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Abstract Phytoplankton uptake rates of ammonium
(NH,"), nitrate (NO5 ), and urea were measured at various
depths (light levels) in Hong Kong waters during the
summer of 2008 using '°N tracer techniques in order to
determine which form of nitrogen (N) supported algal
growth. Four regions were sampled, two differentially
impacted by Pearl River discharge, one impacted by Hong
Kong sewage discharge, and a site beyond these influences.
Spatial differences in nutrient concentrations, ratios, and
phytoplankton biomass were large. Dissolved nutrient ratios
suggested phosphorus (P) limitation throughout the region,
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largely driven by high N loading from the Pearl River in
summer. NH;" and urea made up generally >50% of the total
N taken up and the f'ratio averaged 0.26. Even at the river-
impacted site where concentrations of NO;  were >20 uM
N, NH4" comprised >60% of the total N uptake. Inhibition
experiments demonstrated that NO; uptake rates were
reduced by 40% when NH," was >5 uM N. The
relationship between the total specific uptake rates of N
(sum of all measured substrates, ¥, per hour) and the
chlorophyll a-specific rates (micromolars of N per micro-
gram of Chl a per hour) varied spatially with phytoplankton
biomass. Highest uptake rates and biomass were observed in
southern waters, suggesting that P limitation and other
factors (i.e., flushing rate) controlled production inshore
and that the unincorporated N (mainly NOz ) was trans-
ported offshore. These results suggest that, at the beginning
of summer, inshore algal blooms are fueled primarily by
NH," and urea, rather than NO;~, from the Pearl River
discharge. When NH," and urea are depleted, then NO; ™ is
taken up and can increase the magnitude of the bloom.

Keywords Nitrate - Ammonium - Urea - N uptake - Pearl
River discharge - Sewage effluent

Introduction

In recent years, anthropogenic nitrogen (N) loading has
increased in many estuarine and coastal areas, and these
external N inputs are due mainly to atmospheric deposition,
land runoff, and local sewage effluent (Cloern 2001; Galloway
and Cowling 2002; Galloway et al. 2002; Glibert et al. 2010).
Enhanced riverine N inputs may affect N cycling in these
estuarine ecosystems (e.g., Middelburg and Nieuwenhuize
2000; Howarth et al. 2002; Wassmann 2004). The changing
composition of nutrients delivered to coastal waters is
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beginning to be understood and quantified on both regional
and global bases (e.g., Seitzinger et al. 2002, 2005; Harrison
et al. 2005a, b; Boyer et al. 2006). It is now well recognized
that both the total quantity of nutrients and their form impact
the response of algae, ultimately affecting the extent to which
new biomass is produced and by which species, as different
species or species groups display preferences for specific
nutrient regimes (Smayda 1990, 1997; Heisler et al. 2008).

The role of nutrient composition in affecting the growth,
biomass, and species composition of algal blooms in coastal
areas receiving high nutrient loads has been the focus of much
attention. In particular, a great deal of attention has been
focused on the interaction between NO; and NH," uptake
(Glibert 1982; Dortch 1990; Twomey et al. 2005; Lomas and
Glibert 1999a, b, 2000; Dugdale et al. 2007). Diatoms often
preferentially use NO; , while flagellates often preferentially
use more reduced forms of N (e.g., Lomas and Glibert
1999a, b, 2000; Glibert et al. 2006. The uptake of NO3 may
be inhibited by NH,", but this inhibition varies from no
inhibition to complete inhibition, depending on the phyto-
plankton species, size, and their nutritional status and the
environmental conditions (Dortch 1990; Lomas and Glibert
1999a, b; L’Helguen et al. 2008). In recent years, urea has
also been recognized as an important nitrogenous nutrient
that fuels algal growth and may regulate the uptake of other
nitrogenous forms (Twomey et al. 2005; Glibert et al. 2006,
2008; Solomon et al. 2010).

Hong Kong waters are influenced year-round by local
sewage discharge and, particularly in summer months, by
Pearl River discharge. Hong Kong sewage treatment
processes >2 million tonnes of sewage daily (Broom et al.
2003) and discharges approximately 49 tonnes of NH,"
day ™! after primary treatment (Choi et al. 2009). The Pearl
River is the second largest river in China, next to the
Yangtze River in terms of freshwater discharge, and in
summer, its discharge reaches its annual maximum with
high NO; concentrations (~100 uM) with high molar N/P
ratios (~100:1) (Yin et al. 2000, 2001). Hence, high loading
of NH4" from sewage and high NO;~ from the Pearl River
discharge enter Hong Kong waters during summer and
provide regionally contrasting sites in terms of the
dominant form of N (Xu et al. 2008, 2009). Freshwater
input from the Pearl River not only contributes high N, but
also contributes to water column stratification, which
further favors phytoplankton growth. As a consequence,
phytoplankton biomass reaches a seasonal maximum in
summer and algal blooms (>10 ug chlorophyll a (Chl a)
L") can occur in the freshwater-influenced areas where
diatoms commonly become dominant (Xu et al. 2009).

Little is known about the interactions among the uptake
of different forms of N (NO5~, NH,", and urea) and which
form of nitrogenous nutrients fuel algal blooms during
summer in Hong Kong waters, since previous studies on
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phytoplankton nutrition have focused mainly on phospho-
rus (P) uptake (Xu et al. 2008, 2009). This study, together
with that of Yuan et al. (2011), represents the first efforts to
determine factors regulating N utilization and the relative
importance of NO;~, NH, ", and urea in Hong Kong waters
during the development of summer algal blooms by
measuring phytoplankton uptake rates of NO;, NH,,
and urea using "N tracer techniques. Four regionally
contrasting sites were examined, covering areas differen-
tially affected by the Pearl River, Hong Kong sewage
effluent, as well as one site beyond these influences.

Materials and Methods
Study Sites

Four stations (Fig. 1) were selected to represent different
geographical regions and water quality zones: NM2 in
western waters is affected by the Pearl River; VMS in
Victoria Harbour is affected by local sewage effluent;
SM6 in southern waters represents the estuarine plume;
and PM7 is in the eastern side of Hong Kong and not
influenced directly by the river or sewage discharges.
These are the same stations as sampled by the Hong Kong
Environmental Protection Department’s (EPD) monitoring
program. Cruises were conducted at NM2 on July 2, at
VMS and SM6 on July 2 and 4, and at PM7 on July 3, 7,
and 8, 2008. Water samples were collected at the surface
(1 m), middle (4 m), and bottom (2 m above the sediment
surface) at all stations. Vertical profiles of salinity and
temperature were measured with a YSI 6600. Photosyn-
thetically active radiation was measured with a Li-Cor
underwater spherical quantum sensor (LI 193SA, USA);
these data were used to estimate light levels for incuba-
tion. Rainwater was collected by putting a beaker for half
an hour outside the laboratory at the Hong Kong
University of Science and Technology in a rain event that
occurred on July 13, 2008, to determine the nutrient input
from this source.

Nutrients and Chlorophyll a

Nutrient samples were filtered through precombusted GF/F
glass fiber filters and immediately frozen until analyzed.
Inorganic nutrient concentrations were determined colorimet-
rically (Parsons et al. 1984) with a SKALAR autoanalyzer.
Concentrations of NO3 +NO,  were analyzed by the Cu—Cd
column reduction method and NH," with the indophenol
blue color formation. Urea concentrations were measured
with diacetyl monoxime thiosemicarbizade (Price and
Harrison 1987). All N values are reported as micromolar
N. Herein, total dissolved N (TDN) was defined as
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NO; +NO, +NH, +urea, recognizing that this designa-
tion is not typical since it includes urea but not other forms
of organic nitrogen (for which there are no available data).
Soluble orthophosphate (PO4>") concentrations were mea-
sured using the ascorbic acid method, and silicate (Si(OH),)
concentrations were analyzed using molybdate, oxalic acid,
and a reducing reagent. Chl a was filtered onto Whatman
GF/F glass fiber filters, extracted with 90% acetone, and
analyzed using a fluorometer (Knap et al. 1996).

Particulate Biomass (PC, PN, and PP)

Samples for particulate carbon (PC) and particulate N
(PN) were filtered through precombusted (460°C, 2 h)
GF/F filters and later determined using a CHN analyzer.
For particulate phosphate (PP) determinations, a filtered
sample (precombusted GF/F filter) was placed in a 35-
mL Teflon bottle, and then 10 mL of Milli-Q water and
I mL of the oxidizing reagent (boric acid and potassium
peroxodisulfate) were added. The bottle was autoclaved for at
least 30 min. After cooling, PO437 concentrations were
determined with the SKALAR autoanalyzer (Grasshoff
et al. 1999).

>N Uptake

Water samples for '°N uptake experiments were prefiltered
through a 202-pm-mesh nylon screen. Ambient rates of N
uptake were measured using 5N-labeled NH,", NO; ", and
urea. '°N substrates were added to the prescreened water

114°10 114°20’ 114°30

Latitude (°E)

samples at concentrations that were ~10% of ambient values.
Single incubations were conducted at VM5 and SM6 and
replicated incubations were conducted at NM2 and PM7 in
polycarbonate bottles under five different light levels (100%,
50%, 30%, 10%, and 1% of ambient light) for 1 h. >N
samples were incubated around noon, except for NM2 for
which samples were incubated later in the afternoon. The
surface samples were incubated at 100% and 50% light, the
middle samples at 30% and 10% light, and the near-bottom
samples at 1% light using neutral density screening in an on-
deck incubator. The temperature of the incubator was
maintained within £2°C of in situ water temperature by
running seawater. After incubation, samples were filtered
onto precombusted GF/F filters and filters were frozen until
mass spectrometry analysis using a Sercon mass spectrom-
eter. PN-specific (Vpyn, per hour) and absolute rates (p,
micromolar per hour) were calculated according to Glibert
and Capone (1993). Chl a-specific uptake rates (pcpi,
micromolar N per microgram of Chl a per hour) were
calculated by dividing p by the Chl a concentration.

The f ratio was calculated according to the following
equation:

1% NO;

f ratio =
pNO3 +pNH4 +purea

(1)

where pyo,, Pnm,> a0d purea are absolute uptake rates of
NO;~, NH,", and urea, respectively.

In addition to the experiments designed to measure
ambient rates of uptake, a suite of experimental manipu-
lations were conducted to measure the potential inhibition
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of NO;  uptake by NH, . These experiments were
conducted at SM6 and VM5 on July 2, as well as PM7
on July 7 and 8, representing a range of ambient nutrient
conditions. At each site, water was collected from three
light levels (except for PM7 on July 8, which was only
surface, 100% light) and prescreened as described above.
The experimental manipulations involved the addition of
unlabelled NH,4" at concentrations of 5, 10, and/or 20 pM
N, and then samples were enriched with 'N-NO; and
incubated and subsequently analyzed as described above.
One station and treatment (PM7) was fully replicated and
25% of all experimental samples were replicated.

Statistical Analysis

Statistical analysis was performed using the SPSS software.
A paired ¢ test was conducted to determine the significant
difference between Vpy and ppy at all light levels for each
station («=0.05) and an analysis of variance was conducted
on the experimental treatments.

Results
Salinity and Temperature

The water column was strongly stratified at all stations in
summer. The surface salinity was lowest (~12) at NM2 due
to the strong influence of the Pearl River discharge and the
highest salinity (~25) occurred at PM7 where there was no
input from the Pearl River discharge (Fig. 2). Surface
salinity increased, temperature decreased by ~0.2°C, and
stratification weakened at VM5 and SM6 on July 4 due to
tidal mixing compared to July 2 (Fig. 2).

Dissolved Nutrients and Nutrient Ratios

Concentrations of all nutrients exhibited clear spatial variabil-
ity, with the highest (up to 40 uyM N NO5 ", >1.2 uM P PO,*",
and >60 uM Si Si(OH),) at NM2, intermediate (generally
12-25 uM N NO;~, 0.2-1.0 uM P PO,>", and 20-52 uM
Si Si(OH)4) at VM5 and SM6, and lowest (<2 uM N
NO; ™, <0.1 uM P PO, at the surface, and <25 uM Si
Si(OH),) at PM7 (Fig. 3). NH," concentrations were up to
20 uM N at NM2, generally <6 uM N at the remaining
stations, and were undetectable at PM7 and on July 2 at
VMS5 and July 4 at SM6. Urea concentrations were
mostly <5 uM N and declined in concentration from
station NM2 to VM5 and SM6, with the lowest at PM7
(Fig. 3).

The ratios of TDN/PO,>~ were much greater than the
Redfield ratio and averaged 42:1, 34:1, 53:1, and 50:1 at
stations NM2, VM5, SM6, and PM7, respectively. Ratios
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of TDN/Si(OH), were <1:1 and ratios of Si(OH)4/PO4>~
were >16:1 at all stations (Fig. 4).

Rainwater contained high N concentrations (15.1 uM N
NO; +NO,, 7.8 uM N NH,4") and low PO,>~ (0.24 uM P)
and the DIN (=NO; +NO, +NH," /PO, ratio was 96:1.
Urea was not measured in rainwater.

Particulate Carbon, Nitrogen, Phosphorus, and Chl a

Maximum particulate biomass occurred at SM6 on July
4. At the other stations, PC, PN, and PP were generally
30-60 uM C, 3-8 uM N, and 0.2-0.6 uM P,
respectively (Fig. 5). PC/PN ratios fluctuated around
6.6:1 at the surface and middle layers of all stations, but
at NM2, PC/PN ratios were ~9:1 (Fig. 6). PN/PP ratios
were near 16:1 at NM2, VM5, and SM6, but were >30:1 at
the surface at PM7. PC/PP ratios at the surface were near
106:1 at VM5 and SM6 and were >170:1 at NM2 and PM7
(Fig 6).

There was considerable spatial variation in Chl a
concentrations. In the surface and middle layers, Chl a
concentrations were low (mostly <4.5 ug L™") at NM2 and
PM7 and relatively high (6-14 pg L™") at VM5 and SM6

(Fig. 7).
Uptake of Nitrogen (Vpn, p, and penr)

The coefficients of variation in '°N uptake rates calculated
from replicated '°N uptake samples were consistently <0.10
(not shown). There were clear spatial variations in Vpy and
p with higher rates (up to 0.054 h™' and 0.638 uM N h™",
respectively) at SM6 and lower rates (maximum Fpy and p
not exceeding 0.026 h™' and 0.115 uM N h™', respectively)
at other stations (Fig. 8). Maximum p, values at different
light levels were 0.05-0.08 uM N (ug Chl @) 'h™" at all
stations, except for VM5 where p., values were compara-
tively low (<0.01 uM N (ug Chl @) 'h™") (Fig. 8). The
difference between Vpyn and pg, at various light levels
was not significant (p>0.05) for SM6, but was significant
(»<0.05) for NM2 and PM7.

Relative Uptake of Different N Forms

The relative importance of different N forms for
samples from different irradiance levels was calculated
using the average of two light levels (100% and 50%)
for surface water samples and (30% and 10%) for
middle water samples and was estimated from the single
measurement in near-bottom water samples (1%). NH,"
dominated total N uptake (typically >50%, ranging from
6% to 82%) at most stations. NO; was not the dominant
form of N taken up, with one exception (SM6 on July 4)
where NH," was undetectable and NO;~ and urea
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Fig. 2 The vertical distribution of salinity and temperature at the study sites (NM2, VM5, SM6, and PM7) in July 2008

dominated total uptake with 52% and 44%, respectively
(Table 1). Urea was responsible for most of the total N
uptake with 59% at VMS on July 2 when NH,  was
undetectable (Table 1).

NO; Inhibition by NH,"

Experimentally added NH," inhibited the ambient rate of
NO;  uptake, on average, by ~40%, when all experiments
and sites were combined, a significant (p<0.05) change
relative to the unamended rates (Fig. 9). Although
individual stations and/or treatments (e.g., stations SM6
and VM5, 30% and 1% irradiance levels, respectively;
Fig. 9) were suggestive of increasing inhibition with
increasing concentrations of NH,", such a pattern was not
significant when all results were combined. Thus, on
average, an NH, concentration of 5 uM N was sufficient
to result in significant inhibition of NO5  uptake.

Discussion

Pearl River Discharge, Rainfall, Dissolved Nutrients,
and Particulate Biomass

In summer, the Pearl River discharge invades western and
southern waters of Hong Kong, lowers the surface salinity,
and increases the NO; concentration (Harrison et al.
2008). In contrast, at Port Shelter (PM7), on the eastern
side of Hong Kong that is not influenced by the Pearl River,
most of the N inputs come from rainfall and land runoff. As
a result of the greatly reduced freshwater input, this station
has a longer residence time compared to western waters that
are more highly flushed (Lee et al. 2006).

A comparison of the nutrient ratios in the dissolved and
particulate forms suggests that biomass at the different
stations was differentially nutrient-limited. On one hand,
with the exception of one sample from PM?7, all stations
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had ambient TDN/PO,>™ ratios that were well above the
Redfield ratio, ranging from 22 to 105 (Fig. 10). On the
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Fig. 5 Particulate carbon (PC), particulate nitrogen (PN), and
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bottom) at four stations in July 2008

other hand, the molar N/P ratio of the particulate biomass,
averaging 14:1 (Fig. 11), did not deviate from the Redfield
ratio (Redfiled 1958) for the river and the Victoria Harbor
station (NM2, VM5, and SM6). At these sites, even though
the dissolved nutrient ratios were very high, the ambient
PO,*" concentrations were also relatively high (0.23—
2.2 uM). In contrast, at Port Shelter (PM7), elevated molar
N/P ratios (20-39:1) of the particulate biomass at the
surface were observed, along with high ambient dissolved
N/P ratios (19-80:1) and low PO,>~ concentrations (near or
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Fig. 6 PC/PN, PN/PP, and PC/PP ratios at three depths (surface,
middle, and bottom) at four stations in July 2008. PC particulate
organic carbon, PN particulate organic nitrogen, PP particulate
organic phosphorus. The dashed lines denote the Redfield ratios of
6.6, 16, and 106 for PC/PN, PN/PP, and PC/PP, respectively
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bottom) at four stations in Hong Kong waters during July 2008. The
dashed line denotes Chl a concentration of 4.5 ug L', above which
Chl a-containing algal biomass dominates the total PN tool

<0.1 uM P at the surface), suggesting that not only were
ambient nutrients at P-limiting levels, but the phytoplank-
ton biomass was also potentially P-limited. Moreover, the
N/P ratios of both the particulate biomass and dissolved
nutrients increased at PM7 between July 3 and 8,
accompanied by a further reduction in the ambient PO,
concentrations from 0.12 to 0.06 uM, suggesting that P
limitation became more severe due to the continual rainfall
which had a very high molar N/P (96:1) ratio during this
study period (total rainfall was 11, 54, 39, and 51 mm on
July 5, 6, 7, and 8, respectively). P limitation of
phytoplankton biomass production and growth rate was
previously documented at this site during July and inferred
from nutrient enrichment bioassays and **P measurements
(Xu et al. 2009). Phytoplankton at PM7 have previously
been shown to be dominated by picocyanobacteria in terms
of cell abundance (Chen et al. 2009), and picoplankton such
as Synechococcus may be able to thrive under P-limiting
conditions because they may be able to substitute normally

Fig. 8 PN-specific (per hour),
absolute (micromolar per hour),

P-requiring lipids with non-P-requiring lipids (Van Mooey
et al. 2009).

Comparison of Nitrogen Uptake Rate (Vpy, p, and penr)

It is difficult to accurately calculate phytoplankton-specific N
uptake rates in situ as phytoplankton N content—exclusive of
detritus and heterotrophs—cannot be directly measured.
Currently, phytoplankton N concentrations are estimated
primarily either by using Chl a/N ratios from laboratory
cultures or by regression analysis of measured PN and Chl a
concentrations (Dickson and Wheeler 1995). The regression
analysis of particulate biomass and Chl @ has been shown to
be useful in estimating the average ratios of C/Chl a and
N/Chl a for phytoplankton cells in the field (Dickson and
Wheeler 1995; Chang et al. 2003). In Hong Kong waters, the
average ratio of C/Chl @ was estimated to be 42 g g ' during
summer (Fig. 11), similar to the mean value of 51 gg '
previously reported for San Francisco Bay phytoplankton
(Wienke and Cloern 1987). Phytoplankton C, estimated by
multiplying the Chl a concentrations by the C/Chl a ratio of
42:1, accounted for 9-62% of the total PC pool (Table 2).
Similar results (4—77%) were found for the English Channel
by Holligan et al. (1984). Lowest proportions of phytoplank-
ton C were found in the regions that were considered to be
the most P-limited (NM2 and PM?7).

The average N/Chl a ratio was estimated to be 0.66 uM
N (ug Chl a) ' (Fig. 12), which fell within the previously
reported range of 0.29-1.00 uM N (ug Chl a) ' for
exponentially growing phytoplankton cells (Parsons et al.
1961; McCarthy and Nevins 1986). Based on this ratio,
phytoplankton N was estimated to be 0.75-8.9 uM N and

Nitrogen uptake rates
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Table 1 Fraction of uptake of different forms of N (1 SD, n=3) at
three depths at four stations

Station  Date Depth Purea/ Psum PxH,/Psum  f Tatio
NM2 July 2 Surface  0.06+£0.01 0.64+£0.01  0.30+0.01
Middle  0.04+0.00  0.62+0.00  0.34+0.01
Bottom  0.05 0.68 0.27
VM5 July 2 Surface  0.59+0.00 0.29+0.00 0.12+0.00
Middle  0.61+£0.02 0.31+0.01  0.08+0.01
Bottom  0.51 0.29 0.21
July 4 Surface 0.27+0.01 0.57+0.09 0.16+0.08
Middle  0.27+£0.01  0.56+0.03  0.17+0.02
Bottom  0.16 0.34 0.50
SM6 July 2 Surface 0.12+£0.01  0.82+£0.00  0.06+0.01
Middle  0.16+£0.02  0.78+£0.03  0.06+0.01
Bottom  0.10 0.08 0.82
July 4  Surface 0.44+0.04 0.04+0.01  0.52+0.05
Middle  0.33+0.09 0.26+£0.04 0.41+0.13
Bottom  0.54 0.15 0.31
PM7 July 3 Surface 0.11+£0.09  0.81+£0.14  0.08+0.05
Middle  0.42 0.15 0.43
Bottom  NA 0.81 0.19
July 7 Surface 0.16+£0.00  0.66+£0.00  0.18+0.00
Middle  0.15£0.03  0.60+£0.07  0.25+0.10
Bottom  0.16 0.37 0.47

Pureas PNH,» PNO;» 80d psum denote the absolute uptake rates of urea,
NHy, NOs, and the total nitrogen (sum), respectively. The purea’ Psums
P, /Psum»> @nd fratio denote the fraction of the uptake of urea, NHy,
and NOs, respectively. The purca/Psums Pnp, /Peum» and f ratio were
calculated from the average of two light levels (100% and 50%) for
surface water samples and (30% and 10%) for middle water samples

NA data not available

accounted for 12-80% of the total PN pool (Table 2). As
with C, the lowest proportions of phytoplankton N were

Fig. 9 Percent inhibition of
NO;~ uptake by NH," added at 5
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Fig. 10 Relationship between the molar ratio of the ambient total
dissolved nitrogen pool (TDN/PO4) and the molar ratio of the
particulate biomass (PN/PP) for N/P. The dashed line denotes the
Redfield stoichiometric proportions. The open circles denote the
samples at river-impacted waters (NM2, VM5, and SM6). The solid
circles denote the samples at PM7 (no river impact). TDN=NOz+
NO,+NH,+urea

found in the regions that were considered to be the most P-
limited (NM2 and PM7). Similar results (9-76%) were
reported for the Oregon—Washington shelf by Kokkinakis
and Wheeler (1987). The relationship between Chl a
concentrations and the percentage of phytoplankton N were
best fitted to a rectangular hyperbola (Fig. 13). On this
basis, Chl a-containing algal biomass should dominate the
total PN pool (i.e., > 50%) when the phytoplankton
biomass is >4.5 pg Chl a L', Biomass values below this
value, such as that observed at NM2 and PM7, may have
been dominated by bacteria or zooplankton.

Comparisons of Vpy and p.; showed that they varied
spatially with phytoplankton biomass. Vpy and p.p values
were similar at all light levels at SM6 where Chl a
concentrations were relatively high (generally >5 ug L™
and phytoplankton N comprised most of the total PN pool.

NH,* Concentration (uM)

5, 10, and 20 uM in
experimental manipulations. a
Station SM6 (southern waters),
b station VM5 (Victoria
Harbour), ¢ station PM7 (eastern
waters), and d surface water
(100% light) at station PM7
replicated on the following day.

Samples were collected and
incubated at the light

levels shown

Percent inhibition of NO; uptake
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Fig. 11 A significant correlation between PN and PP for samples
(open circles) in the river-impacted stations (NM2, VM5, and SM6) in
July 2008. PN particulate organic nitrogen, PP particulate organic
phosphorus. The samples (solid circles) at PM7 were excluded in the
correlation of PN vs PP as P limitation might have occurred at PM7

In contrast, Vpy was three to four times lower than pg, at
NM2 where Chl @ concentrations were low (<2.5 pg L")
and phytoplankton N accounted for only ~30% of the total
PN pool. It is speculated that bacteria might make a higher
contribution to the total PN pool at NM2 than at other
stations. This was supported by the previous report that
attached bacteria made a higher contribution (~20%) to the
total respiration in the western waters than that (~8%) in
Victoria Harbour (Yuan et al. 2010). It is likely that total N
uptake at NM2 was underestimated to a greater degree than
at other stations due to higher recovery of the bacterial

Fig. 12 A significant correlation between Chl a concentrations and
PC and PN at three depths at four stations in Hong Kong waters
during July 2008. The gray solid circles denote surface samples. The
samples (black solid circles) at the surface and middle at VM5 on July
2 were excluded in the correlations of PN vs Chl @ and PC vs Chl a as
the PN and PC concentrations of these two samples were unexplain-
ably low relative to Chl a concentrations

fraction on the filters (~20%; Yuan et al. 2010) and the late
period in the day when these samples were incubated. The
relatively high N uptake rate in near darkness (1% light
level) may also be partially attributable to bacterial uptake.

Despite the large differences in Vpy, p, phytoplankton
biomass, and nutrient concentrations among these stations,
maximum py rates at various light levels for each station
varied in a relatively small range (0.05-0.08 uM N (pg Chl
a) 'h™"), except for Victoria Harbour (VMS5). In this study,
Chl a-specific uptake rates were comparable to the observed

Table 2 Fraction of

phytoplankton C and N in the Stations Date Layer Chl a Phytoplankton N Phytoplankton C
total PC and PN pool ng L % of total PN % of total PC
NM2 July 2 Surface 1.41 0.21 0.12
Middle 1.44 0.27 0.16
Bottom 2.29 0.30 0.17
VM5 July 2 Surface 10.3 NA NA
Middle 11.8 NA NA
Bottom 6.4 0.80 0.62
July 4 Surface 5.81 0.62 0.42
Middle 5.40 0.59 0.43
Bottom 4.67 0.56 0.39
SM6 July 2 Surface 8.32 0.65 0.47
Middle 8.73 0.69 0.56
Bottom 2.03 0.37 0.24
July 4 Surface 13.4 0.66 0.52
Middle 13.5 0.66 0.56
Bottom 2.27 0.54 0.31
PM7 July 3 Surface 1.93 0.19 0.13
Middle 5.40 0.76 0.54
Bottom 3.89 0.42 0.31
Phytoplankton C and N were July 7 Surface 3.33 0.25 0.18
calculated using a C/Chl a ratio Middle 1.77 0.15 0.11
of 42 gg 'and N/Chl Li]ratio of Bottom 1.14 0.12 0.09
0.66 pmol N (ug Chl) July 8 Surface 2.66 0.28 0.22

NA data not available
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Fig. 13 Fraction of phytoplankton N in the total PN pool as a
function of Chl a concentration for Hong Kong waters in summer
2008. The /ine was fit to a rectangular hyperbola. Data are from
Table 2

values in the Oregon upwelling zone with high NO;~
concentration in summer (Dickson and Wheeler 1995), in
the western English Channel during spring and summer
(L’Helguen et al. 1996), and the Ria de Ferrol in Spain
during summer (Bode et al. 2005). These results indicated
that the spatial changes in PN-specific uptake rates were
primarily influenced by phytoplankton biomass and N
concentrations, rather than phytoplankton-specific activity.

Regionally, the stations sampled ranged from the western
site, NM2, which had low Chl a, low percent N and C in
biomass, and low rates of uptake, but high ambient
concentrations, to more productive and phytoplankton-
dominated stations at VM5 and SM6. Low Chl a, low
percent N and C in biomass, and low ambient nutrient
concentrations were also characteristic of the eastern
region, PM7. PN-specific and absolute uptake rates at
SM6 were twofold and threefold higher than at stations
NM2 and PM7. There are several reasons why the western-
most site, NM2, may not be productive despite the high
nutrient concentrations. High flushing rates (Ho et al.
2010), as well as high rates of grazing by mesozooplankton
(which were excluded from our incubations) (Chen et al.
2009), may have held phytoplankton biomass at low levels.
As suggested below, NH, " may also have been at inhibitory
concentrations for NO;  uptake at this site.

In contrast, higher phytoplankton biomass was observed
at VM5 and SM6 and concentrations of NH," were
unexpectedly low. This site is generally considered to be
impacted by sewage effluent NH,', but there was no
significant accumulation of this nutrient at this site at the
time of our sampling. Choi et al. (2009), using modeled
distribution of the nutrient plume, suggest that, during the
wet season, the plume of N effluent is depth-restricted
between 6.5 and 9.5 m for >85% of the time. In winter,
when N uptake is low, NH, " concentrations are 15-20 uM
at VM5 (Xu et al. 2008, 2009), indicating that the lower
NH," concentrations in summer are, in addition, likely due
to phytoplankton and bacterial uptake and some oxidation
of NH,4 to NOs~ when surface water temperatures reach 28—

@ Springer

30°C, as well as dilution by freshwater (i.e., rainfall and
runoff) (Xu et al. 2010). SM6 in southern waters is ~10 km
from the discharge site and NH,  is generally greatly
diluted before it reaches this site, in addition to biological
uptake. At Port Shelter (PM7), in addition to nutrient
limitation, microzooplankton grazing may be one of the
factors that were responsible for low phytoplankton
biomass (Chen et al. 2009).

Interactions Among NO5~, NH,", and Urea Uptake

The relative importance of primary production from
allochthonous NO; ™ is commonly measured by the f ratio,
the ratio of NO; uptake to the uptake of all nitrogenous
sources (Eppley and Peterson 1979). However, new
production estimated from '°N uptake measurements may
be underestimated in coastal waters that are influenced by
NH," and urea from sewage, rainfall, and land runoff (all
new or allochthonous forms of N; Eppley and Peterson
1979). Thus, the fratio herein does not actually reflect the
relative contribution of new production to primary produc-
tion, but rather identifies the relative importance of primary
production based on NO; from the Pearl River discharge
relative to NH," and urea from other sources, both natural
and anthropogenic.

In Hong Kong waters, some combination of a preference
for NH," and an inhibition of NO;~ uptake by NH," and
urea were clearly evident. When NH," was high, NH,"
generally dominated the total N uptake rate (52-65%).
When NH," was depleted, urea became a dominant
component of the N uptake. When Chl a does accumulate
in Victoria Harbour (VMS5) and southern waters (SM6), the
initial development of summer algal blooms are seemingly
dependent primarily on NH," and urea, rather than NO5~
from the Pearl River discharge. Our results agree with Yuan
et al. (2011) who found that NH, " and amino acid uptake
potentially accounted for an important fraction of the total
N uptake for the 0.7- to 8-pm-sized phytoplankton at the
same stations as used in our study.

1.0 1.0
Y =10X2+15X-5.6 os 1o _ 1
0.8 .8
¥ =0.64 , X +2.04
2 0.6 p<0.001 2 0.6 r’=0.22
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Fig. 14 A significant correlation between f ratio and the ambient
NO;/NO;+NH4+urea ratio (a) and NHy+urea concentrations (b) at
three depths at three stations (VMS, SM6, and PM7). Data are from
Table 1
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Even when NH, +urea concentrations declined to
0.2 uM, the f ratio (~0.4) suggested a preference for the
reduced form of N. Furthermore, a significant correlation
was observed between the fratio and NH," +urea concen-
trations (Fig. 14). In addition, previous nutrient depletion
bioassays conducted on a seasonal basis at the same four
stations as this study showed that the highest assimilation
of NO5~ always occurs after NH," depletion (Xu 2007).
Collectively, the nutrient depletion bioassays, the experi-
mental inhibition experiments, and the f ratio analyses
suggested that both NH," and urea were competitive
inhibitors of NO; uptake and the degree of inhibition
depended on NH," and urea concentrations.

The inhibition of NO; uptake by NH4" and urea has
been widely reported in field work and laboratory cultures
(e.g., Glibert 1982; Dortch 1990; Lipschultz 1995; Dugdale
et al. 2007). More specifically, Bates (1976) and Lund
(1987) showed that NOs uptake rates by Skeletonema
costatum were inhibited 60% by 13 and 10 uM NH,"
additions, while Dortch and Conway (1984) found that, in
N-sufficient cultures of S. costatum, NO; uptake rates
were inhibited 6% by 5 to 20 uM NHy". For Thalassiosira
pseudonana, on the other hand, similar NO;3 ™ uptake rates
(no inhibition) was observed with daily pulses of 2 uM
NH," (Berges et al. 1995), but rates by the same species
were found to be completely inhibited by sustained NH,"
concentrations of 2 uM (Dortch et al. 1991). Lomas and
Glibert (1999a, b) observed that NO; uptake was less
inhibited by NH," in diatoms than in dinoflagellates, but
their findings, along with those of Bates (1976), Dortch and
Conway (1984), and Dortch et al. (1991), suggest that the
degree of inhibition is species-specific and a function of the
preconditioning N source, degree of N limitation, growth
rate, temperature, and light. Lomas and Glibert (1999a, b)
concluded that high light tends to lessen the degree of NH,"
inhibition, a pattern also observed here (Fig. 9), but not
statistically substantiated due to sample size. In addition,
several studies have shown that some phytoplankton
species grown on NH,4" or urea may have higher growth
rates than on NO; (Wood and Flynn 1995; Herndon and
Cochlan 2007; Suksomyjit et al. 2009; Solomon et al. 2010).
Hence, it is speculated that summer algal blooms are fueled
primarily by NH," and urea in the early stage of bloom
development in Hong Kong waters, rather than NO;  from
the Pearl River discharge. However, when NH," and urea
are depleted, NO;  is then taken up and can increase the
magnitude of the bloom (amount of Chl a produced). The
Pearl River discharge likely triggers summer algal blooms
by stratifying the water column in western and southern
waters which favors the phytoplankton growth and accu-
mulation of the phytoplankton cells (Ho et al. 2010).

Before the sewage treatment and subsequent nutrient
reduction measures that were implemented in 2001 in Hong

Kong, the maximum monthly average Chl a concentration
in July in Victoria Harbour was 14 ug L' and the ambient
monthly average NH4" concentration was 6.6 uM N during
19862001 (Xu et al. 2008). These NH," concentrations
were high enough to significantly inhibit NO;  uptake. A
mass balance suggests that a Chl a concentration of
~14 ug L' should be produced by the ambient NH4". If
the remaining NH," concentration of 6.6 puM were
converted to phytoplankton biomass, based on the N/Chl
a ratio of 0.66 pM N (g Chl @) ', the total phytoplankton
biomass that could be produced would be 24 pg Chla L.
This value was surprisingly consistent with the value of
25 ug Chl a L™, the amount of phytoplankton biomass that
could be produced when NH, at the surface was utilized by
phytoplankton, obtained from the regression of NH,"
concentration vs Chl a (Xu et al. 2008). In our study, since
the sum of NH, +urea concentrations was always >1 pM
N in sewage- or river-influenced waters, the estimated Chl
a concentration that the NH, +urea sources could produce
would be ~16 pug L' in Victoria Harbour in July,
remarkably comparable to the observed maximum monthly
average value. This result suggested that the phytoplankton
standing stock in Victoria Harbour was mainly supported
by NH,", not NO; , after nutrient reduction measures
initiated in 2001.

A significant correlation between the f ratio and the
NO; /(NO; +NH, +urea) ratio in Hong Kong waters,
except for NM2 (Fig. 13), suggested that the f ratio varied
with the ambient nutrient pools, which supports the
suggestion of NH," inhibition of NO; and a preference
for NH,". This relationship has also been described for
many other coastal areas (McCarthy et al. 1977; Harrison et
al. 1987; Dugdale et al. 2007). We speculate that this
inhibition would be partially overcome by increasing the
portion of NO5  in the total dissolved N pool.

Station NM2 had an f'ratio of ~0.3 that was higher than
expected, since NH, " concentrations were up to 20 utM N.
While this site had very low Chl a values overall, the
phytoplankton community was dominated by the diatom S.
costatum (Chen et al. 2009; Xu et al. 2009). The findings
here, where Chl a, phytoplankton C and N, and uptake rates
were low at NM2, but higher at SM6, suggest that the N is
transported further offshore where it may contribute to
blooms when phytoplankton growth rate exceeds the
flushing rate, with decreasing flushing rate along the
offshore direction. While NH," and urea may contribute
to Chl @ inshore and nonpoint sources of N may contribute
to picoplankton production along the eastern coast, the
Pearl River discharge with high NO;  concentrations may
have a greater influence offshore. The change in Chl a from
July 2 to 4 at SM6 indicates the potential for production to
be high in this region. The implications of these findings
are that, while physical processes and P limitation are
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potentially important controls on phytoplankton production
and biomass inshore, N quality and quantity also have
important controls on phytoplankton biomass and production
both inshore and offshore.
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