
that phytoplankton growth rates differed among treatments
(Fig. 2). In all experiments, phytoplankton showed nega-
tive growth in the control (Fig. 2), probably due to nitrogen
depletion during incubation. The addition of both DIN and
DON stimulated phytoplankton growth in most experiments

Table 2 Percent inhibition of erythromycin of oxygen consumption

important source of urea in the reservoirs. DO (mg L™
Initial (a) 8.12
Control (b) 7.95
+ Erythromycine (c) 8.09
Percent inhibition (%, 100-(a-c)/ (a-b) X 100) 82.4
T?ble! Physi.cal, chemical, z}nd Date Station Water temp Salinity NH, NO;,, DIN DFFA Urea DIP chl.a
biological variables at sampling . 71 71 .
sites Qo) (mol NL™) (imol PL™) (gL
20 Apr Bay 17.1 29.1 0.54 006 060 0.11 0.14 dl 5.7
North gate 22.2 1.9 0.54 008 0.62 0.10 041 092 72.8
South gate 21.7 1.6 0.86 0.13 099 0.11 045 029 137.3
1Jun  Bay 22.1 24.4 0.75 dl 0.75 0.12 030 dl 11.0
North gate 25.9 0.5 049 282 331 009 044 141 319.0
South gate 28.4 0.6 049 dl 049 0.09 044 2.09 228.5
23 Jun Bay 24.7 26.3 049 126 175 0.10 0.12 dl 11.6
North gate 25.2 0.6 2374 50.37 74.11 0.84 136 4.49 52.9
South gate 25.2 0.4 30.77 43.06 73.82 093 216 5.71 64.5
21 Bay 27.7 27.5 0.32 dl 0.32 029 0.09 537 47.5
Jul North gate 29.1 0.4 0.70 d.l 0.70 0.13  0.27 26.87 349.7
South gate 29.0 0.8 0.58 147 205 0.11 023 341 75.8
27 Aug Bay 27.5 15.0 1.53 22.67 2420 0.16 045 1.36 71.5
North gate 26.9 0.1 5.84 5599 61.83 022 045 3.80 21.0
South gate 27.5 0.2 2.13 68.82 7094 0.09 036 4.10 24.9
27 Sep Bay 26.5 24.6 091 0.00 091 0.10 0.17 0.73 21.5
North gate 24.5 0.3 1.03 0.00 1.03 0.15 021 1.07 354.5
South gate 24.5 0.6 097 143 240 0.19 026 1.22 383.7

DFAA dissolved free amino acids, DIN dissolved inorganic nitrogen, DIP dissolved inorganic phosphorus,
chl. a chlorophyll-a, d./ under detection limit
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Fig.2 Phytoplankton growth rates with various nitrogen sources from
samples taken on 20 April (a), 1 (b) and 28 June (c), 21 July (d), 27
August (e), and 27 September (f). Ala alanine, Gly glycine, Ery eryth-

(Fig. 2). In all erythromycin-spiked all experiments, phy-
toplankton growth rates decreased sharply, except for the
August experiment. Thus, regeneration of NH,* through
bacterial organic matter decomposition must be an impor-
tant nitrogen source for phytoplankton, and this result is
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romycin. Error bars represent the standard deviation. Values labeled
with the same letter were not significantly different at p <0.05

supported by a previous report (Takasu et al. 2019). On
the other hand, phytoplankton growth rates in experiments
with NH,* and NO;~ were strongly inhibited by erythro-
mycin addition (Fig. 2). This finding might be explained
by an inhibitory effect of erythromycin on eukaryotic
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phytoplankton, as erythromycin has been described as harm-
ful to some phytoplankton, especially diatom (Sendra et al.
2018). Thus, the direct stimulation of phytoplankton growth
caused by DIN and DON addition in this study must have
been underestimated.

In the August experiment, phytoplankton growth rates in
experiments without erythromycin showed negative growth
and were significantly lower than experiments with eryth-
romycin. One possible explanation for this phenomenon is
nitrogen depletion in the bottles during incubation. Bacteria
rapidly consume nutrients when they decompose organic
matter (Kirchman 2012; Takasu and Uchino 2021). Although
we did not measure dissolved organic matter (DOM) con-
centration and bacterial production, Chl a concentration was
extremely high in seawater sampled in August (Table 1).
Thus, in August experiments, bacteria might compete with
phytoplankton for nitrogen due to the active decomposition
of phytoplankton-derived DOM.

In most experiments, phytoplankton growth rates in
experiments with NH,*, NO;~, and urea did not significantly
differ, with a few exceptions (Fig. 2), suggesting that phyto-
plankton growth in Isahaya Bay can be stimulated by urea
in as manner similar to DIN, both directly and indirectly. As
urea is the simplest form of DON, urea may be utilized by
phytoplankton similarly to DIN in this study. On the other
hand, phytoplankton growth rates in experiments with added
alanine and glycine showed a different pattern to the NH,*,
NO;™, and urea experiments. Although alanine and glycine
also generally stimulated phytoplankton growth, the degree
of stimulation was statically lower than NH4+, NO;~, and
urea in the samples without erythromycin. However, phyto-
plankton growth rates in experiments with alanine and gly-
cine addition did not significantly differ from experiments
with NH4+, NO;™, and urea addition, with a few exceptions
in erythromycin addition experiments (Fig. 2). In general,
DFAA in seawater is rapidly used by bacteria (Nagata 2008),
and therefore, phytoplankton could not use the alanine and
glycine in experiments without erythromycin. Because bac-
terial activity is generally higher in warmer seasons (Kirch-
man 2012), DFAA might be quickly consumed by bacteria
in summer season. Thus, DFAA may not contribute to red
tide formation in Isahaya Bay as strongly as NH,*, NO;~,
and urea. Some phytoplankton species prefer to use urea
under nitrogen-starved growth conditions (Tada 2019). In
Isahaya Bay, DIN concentration was often depleted (Table 1;
Takasu et al. 2019). In addition, the concentration of urea
was also often depleted and was lower than that of DIN at
the bay station throughout the study period (Table 1). Thus,
the NH,* regeneration process (Takasu et al. 2019) might be
more important for supporting red tides under DIN-depleted
condition. In contrast, urea may prolong red tides through
its contribution to the NH,* regeneration process, as urea
has two nitrogen atoms in one molecule and is hydrolyzed
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to NH,* by ureases produced by bacteria. The DIN and urea
concentrations in Isahaya Bay are similar to those in the
Seto Inland Sea (Tada et al. 1998). Thus, the results of this
study are applicable to similar coastal regions that receive
terrestrial inflows.

3.3 Conclusions

We found that urea concentration was often higher in the
reservoir than in Isahaya Bay. Furthermore, phytoplank-
ton growth rates in the presence or absence of erythromy-
cin were stimulated by NH4+, NO;™, and urea addition.
These results suggest that the growth of phytoplankton in
Isahaya Bay can be stimulated by urea both directly and
indirectly. On the other hand, the concentration of urea was
often depleted and lower than that of DIN at the bay sta-
tion throughout the study period (Table 1). Thus, the NH,*
regeneration process might be more important to red tides
under DIN-depleted conditions. On the other hand, urea
might prolong red tides through its contribution to the NH,*
regeneration process, as urea is hydrolyzed to NH,* by ure-
ases produced by bacteria. These results indicate that reduc-
ing both DIN and DON input from drainage is necessary to
control the red tides in Isahaya Bay. To understand fully the
mechanisms of red tide formation in Isahaya bay, further
study is needed to estimate quantitatively the contribution
of DON as a nitrogen source to red tide formation.
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