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Quantifying nitrate dynamics in a mesotrophic lake
using triple oxygen isotopes as tracers
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Abstract

Vertical distributions of both concentrations and stable isotopic compositions of nitrate, including the
70-excesses (A'70), were determined four times during 1 yr within the mesotrophic water column of Lake Biwa
in Japan. By using both the deposition rate of atmospheric nitrate onto the entire surface of the lake and the
influx/efflux of both atmospheric and remineralized nitrate via streams reported in the literature, we quantified
the annual dynamics of nitrate (gross production rate of nitrate through nitrification and gross metabolic rate of
nitrate through assimilation and denitrification), together with their seasonal variations, based on the A'’O
method. The results revealed that 642 + 113 Mmol (Mmol = 10° mol) of the remineralized nitrate was supplied
into the water column through nitrification in the lake on an annual basis, while 810 = 120 Mmol of nitrate was
metabolized in the lake through assimilation and denitrification. In addition, it turns out that nitrification was
active, not only in the hypolimnion, but also in the epilimnion and upper thermocline in this lake. Further-
more, the total metabolic rates of nitrate varied seasonally, with the highest rates in summer and the lowest in
winter. Because the difference between the annual metabolic rate of nitrate estimated based on the A'”O method
and the annual assimilation rate of nitrate estimated based on the traditional '*N incubation method was only
20%, we concluded that the A'”O method reliably estimates the dynamics of nitrate in mesotrophic lakes.

Nitrate (NOjy) is a key nutrient in aquatic environments
that often limits primary production. Nitrate dynamics in an
aquatic environment, i.e., gross production rate of nitrate
through nitrification (Fy;), gross metabolic rate of nitrate
through assimilation (F,sim), and gross metabolic rate of
nitrate through denitrification (Fgenit), are important parame-
ters to be quantified when evaluating both the present and
future state of the aquatic environment. In most studies that
have been conducted to date, nitrate dynamics has been esti-
mated via incubation experiments using '*N tracer techni-
ques. To quantify Fam, for instance, 'N-labeled NOj is
added into bottles that simulate in situ conditions of the
aquatic environment studied, which leads to the production
of particulate organic-'>N (PO'*N) through assimilation over
a known incubation period of several hours to several days
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(Dugdale and Goering 1967; Knap et al. 1996). The PO™N is
then gathered and quantified using mass spectrometry.

The experimental procedures using '°N tracer, however,
are generally costly and complicated. Besides, while the
obtained nitrate dynamics is an instantaneous assimilation
rate at the point of observation, such a value may be tempo-
rally variable in response to various factors such as changes
in temperature, light intensity, nutrients, and community
structure. As a result, tedious and time-consuming time
series observations are needed to estimate long-term nitrate
dynamics (such as annual nitrate dynamics). Furthermore,
nitrate dynamics estimated based on bottle incubations
often can be inaccurate, because the incubation itself can
result in the production of artifacts by changing the physi-
cal/chemical environment from that in situ. It is difficult to
simulate nitrate dynamics via periphyton or microbes on the
lake bottom wusing bottle incubations (Axler and Reuter
1996). Additionally, the usual "N tracer methods do not
include assimilated nitrogen released to dissolved organ-
ic-">’N (DO'™N) during incubation within the estimated
assimilation rates (Slawyk et al. 1998).

To estimate both the gross nitrification rate (F;) and
gross metabolic rate of nitrate (Fassim + Faenit) in a lake more
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accurately, we proposed a new method using the '’O-excess
(AY70) of dissolved NO; in the water column of the lake as
a tracer (Tsunogai et al. 2011). This simple method (AY0
method) overcomes most of the aforementioned problems
inherent in the conventional >N tracer method. Next, we
introduce the A'”O method briefly.

The natural stable isotopic composition of nitrate consists
of 6N, 670, and §'®0, where 6'%0 = Rsample/Rstandara — 1
and R is the '80/'®0 ratio (or the 70/'O ratio in the case
of 0170 or the '*N/!N ratio in the case of §'°N) for the sam-
ple and each international standard (air N, for nitrogen and
Vienna standard mean ocean water [VSMOW] for oxygen).
The atmospheric nitrate (NOj,y,) that is produced from
atmospheric NO through photochemical reactions can be
characterized by the anomalous enrichment in '’O from the
other usual nitrate (remineralized nitrate: NOj ) that is pro-
duced from organic nitrogen through general chemical reac-
tions including microbial nitrification in the biosphere
(Michalski et al. 2004). Because the oxygen atoms of NO; .
are derived from either terrestrial O, or H,O via usual chemi-
cal reactions such as microbial nitrification (Aleem et al.
1965; Andersson and Hooper 1983; Kumar et al. 1983),
NO;,. shows mass-dependent relative variations between
170/1%0 and '®0/'°O ratios. On the other hand, only unpro-
cessed NOj 4, displays an anomalous enrichment in 7O
from the mass-dependent relative variations, reflecting oxy-
gen atom transfers from anomalously 'O enriched ozone
(O3) during the conversion of NOy to NOj,um (Michalski
et al. 2003; Morin et al. 2008; Tsunogai et al. 2010). By using
the A'7O signature (the magnitude of 'O excess) defined by
the following equation (Miller 2002; Kaiser et al. 2007), we
can distinguish unprocessed NOj i (showing A0 around
+269%, in mid-latitude: Tsunogai et al. 2016) from NOgj .
(showing A0 close to 0%):

7~ 14670

om0y W

where the constant f is 0.5279 (Miller 2002; Kaiser et al.
2007).

Continuous monitoring of the A0 value of NOj m
deposited at mid-latitudes has clarified that the annual aver-
ages of A'70 values of NOj ., are relatively the same every
year (Michalski et al. 2003; Kaiser et al. 2007; Alexander
et al. 2009; Tsunogai et al. 2010, 2016). In addition, A'O is
nearly stable during the mass-dependent isotope fraction-
ation processes within surface ecosystems (Miller 2002;
Michalski et al. 2004; Nakagawa et al. 2013). Therefore,
although the §'°N or §'®0 signature of NO; 4 can be over-
printed by biogeochemical processes subsequent to deposi-
tion, A'O can be used as a robust tracer of unprocessed
NOj; atm to reflect the mole fraction of unprocessed NOj3 4¢m
within total NOj, regardless of partial metabolism through
denitrification and assimilation subsequent to deposition
(Michalski et al. 2004; Tsunogai et al. 2011, 2014).

Quantifying nitrate dynamics in a mesotrophic lake

As a result, the average A'7O value of nitrate in a lake’s
water column (AYOj,e) should reflect the long-range aver-
age relative supply rate between NOj 4t and NO; e prior to
the observation (Tsunogai et al. 2011). That is to say, by
determining AYOLike in a lake where we can omit the influ-
ence of influx/efflux of nitrate via rivers, we can express the
average supply rate of NO;,. through nitrification in the
lake’s water column (Fp;;) as a function of the average supply
rate of nitrate through atmospheric deposition (Faim). In
addition, assuming steady-state conditions in the lake, we
can express the total metabolic rate of nitrate through assim-
ilation and denitrification (Fassim + Faenit) @s a function of the
average supply rate of nitrate through atmospheric deposi-
tion (Fum) as well.

The deposition rate of NO; atm (Farm) has been monitored
extensively at many observation sites worldwide because of
the problem of transboundary air pollution (EANET 2014;
Vet et al. 2014), and the data generated from such can be
employed to estimate the precise deposition rate of NO; 4tm
onto individual aquatic environments (F,i,), at least in east-
ern Asia (EANET 2014). Using both the A0y, value deter-
mined for Lake Mashu, an oligotrophic lake in northern
Japan (Fig. 1a), and the rate at which NOj ..y is deposited
into the lake (Fam), Tsunogai et al. (2011) estimated both
the average nitrification rate (F,;;) and average assimilation
rate of nitrate (Fusim) in the lake successfully, assuming that
the metabolic rate of nitrate through denitrification (Fgenit)
was much less than F,m in the highly oxic lake. Recent
progress in the use of '*N tracer methods to determine the
gross in vitro nitrification rate has been remarkable (Santoro
et al. 2010). However, the A'”O method represents a simple
and accurate alternative technique to determine in situ val-
ues for both the gross nitrification rate and gross metabolic
rate of nitrate in freshwater and marine environments that
contain detectable quantities of NO; ., within the total
nitrate pool in the water column (Tsunogai et al. 2011).

Lake Mashu, however, is a subalpine, oligotrophic crater
lake with no perennial inflows/outflows and a long residence
time for the water of more than 100 yr. Most of the catch-
ment is occupied by the lake surface so the influx/efflux of
nitrate (not only total nitrate but also NOj ,¢m) via rivers can
be omitted from the calculations. To apply the A'”O method
in lakes in general for the accurate determination of the
nitrate dynamics where substantial quantities of nitrate
could have been supplied/removed through inflows/out-
flows, additional corrections are needed.

Besides, to apply the A”O method in lakes, detectable
quantities of NO;,wm must be contained within the total
nitrate pool. Whereas the water of oligotrophic Lake Mashu
contained detectable quantities of NOj 4 within the total
nitrate pool (the average mixing ratio of NO; . Within total
nitrate was 9.7% = 0.8%; Tsunogai et al. 2011), a smaller
mixing ratio can be anticipated for mesotrophic/eutrophic
environments.
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Fig. 1. Map showing the location of Lake Biwa in Japan (a). Locations of water sampling stations (black circles) and observatories for the deposition
rate of atmospheric nitrate (white squares) in and around Lake Biwa (modified from Ohte et al. 2010) (b). The dashed line corresponds to the boundary

of the Lake Biwa watershed.

To confirm that we can quantify nitrate dynamics (Fp;
and Fassim + Faenit) in lakes that are more general with
inflows and outflows using the A'’O method, the stable iso-
topic compositions of nitrate, including the A0 values,
were determined four times during 1 yr in the water column
of mesotrophic Lake Biwa, where influx/efflux via inflows/
outflows were already determined for both total nitrate and
NOj atm (Table 1) (Tsunogai et al. 2016). In addition to deter-
mining the annual nitrate dynamics in the lake, we also
deduced the seasonal variation in the dynamics. The quanti-
fied nitrate dynamics in the lake were applied to clarify the
reasons for the remarkable biogeochemical features found in
the lake, such as rapid removal of P nutrients to sediments
(Tezuka 1986; Yoshimizu et al. 2002). The fate of NO; um
deposited onto the hydrosphere in general (Duce et al. 2008;

Elser et al. 2009) were clarified through these studies as well.
Furthermore, we also conducted traditional incubation
experiments using the '*N tracer method to obtain indepen-
dent measurements of the gross assimilation rate (Fassim) to
evaluate whether the A'”O method could be used to obtain
reliable nitrate dynamics.

Experimental section

Site description

Lake Biwa, located in the central part of the Japanese
Islands, is the largest freshwater lake in Japan (Fig. 1). It has
a surface area of 670.4 km? a total catchment area of
3174 km? and annual precipitation of around 2000 mm.
More than 120 rivers flow into the lake, but the Seta River at
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Table 1. The gross influx/efflux of total nitrate (AN) and atmospheric nitrate (AA) via inflows/outflows used in the calculations dur-
ing each observation interval (unit Mmol = 10¢ mol), together with the flux-weighted average 4'°N, §'®0, and A'7O values of total

nitrate in the inflows/outflows during each interval (Tsunogai et al. 2016).

Spring Summer Autumn Winter Annual

(n=1-2) (n=2-3) (n=3-4) (n=4-5) (n=1-5)
Duration (d) 94 49 77 145 365
Inflow
ANin" (M mol) 69+ 14 3+1 13+3 114+ 23 199 + 40
AART (M mol) 6.4+1.3 0.1 0.8+0.2 2.8+0.6 10.1 +2.0
103 5'5N* +4.0 +6.8 +5.6 +5.6 +5.1
103 5'%0* +6.1 -0.8 +3.3 -1.5 +1.4
10% AT70* +2.5 +0.8 +1.7 +0.6 +1.3
Outflow
ANoye' (M mol) 24+5 6+1 5+1 32+6 67+13
Aoy’ (M mol) 1.4+0.1 0.1 0.2 0.4+0.1 2.2+0.4
103 5'5N* +7.3 +11.4 +10.4 +18.0 +13.1
103 5'%0* +3.4 +4.8 +3.0 -0.7 +1.5
103 A770O* +1.6 +0.4 +1.4 +0.4 +0.9

* The flux-weighted average values estimated from (1) flow rates of water, (2) nitrate concentrations, and (3) 0'°N, §'80, and A'”O values of nitrate,
determined at 32 major inflows and one major outflow in Lake Biwa on four occasions in 2013 (Tsunogai et al. 2016).

T Total influx/efflux of N (NO3) or A (NO3 ,m) estimated from (1) flux-weighted average nitrate concentrations in the inflows/outflows determined by
Tsunogai et al. (2016), (2) flux-weighted average A'70 value of nitrate in the inflows/outflows determined by Tsunogai et al. (2016), and (3) total
influx/efflux of water determined by other researchers and compiled by Tsunogai et al. (2016), in which both influx of water via streams and influx

of water via groundwater were included.

the southern end of the lake, also known as the Yodo River,
is the only natural outflow. The main basin of Lake Biwa is
mesotrophic. Thermal stratification is present in the lake
from May to December, and vertical water convection to the
bottom of the lake occurs regularly from January to April.
The average depth and water residence time of the basin are
43 m and 5.5 yr, respectively. The depth of the euphotic
zone during the stratified season ranges from 10 m to 21 m,
with an average of 15 m (Urabe et al. 1999).

Similar to many lakes worldwide, Lake Biwa has been
experiencing eutrophication. The increase in nutrient load-
ing, especially of P nutrients, due to urbanization around
the lake started in the 1960s, and blooms of Uroglena ameri-
cana have occurred since 1977 and blooms of cyanobacteria
since 1983 (Hsieh et al. 2011). As a result of water treatment
regulations in 1982, however, nutrient loading has been pro-
gressively reduced (Hsieh et al. 2011). Still, we can find
many environmental problems related to eutrophication in
the lake. To clarify the pathways and origins of the nitrate
supplied into the lake, both concentrations and stable isoto-
pic compositions (*°N, 6'%0, and A'70) of dissolved nitrate
were determined in the major inflows/outflows of the lake
(Tsunogai et al. 2016). Based on these values, Tsunogai et al.
(2016) estimated the gross influx/efflux of total nitrate (AN)
and NOj .y (AA) via inflows/outflows and groundwater dur-
ing each observation interval, together with the average
SN, 6'80, and A'70 values of total nitrate in the inflows/
outflows (Table 1).

Sampling

Lake water was collected during four sampling campaigns
in 2013, on 15 March, 17 June, 05 August, and 21 October,
which are the same days river water sampling occurred as
described by Tsunogai et al. (2016), from the research vessel
HASU (Center for Ecological Research, Kyoto University). A
5 L Niskin sampler was used to collect the lake water samples
every 5 m (shallow) to 20 m (deep) depth at locations nearby
the Imazu central station (Sta. H1 in Fig. 1b; 35°23/41” N,
136°7'57" E; depth =85 m) and the Minami-hira central sta-
tion (Sta. H3 in Fig. 1b; 35°11'39” N, 135°59'39" E;
depth =65 m). Sta. H1 and H3 correspond to the monthly
lake water monitoring Sta. 17B and 12B, respectively, of the
Lake Biwa Environmental Research Institute (LBERI). Vertical
profiles of temperature and conductivity were determined at
the stations simultaneously by use of sensors (Sea-bird
SBE911plus).

Each sample was transferred into a dark 250-500 mL poly-
ethylene bottle that was prerinsed at least twice with sample
water and subsequently stored under refrigeration (4°C) on the
boat. Then, the samples were filtered through a precombusted
Whatman GF/F filter with a 0.7 ym pore size within 3 h after
collection at a shore-based laboratory, and the filtrate was
stored in a different dark polyethylene bottle under refrigera-
tion until analysis. Additionally, the seston that was collected
on each filter was washed with Milli-Q water, placed in a plas-
tic case, and then stored in a deep freezer (—80°C) for later
analyses of the particulate organic nitrogen (PON).
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In this study, we defined the sampling number n, where
n=1, 2, 3, and 4, as representing the sampling in March,
June, August, and October, respectively. In addition, we
defined one more hypothetical sampling number (n=135) set
exactly 1 yr later than the n=1 date. Please note that there
are no data for sampling n=>5. The sampling numbers were
needed to calculate both annual average and seasonal varia-
tion of nitrate dynamics in the lake, by regarding the inter-
vals between n=1 and n=2, n=2 and n=3, n=3 and
n=4, n=4 and n=5, n=1 and n=235, as spring, summer,
autumn, winter, and 1 yr, respectively, for the lake water in
this study.

15N tracer incubation

We also determined the gross assimilation rate of nitrate
in the lake’s water column based on traditional bottle incu-
bation experiments using a '°N tracer (Dugdale and Goering
1967; Knap et al. 1996; Konno et al. 2010). On the boat, lake
water samples collected at the depths of 0 m and 10 m were
transferred into 250 mL clear polycarbonate bottles with sep-
tum caps (samples were collected at least in duplicate for
each depth). Then, 0.3-0.5 mL of 1 mmol L™ K"*NOj3 solu-
tion (10.4 atom%; Shoko, Tokyo, Japan) was added into each
incubation bottle at the shore-based laboratory within a
maximum of 3 h after collection. The bottles were gently
shaken and then incubated in thermostatic baths (7°C, 21°C,
28°C, and 20°C in March, June, August, and October, respec-
tively) on the shore for 24 h while covered with screens to
simulate the in situ light intensity. In addition, water sam-
ples without '*N tracer added were incubated in a similar
manner. Immediately after the incubation period, the seston
in each incubated water sample was collected and washed
with Milli-Q water on a precombusted Whatman GF/F filter
via gentle vacuum filtration (Konno et al. 2010). The
obtained filters were then frozen in a deep freezer (—80°C)
until analysis.

Analysis

The concentrations of nitrate (NO3) and nitrite (NO,) in
each filtrate sample were measured using ion chromatogra-
phy (Prominence HIC-SP, Shimadzu, Japan) within a few
days after each sampling event. The error (standard error of
the mean) in the determined concentrations of nitrate was +
3%. The 6'80 values of H,O in the samples were analyzed
using the cavity ring-down spectroscopy method by employ-
ing an L2120-i instrument (Picarro, Santa Clara, California,
U.S.A.) equipped with an A0O211 vaporizer and autosampler;
the error (standard error of the mean) in this method was =
0.19,. Both the VSMOW and standard light Antarctic precip-
itation were used to calibrate the values to the international
scale. Then, we determined the stable isotopic compositions
of nitrate for the samples, except for the lake surface samples
(0-10 m depths) that were taken in August and showed
nitrate concentrations less than 1.0 ymol L™ *.

Quantifying nitrate dynamics in a mesotrophic lake

To determine the stable isotopic compositions, nitrate in
each filtrate sample was chemically converted to N,O by
using a method originally developed to determine the
ISN/MN and '80/'0O ratios of seawater and freshwater
nitrate (Mcilvin and Altabet 2005) that was later modified
(Tsunogai et al. 2008; Konno et al. 2010; Yamazaki et al.
2011). In brief, the procedures were as follows. Approxi-
mately 10 mL of each sample solution was pipetted into a
vial with a septum cap. Then, 0.5 g of spongy cadmium was
added, followed by 150 uL of a 1 M NaHCOj solution. The
sample was then shaken for 18-24 h at a rate of 2 cycles s~ .
Then, the sample solution was decanted into a different vial
with a septum cap. After purging the solution using high
purity helium, 0.4 mL of an azide/acetic acid buffer was
added. After 45 min, the solution was alkalinized by adding
0.2 mL of 6 M NaOH.

Then, the stable isotopic compositions (6'°N, §'®0, and
A'0) of the N,O in each vial were determined by using the
continuous-flow isotope ratio mass spectrometry (CF-IRMS)
system at Nagoya University. This system consists of an orig-
inal helium purge and trap line, a gas chromatograph (Agi-
lent 6890), a Finnigan MAT 252 mass spectrometer (Thermo
Fisher Scientific, Waltham, Massachusetts, U.S.A.) with a
modified Combustion III interface (Tsunogai et al. 2000,
2002, 2005; Nakagawa et al. 2004), and a specially designed
multicollector system (Komatsu et al. 2008). For each analy-
sis, aliquots of N,O were introduced, purified using
PoraPLOT-Q capillary column (50 m long, 0.32 mm i.d.)
held at 30°C, and carried continuously into the mass spec-
trometer via an open split interface, in which the isotopo-
logues of N,O" at m/z ratios of 44, 45, and 46 were
monitored to determine 6*° and §*° (Komatsu et al. 2008;
Hirota et al. 2010). Each analysis was calibrated by using
99.999% N,O as a machine-working reference gas. This gas
was introduced into the mass spectrometer via an open split
interface according to a specific schedule to correct for sub-
daily temporal variations in the mass spectrometry process.
In addition, a working-standard gas mixture containing a
known concentration of N,O, ca. 1000 ppm N,O in air, was
injected from a sampling loop and analyzed in the same
manner as that of the samples at least once a day to correct
for daily temporal variations in the mass spectrometry
process.

Following the analyses based on N,O" monitoring, an
additional aliquot of N,O was introduced to determine the
AY70 of N,O (Komatsu et al. 2008). By using the same proce-
dures as those used in the N,O" monitoring mode, purified
N,O was introduced into our original gold tube wunit
(Komatsu et al. 2008), which was held at 780°C for the ther-
mal decomposition of N,O to N, and O,. The produced O,,
purified from N, using RT-Msieve 5A PLOT capillary column
(5 m long, 0.32 mm i.d.) held at 30°C, was then subjected to
CF-IRMS to determine the 6** and 6** values by simulta-
neous monitoring of O isotopologues at m/z ratios of 32,
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33, and 34. Each analysis was calibrated with 99.999% O,
gas in a cylinder as a machine-working reference gas which
was introduced into the mass spectrometer via an open split
interface according to a specific schedule to correct for sub-
daily temporal variations in the mass spectrometry process.
In addition, a working-standard gas mixture containing N,O
of known concentration, ca. 1000 ppm N,O in air, was ana-
lyzed in the same manner as that of the samples at least
once a day to correct for daily temporal variations in the
mass spectrometry process.

The obtained values of §'°N, 630, and A0 for the N,O
derived from the nitrate in each sample were compared with
those derived from our local laboratory nitrate standards,
which had been calibrated using USGS-34 (6N = —1.8Y%,,
o180 =-27.93%, AY0=+0.04%,) and USGS-35 (3'°N=
+2.7%,, 0180 = +57.5%,, A0 = +20.88%,) (Bohlke et al. 2003;
Kaiser et al. 2007) to calibrate the values of the sample nitrate
to an international scale and to correct for both isotope frac-
tionation during the chemical conversion to N,O and the pro-
gress of oxygen isotope exchange between the nitrate-derived
reaction intermediate and water (ca. 20%). In this study, we
adopted the internal standard method (Nakagawa et al. 2013;
Tsunogai et al. 2014) for the calibrations of sample NO; .

To determine whether samples were deteriorated or con-
taminated during storage and whether the conversion rate
from nitrate to N,O was sufficient, the concentrations of
nitrate in the samples were determined each time we analyzed
isotopic compositions using CF-IRMS based on the N,O" or
O, outputs. We adopted the 6'°N, §'®0, or A0 values only
when concentrations measured via CF-IRMS correlated with
those measured via ion chromatography just after the sam-
pling within a difference of 10%. About 10% of the whole iso-
tope analyses showed conversion efficiencies lower than this
criterion. The nitrate in these samples was converted to N,O
again and reanalyzed for the stable isotopic compositions.
None of the samples showed significant nitrate deterioration
or nitrate contamination during storage.

We repeated the analyses of the §'°N, §'®0, and A'’O val-
ues of nitrate for each sample at least three times to attain
better precision. Most of the samples had a nitrate concen-
tration of more than 5.0 ymol L™!, which corresponded to a
nitrate quantity greater than 50 nmol in a 10 mL sample.
This amount was sufficient for determining the 6'°N, §'%0,
and A'O values with the highest precision of our CF-IRMS
system. For cases when the nitrate concentration was less
than 5.0 umol L', the sample volume was increased to
30 mL and the number of analyses was also increased. Thus,
all isotopic data presented in this study have an error (stan-
dard error of the mean) better than = 0.29, for ¢'°N, = 0.3%,
for 6'%0, and *+ 0.1%, for A'70.

Nitrite (NO, ) in the samples interferes with the final N,O
produced from NO; because the chemical method also con-
verts NO, to N,O (Mcilvin and Altabet 2005). Therefore, it is
sometimes necessary to remove NO, prior to converting NO5

Quantifying nitrate dynamics in a mesotrophic lake

to N,O. However, in this study, all the lake water samples ana-
lyzed for stable isotopic compositions had NO, concentra-
tions lower than the detection limit (0.05 ymol L™1). Thus, in
this study, we skipped the processes for removing NO, .

The concentrations and §"°N values of PON on the GF/F
filters were analyzed using the method developed by Tsuno-
gai et al. (2008). In this method, the organic nitrogen on
each filter is oxidized to NO; using persulfate. Subsequent
processes to determine the 5'°N values of nitrate were gener-
ally the same as those used for the NO; analyses described
above. To calibrate the value to the international scale, sev-
eral local laboratory standards that had been calibrated using
internationally distributed isotope reference materials (IAEA
N1, USGS 25, and TAEA N2; Bohlke and Coplen 1995) were
used for routine calibration purposes by measuring them in
the same manner in which the samples were measured. The
natural PON data presented in this study had an error of =
0.3%, for 6'°N.

Calculation for the nitrate dynamics using A0

First, the total inventory of nitrate in the lake water (N)
and its 6'°N, §'80, and A0 values (J,e) Were calculated
for each observation n (n=1, 2, 3, and 4) from the data
describing their vertical distributions in the water column
and the vertical distribution of the area in the lake using the
following equations (Tsunogai et al. 2000, 2011):

80

N=> " (C,xS8,XAz), )
z=0
3% (6,XC, %S, %A2)
Slake= =20 (3)
lake N 5

where C,, ¢,, and S, denote the nitrate concentration, each
isotopic value (6'°N, 6'®0, and A'70), and the area of the
lake at depth z, respectively. In this study, we estimated S,
from an electronic online map by the Geospatial Informa-
tion Authority of Japan (http://maps.gsi.go.jp/).

Because A'’O can be used as a robust tracer of unpro-
cessed NO; 4 to reflect the accurate mole fraction of unpro-
cessed NOj,m within total NO; regardless of partial
metabolism through either denitrification and/or assimila-
tion subsequent to deposition, we can relate A'’O with the
concentrations of NOj3 54, NOj e, and NO; in each water
sample by using the following equation:

Cam _ Cam _ AYO
Ctotal Catm+cre A17Oatm7

4)

where C,m, Cre, and Ci,a denote the concentrations of
NO3 atm, NO3 1, and NO; in each water sample, respectively;
and A0, and A0 denote the A'O values of NO3 4
and nitrate (total) in each water sample, respectively. Please
note that all the NO; other than the unprocessed NO; 4tm
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can be classified into NOj ., including the NO; produced
through natural/anthropogenic processes in the biosphere/
hydrosphere/geosphere and that stored in soil, fertilizer,
manure, sewage, etc. The N nutrients that were originally
supplied to the biosphere through atmospheric deposition
but then became organic nitrogen through assimilation and
eventually NO; via remineralization are classified into
NOj; e and not into NO; 4y (Tsunogai et al. 2016).

Because we used the power law (Eq. 1) for the definition
of A0, the A0 values are different from those based on
the linear definition (Michalski et al. 2002). Please note that
our A0 values would have been 0.1 +0.1%, higher if we
had used the linear definition for calculation. Compared
with A0 values based on the linear definition, A7O values
based on the power law definition are more stable during
mass-dependent isotope fractionation processes. Thus, we
used the A'O values of NO; as always stable irrespective of
any partial metabolism subsequent to deposition, such as
assimilation or denitrification. On the other hand, A O val-
ues based on the power law definition are not conserved dur-
ing mixing processes between fractions having different
AY0 values, so the Cuum/Cioral Tatios estimated using Eq. 4
are somewhat deviated from the actual C,,/Ciora ratios in
the samples (Tsunogai et al. 2016). However, in this study,
the extent of the deviations of the C,,/Ciora ratios of the
lake water NO; was less than 0.15%, therefore, we disre-
garded this effect in the discussion.

By substituting A'7O),. estimated from Eq. 3 for A0 in
Eq. 4, the inventory of NO; . in the lake water (A) at the
initial (t=0) and final (t=t) observation times can be esti-
mated from the inventory of NO; in the lake (N) using the
following equations:

Ao _ (A17olake)0

207 o 5
No  AYOum ®)

At _ (A”Olake)t
N A7Oum ©
t atm

where Ap and A; denote the initial and final inventory of
NOj atm in the lake, respectively; Np and N; denote the initial
and final inventory of NO; in the lake, respectively; and
(AYOlake)o and (AYOpue); denote the initial and final
AYOpaxe, tespectively. The relationships between Ao, A; No,
and N; are schematically shown in Fig. 2, in which we divide
the supply/removal processes into river input/output, atmo-
spheric deposition, in-lake nitrification, and in-lake metabo-
lism through assimilation and denitrification.

Because the A'”O value of NO; is nearly stable during the
partial metabolism of NO; through assimilation and denitri-
fication, the left-hand side of Eq. 6 can be replaced by using
the gross amount of NO; supplied/removed through
inflows/outflows, atmospheric deposition (AN,m), and

Quantifying nitrate dynamics in a mesotrophic lake

nitrification in the lake (AN,;), as well as the initial invento-
ries of NOj atm (Ao) and NO;3; (Np) in the lake, as shown in
the following equations:

Aop+AAin —AAout+ANatm _ (A”Olake)t (7)
NO+ANin7ANout+ANatm+ANnit A17Oatm '
AAi,  AYO;
== ®)
AZ\]lﬂ A Oatm
AAout _ Al7Oout (9)

ANowt  AYOum

where A0y, and A'7O,, denote the flux-weighted average
A0 values of NO; in the inflows and outflows, respec-
tively; ANy, and AA;, denote the gross amount of NO; and
NOj3 .um being supplied via inflows, respectively; and ANgy¢
and AAg, denote the gross amount of NO; and NOj
being removed via outflows, respectively, during the interval
between the initial (t=0) and final (t=t) observation
periods.

In estimating the inventories of NO;j.m (A) and thus
nitrate dynamics in the Lake Biwa, we used the 3-yr average
A0 value of NOj 1, obtained at the Sado-seki monitoring
station (A0 = +26.3%,; Tsunogai et al. 2016) as the value
of A"O,um in Egs. 4-9, by allowing an error range of 3%,
considering the possible factor changes in A’ O,y from the
average A0 value as discussed in Tsunogai et al. (2016).
About 65% of all the A'”O data of NO3 4, obtained at the
Sado-seki monitoring station were included in this range of
+26.3 +3.0%,.

By using Eqgs. 7-9, we can obtain AN,;; for the interval
between the initial (t=0) and final (t=1t) time as follows:

17 _ 17 17 _ 17
ANnit: (A Olakel);) (A Olake)tXNO-i-A Oatn;7 (A Olake)txANatm
(A" Otake); (A" Orake)t
A7Oin—(A"Ouake)e o g A Oou=(A"Otare)y oy
A17 in A17 out-
( Olake)t ( Olake)p
(10)

Then, the gross amount of NO; metabolized totally through
assimilation and denitrification in the water column
(ANjssim + ANgenit) can be obtained from AN,;; using the fol-
lowing equation (Fig. 2):

A]\Tassim'*'Al\ldenit:I\]O"'AIVin_AI\]out""AZ\raltm""AZ\]nit_I\]t (11)

By using Eqgs. 10, 11, we can estimate both AN, and
AN.gsim + ANgenit for each interval between the observations,
i.e., spring (interval between n=1 and 2), summer (interval
between n = 2 and 3), autumn (interval between n =3 and 4),
and winter (interval between n=4 and 5). Additionally, we
can estimate the annual supply rate of NOj; . through nitrifica-
tion (Fn;) by integrating the whole AN,;; estimated for each
season. We can estimate the annual metabolic rate of NO;
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Fig. 2. Schematic diagram showing the temporal variation in the inventory of total nitrate (N) in Lake Biwa, together with that of atmospheric nitrate
(A). The data were obtained by dividing the supply/removal processes into river input (AN;,), river output (ANoy), atmospheric deposition (AN,ym), in-
lake nitrification (ANy;t), and total metabolism through assimilation and denitrification (ANassim + ANgenit). The values represented are those that were

obtained in March (initial) and June (final) 2013.

through assimilation and denitrification (Fassim + Fdenit) as
well, by integrating the whole AN,gim + ANgenit €stimated for
each season.

To estimate AN,y for each interval, we used the areal
deposition rate of NO; (wet deposition +dry deposition)
determined at the Ohtsu Observatory (Mitamura 2014; Envi-
ronmental Laboratories Association in Japan 2015), which is
located on the southeastern shore of the lake (35°1'35” N,
135°52'2" E; Fig. 1b), for the entire surface area of the lake
(670.4 km?). The dry deposition is about 30% of the total
deposition (Mitamura 2014). The obtained AN, Wwas
9.5+1.7 Mmol, 49+09 Mmol, 7.8+1.4 Mmol, and
14.6 + 2.6 Mmol (Mmol = 10° mol) for the spring, summer,
autumn, and winter, respectively. The error ranges (about
20%) were estimated from the deviation in the wet deposi-
tion rates over a decade at the Ohtsu Observatory from those
determined for the Takashima Observatory, located on the
northeastern shore of the lake (35°24'21” N, 136°02'24" E;
Fig. 1b), where only the wet deposition rates were deter-
mined for NO; (Shiga Prefecture 2015). As for the values of
ANy, ANgy, AY0;,, and AYO,,, in each interval, we used

those already determined through actual observations of the
inflows/outflows (Table 1) (Tsunogai et al. 2016).

Calculation for gross assimilation rates using the '>N
tracer method

The gross assimilation rate of NO; in a volume of lake
water (V,sim) Was calculated for each incubation bottle with
'NO; addition through comparisons with that without
'NOj; addition using the following equation:

Vassim= 240 5 [pON], x 1, (12)
Za— %o t
where [PON]; denotes PON content in the bottle with '>NO;
addition, 7; denotes >N/(**N+1°N) ratios of PON in the bottle
with NO; addition (in atom%), zo denotes “N/(**N+'°N)
ratios of PON in the bottle without *NO; addition (in
atom%), ya denotes N/(**N+'°N) ratios of NO; in the
bottle with '*NO; addition (in atom%), and t denotes the
duration of the incubation (24 h). Then, each assimilation
rate at a particular depth was estimated as the average value
of duplicate bottles sampled and incubated simultaneously.
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Next, we calculated the areal gross assimilation rate for each
observation by integrating the assimilation rates based on vol-
ume, whereby we assumed that the data obtained at 0 m and
10 m represented the average values from O m to 5 m and from
S m to 15 m, respectively, and the gross assimilation rates below
15 m were always 0.

Results and discussion

Nitrate in the lake’s water column

Our samplings of the lake water were done at two differ-
ent stations: H1 (depth=85 m) and H3 (depth=65 m),
which are shown in Fig. 1b. Both concentrations and stable
isotopic compositions of NO; showed large vertical and tem-
poral variations that ranged from 0.2 ymol L™! to 21.4 umol
L~! for the concentrations, from +1.7%, to +10.4%, for 6*°N,
from —2.29, to +8.3%, for '%0, and from +0.7%, to +2.6%,
for A'0. The determined NO; concentrations coincided
well with those determined by the Lake Biwa Environmental
Research Institute in 2013 (Shiga Prefecture 2015). Moreover,
the observed vertical and temporal variations in concentra-
tions were typical of those observed during the past 30 yr
(Hayakawa et al. 2012).

Whereas the data showed large variations, the differences
between the stations for samples taken at the same depth
and observation time were small, i.e., 0.6 yumol L™! for con-
centrations, 0.7%, for 6'°N, 0.5%, for 6'%0, and 0.2, for
AY0, on average. We concluded that a major part of the
lake’s water column was horizontally homogeneous. As a
result, we used the average values as those representing each
depth between 0 m and 60 m and to obtain a single profile
for each observation for the depths from 0 m to 80 m in the
lake. The obtained profiles are presented in Fig. 3b-e, and
these data will be used in further discussions as values repre-
senting the whole water column.

In March, the concentrations of NO; were homogenous
throughout the water column, at 15.4 pumol Lt (Fig. 3b),
which suggests that the water was well mixed vertically in
winter. This finding is also supported by the values of §'°N,
580, and A0, which were almost uniform in March. Sub-
sequently, the NO; in the surface 10 m decreased to less
than 8 ymol L™! in June and to less than 1 ymol L™! in
August (Fig. 3b), thus suggesting that active metabolism of
NO; occurred, probably through assimilation by phyto-
plankton during stratification. These results were supported
by the N and '®0 enrichment in the §'°N and 6'®0 values
of NOj; in the surface 10 m in June when compared with
the values in March (Fig. 3d,e), because partial assimilation
of NO; by phytoplankton results in residual NO; being
enriched with N and '®0 (Granger et al. 2010).

Although assimilation must have been one of the major
processes that controlled both the concentration and isoto-
pic compositions of NO; in the surface layer, we found defi-
nite evidence of a trace contribution of new NO; from

Quantifying nitrate dynamics in a mesotrophic lake

internal/external sources as well. The maximum A'’O value
(around +2.3%,) found at the surface in June implied that
deposition and accumulation of NOj . from the atmo-
sphere at the lake surface occurred during stratification.
Meanwhile, the gradual decrease in the A'7O value from
March to October for the bottom layer (60-80 m) implied
that NO; ;. remineralized from sinking PON via nitrification
had accumulated at the bottom. Thus, while NO; assimila-
tion was the major process that controlled the distribution
and temporal variation of NO; in the lake, deposition of
NOj ,tm On the surface and accumulation of NO; . through
nitrification, at least at the bottom, were also responsible
for the distribution and temporal variation of NO; in the
lake.

By applying the obtained data to Egs. 2, 3, we ascertained
the values of N, 6" Nike, 0'%0mke, and A'Oyppe for each
observation in Table 2. To do so, we assumed that the data
obtained at 0 m, 5 m, 10 m, 15 m, 20 m, 40 m, 60 m, and
80 m in March and June represented the average values from
Omto25m,25mto75m,75mto 12.5 m, 12.5 m to
17.5m, 17.5 m to 30 m, 30 m to 50 m, 50 m to 70 m, and
70 m to the bottom, respectively, and those obtained at O m,
5m, 10 m, 15 m, 20 m, 30 m, 40 m, 60 m, and 80 m in
August and October represented the average value from 0 m
to 25 m, 25 m to 75 m, 7.5 m to 12.5 m, 12.5 m to
17.5 m, 17.5 m to 22.5 m, 22.5 m to 30 m, 30 m to 50 m,
50 m to 70 m, and 70 m to the bottom, respectively. The
data divided into shallow (from 0 m to 30 m depth) and
deep layers (from 30 m depth to the bottom) are presented
as well. For August (n=3), when the NO; concentrations in
the surface layers (0 m, 5 m, and 10 m depths) were too low
to determine §'°N, §'%0, and A'7O, we used the values from
June (n=2) for calculating 6"*Nye, 6'®0jake, and A7 Oy by
assuming that the temporal variations in the values of 6"°N,
0180, and A'O were minimal between June and August.
Because the amount of NO; in the surface layers was small
in August (about 1.2% of the whole NO; pool in the water
column), this assumption had little influence on the final
obtained values (6"°Njke, 6"®Ojake, and A'7Ope) in August,
especially for AY0Oare, which was an important value for
subsequent calculations on the NO; dynamics.

The estimated average A'’O values of NO; in the lake
(A Oake) Were +1.6%, in March, +1.6%, in June, +1.2%, in
August, and +1.29, in October (Table 2), which corre-
sponded to values for the average mixing ratio of NOj 4¢m to
the inventory of nitrate in the lake of 6.0%, 6.2%, 4.8%, and
4.7%, respectively, using Eq. 5. We concluded that 5.4% =
0.8% of the inventory of nitrate in the lake originates
directly from the atmosphere in the lake’s water column;
therefore, the remainder of nitrate was of remineralized ori-
gin (NO;,.) and was produced through nitrification in and
around the lake.

The estimated average mixing ratio of NOj,m to the
inventory of NO; in Lake Biwa (5.4% = 0.8%) was smaller
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Fig. 3. Vertical distributions of temperature determined at Sta. H1 in March (black), June (green), August (red), and October (yellow) (a). Average
vertical distributions of the concentration (b), A'7O (c), 6'°N (d), and §'80 (e) for nitrate in March (white diamonds), June (green squares), August
(red triangles), and October (yellow circles) 2013. Vertical distributions of the 5"°N of PON in the water column (f).

than the value determined for the oligotrophic Lake Mashu
(9.7% * 0.8%), which was estimated from A'70 values as
well (Tsunogai et al. 2011). Because the deposition rate of
NOj atm per unit area of the lake surface must be higher in
Lake Biwa than in Lake Mashu (EANET 2014), the lower

mixing ratios in Lake Biwa imply that there is a larger supply
rate of NO3,. to the Lake Biwa water column than that of
Lake Mashu. These findings are quantitatively discussed in
“Quantifying nitrate dynamics between each observation”
section.
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Table 2. Temporal variations in the total inventory of nitrate (N), average concentration of nitrate (Cke), average SN, 680, and
A0 for nitrate (6"°Njake, 0' 2Ojake, and A'7Oye, respectively) in the water column of Lake Biwa, together with the total inventory
for atmospheric nitrate (A) and remineralized nitrate (R). Values divided into shallow (0-30 m depth) and deep layers (30 m to the

bottom) are presented in parenthesis as well.

15 March 17 June 05 August 21 October
Parameter Unit (shallow/deep) (shallow/deep) (shallow/deep) (shallow/deep)
N Mmol 447 370 348 414
(231/216) (121/249) (102/246) (134/280)
Ciake pumol LT 15.3 12.7 12.1 14.4
(15.3/15.4) (8.0/17.8) (6.9/17.5) (9.0/20.0)
10% 6" Njake +5.0 +5.6 +6.8* +6.9
(+4.9/+5.1) (+4.9/+6.0) (+4.0%/+7.9) (+5.4/+7.5)
10 5'80)ake +1.0 +1.9 +0.2* -1.3
(+1.0/+1.0) (+5.4/+0.2) (+0.3*/+0.2) (—0.4/-1.7)
10° A" Opate +1.6 +1.6 +1.2* +1.2
(+1.6/+1.6) (+2.1/+1.4) (+1.4%/+1.2) (+1.4/+1.7)
A Mmol 27 23 16 19
(14/13) (10/14) 6/11) 7/12)
R Mmol 420 347 332 394
(217/203) (112/235) (97/235) (127/268)

* Estimated using the 6'°N, 6'80, and A'7O of nitrate in 17 June 2017 for the surface layers (0-10 m depths).

Quantifying nitrate dynamics between each observation
By using the values of N and A0,k for each observation
in Table 2, we calculated the gross amount of NO; supplied
through nitrification (AN,;) as well as that being metabo-
lized through assimilation and denitrification
(AN,ssim T ANgenit) in the lake by using Egs. 10, 11 for each
interval between the observation times. For the spring sea-
son (between 15 March and 17 June sampling), we found
that 166 =26 Mmol (Mmol = 10° mol) of NO; . had been
supplied into the lake water through nitrification, while
297 =27 Mmol of NO; had been metabolized in the lake
(Table 3). In a similar manner, we also estimated that
216 =18 Mmol and 166 =29 Mmol of NO; ;. had been sup-
plied into the lake water through nitrification during sum-
mer season (between 17 June and 05 August sampling) and
autumn season (between 05 August and 21 October sam-
pling), respectively, while 245+19 Mmol and 111=*30
Mmol of the NO; had been metabolized in the lake. Further-
more, by assuming that the lake returned back to its initial
state 1 yr after the first observation in March, we estimated
92 =41 Mmol of the NO;,. had been supplied into the lake
water through nitrification, while 156 =44 Mmol of the
NO; had been metabolized in the lake in winter season
(between 21 October and 15 March sampling). On a whole
year basis, 641 =113 Mmol of the NOj . had been supplied
into the lake’s water column through nitrification, while
809 £ 120 Mmol of the NO3; had been metabolized in the
lake through assimilation and denitrification (Table 3; Fig.
4). By dividing each estimated amount by the duration
between the observations, we found that the average

nitrification rates (Fy;) and average metabolic rates of nitrate
(Fassim + Faenit) were 1.8 Mmol d~' and 3.2 Mmol d~*, respec-
tively, for spring, 4.4 Mmol d~! and 5.0 Mmol d~! for sum-
mer, 2.2 Mmol d~! and 1.4 Mmol d ! for autumn, 0.6
Mmol d ! and 1.1 Mmol d~! for winter, and 1.8 Mmol d !
and 2.2 Mmol d ! for the annual averages. By dividing Fy;
and Fassim + Faenit by the surface area (670.4 km?), we then
obtained the average areal nitrification rates and the average
areal metabolic rates of 2.6 mmol m 2 d ! and 4.7 mmol
m 2 d"! in spring, respectively, 6.6 mmol m > d~! and 7.5
mmol m 2 d ! in summer, 3.2 mmol m 2 d ! and 2.2
mmol m 2 d7! in autumn, 0.95 mmol m 2 d"! and 1.6
mmol m 2 d! in winter, and 2.6 mmol m > d ! and 3.3
mmol m~ % d~" for the annual averages.

Similar seasonal variation in Fussim + Fgenit Of showing a
maximum value in summer and a minimum value in winter
was detected in Lake Mashu as well (Tsunogai et al. 2011).
Past observations on primary production rates in Lake Biwa
(Fassim) also displayed similar seasonal variation (Yoshimizu
et al. 2002; Urabe et al. 2005; Ota et al. 2013). Thus, the
observed seasonal variation in Fugm + Fgenity showing a
maximum in summer and a minimum in winter, is a highly
reasonable estimate for this lake.

Notably, however, the seasonal Fy; variation in Lake Biwa
was different from that in Lake Mashu. Whereas F,;; in Lake
Mashu was almost stable regardless of the season (Tsunogai
et al. 2011), F,; in Lake Biwa showed significant seasonal
variation, with the maximum in summer, and the minimum
in winter (Fig. 5). Moreover, F,;; in Lake Biwa showed
normal correlation with Fugim + Fgenit, With a slope close to 1
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Table 3. Estimated gross variation in the inventories of atmospheric nitrate (AA), remineralized nitrate (AR), and total nitrate (AN)
in the lake divided into each supply/removal process, i.e., (1) atmospheric deposition (Dep), (2) influx via inflows (In) and efflux via
outflows (Out), and (3) in-lake nitrification (Nit) and nitrate metabolism through assimilation and denitrification (Metab), in the lake
during the observation period. All units are in Mmol N (= 10° mol N).

Spring Summer Autumn Winter Annual
(94 d) (49 d) (77 d) (145 d) (365 d)
Process  Supplied Removed Supplied Removed Supplied Removed Supplied Removed Supplied Removed
AA  Dep 9.5+x1.7 — 49+09 — 7.8£1.4 — 146 2.6 — 36.9+£6.7 —
In/Out 6.5+1.4 1.4+0.3 0.1 0.1 0.8+0.2 0.2+0.1 2.8+0.6 0.5 10.1£2.1 2.2+0.5
Nit/Metab — 18.5+1.6 — 11.6 £0.9 — 52+x14 — 9.4+26 — 448+ 6.6
AR In/Out 62+13 225 3x1 6+1 12x2 5 111 £23 326 188 £ 38 65+13
Nit/Metab 166 = 26 279 £25 216+ 18 233*18 166 = 29 106 =29 9241 146 = 41 641113 764+113
AN  Dep 9.5+x1.7 — 4.9+09 — 7.8£1.4 — 146 2.6 — 36.9+£6.7 —
In/Out 69 =14 245 3x1 6+1 132 5+1 114 £23 327 199 £40 67+ 14
Nit/Metab 166 = 26 297 £ 27 216 =18 245+ 19 166 = 29 111 =30 9241 156 +44 641 =113 809*120
Atmosphere 6 y
o/‘
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Fig. 4. Schematic diagram showing nitrate cycling dynamics in Lake
Biwa as estimated by using the A'”O method. The magnitude of the
nitrate reservoir in the lake’s water column in March is presented in
brackets (unit: Mmol =10% mol), together with the estimated annual
fluxes between each reservoir (unit: Mmol N yr~' =10° mol N yr™ ).

(Fig. 5). This normal correlation between Fssim + Fgenit and
Fpic implies that Fy,;; in the lake increased in response to the
Fassim T+ Faenit increase and decreased in response to the F,g
sim T Faenit decrease, which corresponds to rapid reminerali-
zation of organic nitrogen to NO; in the lake. That is to say,
organic nitrogen produced from NO; via assimilation had a
short lifetime in the lake’s water column, remineralizing to
NO; shortly after assimilation.

We also detected a gradual increasing trend in the Fy;/
(Fassim T Faenit) ratios from spring to autumn (Fig. 5).

0 1 2 3 4 5 6
Fassim + Fdenit (Mm(’l d_l)

Fig. 5. Relation between the gross metabolic rate (Fassim + Fgenit) Of
nitrate and gross nitrification rate (F,i) determined for each season in
Lake Biwa. The dotted line represents the 1 : 1 relation between the cor-
responding values.

Whereas the Fpi¢/(Fassim + Faenit) ratio was 0.6 in spring, the
Frit/(Fassim + Faenit) Tatio increased to 0.9 in summer, and 1.5
in autumn. The gradual increasing trend can be explained
well by assuming the average time lag between production
of new organic nitrogen through assimilation (= assimila-
tion of NOj3) and remineralization to NO; through nitrifica-
tion was around 1 month, on average, in the lake’s water
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column. While Fpi/(Fassim + Faenit) increased because of
blooming in spring, Fy;; was still low because of the time lag,
so that the Fpit/(Fassim T Faenit) Tatio was low in spring. In
summer, when F,gi, was at the maximum for the year, Fp;;
increased and became comparable with F,sm, therefore the
Frit/(Fassim + Faenit) ratio was close to 1. While Fugim
decreased in autumn, F,; remained at a high level because
of the time lag, and thus the Fy;t/(Fassim + Fdenit) Tatio became
higher in autumn.

This average time lag was highly reasonable given the res-
idence time of PON in freshwater environments. For
instance, Islam et al. (2013) determined the average decom-
position rates for the reactions from natural PON to NO; in
rivers under dark conditions and found that the rate-limiting
step (from PON to dissolved organic nitrogen) was 0.028
d !. We concluded that the seasonal variations in Fp; and
Fassim + Faenit estimated in this study were highly reliable
estimates for the lake.

The total amount of NO; metabolized in the water col-
umn for the year (809 = 120 Mmol; Table 3) was much larger
than the total inventory of NO; in the lake’s water column
in March (447 Mmol; Table 2), as well as the annual influx
of NO; via inflows (199 = 40 Mmol; Table 3) or atmospheric
deposition (36.9 = 6.7 Mmol; Table 3). We concluded that
the rapid remineralization (nitrification) in the lake played a
major role in sustaining the primary production using NO;
within the lake, rather than that from influx via inflows or
atmospheric deposition. Dividing the total inventory of NO5
in March by the integrated annual removal rates (annual
gross metabolic rate in the lake and annual efflux rate via
outflows) yielded an approximate residence time of NO; in
the lake of 0.5 yr. This residence time corresponds to less
than 1/10 of that for the water in the lake.

Comparison with the >N tracer method

To see if the estimated total metabolic rates of NOj
(Fassim + Faenit) using the A'”O method were reasonable, we
also determined the assimilation rates of NO; (Fassim) using
the >N tracer method simultaneously and compared the
results between the two. Clear '*N enrichment of more than
+200%, was always observed in the PON samples incubated
for 24 h under '"NO; addition. The determined gross NO;
assimilation rates in the bottles ranged from 90 mmol N L™!
d ! to 709 mmol N L' d™*, and the depth integrated areal
gross rates ranged from 4.0 mmol N L' d™! to 5.2 mmol N
d™! m~? (Fig. 6). These values coincided well with those
determined using the '*N tracer incubation method in the
same lake in past studies (Frenette et al. 1996, 1998).

The estimated annual assimilation rate using the 'SN
tracer method was 978 Mmol yr ' (= 4.6 mmoINO; m 2
d™ "), which almost corresponds with the annual metabolic
rates using the A'”O method (809 + 120 Mmol yr '=3.3 +
0.5 mmoINO; m™? d™'; Table 3 and Fig. 6), implying that
the estimated gross metabolic rates of NO; obtained through
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Fig. 6. Temporal variation in the areal assimilation rates of nitrate in
Lake Biwa estimated based on the '*N tracer incubation (>N method),
shown by white squares and dotted lines using left-hand scale, as well
as the areal metabolic rates estimated based on the A'’O values of
nitrate in the lake’s water column (A'’O method), shown by colored
bars using right-hand scale. The arrow on the left-hand scale represents
annual average of the areal assimilation rates estimated based on the
>N method and that on the right-hand scale represents annual average
of the areal metabolic rates estimated based on the A'”O method.

the use of the A'”O method were highly reliable as for the
NO; dynamics in the lake. Whereas the metabolic rates of
NO; estimated based on the A0 method were the total
metabolic rates of NO;3 (Fassim + Faenit), in which not only
those through assimilation (Fasim) but also those through
denitrification (Fgqenit) Were included (Tsunogai et al. 2011),
the assimilation rates estimated based on the '°N tracer
method corresponded to those through assimilation only
(Fassim)- If denitrification was significant in the lake, the met-
abolic rates estimated based on the A'7O method would
have been higher than those estimated based on the N
tracer method. However, the actual total metabolic rates esti-
mated based on the A'”O method showed the opposite
trend; smaller than the assimilation rates estimated based on
the >N tracer method by 20% on the annual average. Con-
sequently, the present results also implied that the metabolic
rates of NO; through denitrification were much lower than
those through assimilation in the lake (i.e., Fgenit < Fassim)-
Furthermore, several problems inherent in the two different
methods could be responsible for the discrepancies between
the results.

These problems include the (1) NO; assimilation by
periphyton that had been excluded from the assimilation
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rates estimated based on the N method using bottles (Axler
and Reuter 1996), (2) NO; metabolism in the littoral zone of
the lake that had been excluded from the assimilation rates
estimated based on the N method using bottles (Slawyk
et al. 1998), (3) production of DON during incubation in
the bottles using the >N tracer method, and (4) occurrence
of photoinhibition during water sample handling shipboard
for the incubation using the '*N tracer method. However, all
of these problems were likely minor because they would
have induced higher total metabolic rates in the A'7O
method than in the °N tracer method, whereas the results
showed the opposite trend (Fig. 6). More likely causes for the
discrepancies are (5) artificial stimulation of NO; assimila-
tion rates using the '°N tracer method from possible con-
tamination by trace nutrients (including trace metals) in the
bottles and (6) poor representativeness of the determined
assimilation rates based on the '°N tracer method for the
values representing each season. Because the assimilation
rate estimated by using the '*N tracer method was based on
the instantaneous assimilation rate at each sampling point,
the potential problem described in (6) was most likely
responsible for the discrepancies, especially for those in sum-
mer and winter.

Because NO; was almost exhausted from the surface
10 m in August (Fig. 3b), the instantaneous assimilation rate
determined was inevitably low. The observed NO; depletion
in August, however, implies that active NO; assimilation
occurred prior to the sampling. As a result, if we take into
account the active NO; assimilation prior to the sampling
date (i.e., prior to the NO; being exhausted), the actual
assimilation rate in summer should be larger than that deter-
mined in August based on the >N tracer method.

In contrast, the instantaneous assimilation rate deter-
mined on the sampling days in winter (15 March and 21
October) might be larger than that of the other days in win-
ter. Whereas the solar irradiance levels were lowest in winter,
e.g., less than 10 MJ m™ 2 at the surface in general, they were
high on the sampling days, e.g., at around 15 MJ m ™2 and
20 MJ m 2, respectively. In addition, the surface was
enriched in nutrients owing to deep convection. Because
assimilation rates of NO; are a function of photosyntheti-
cally available radiation under low irradiance/high nutrient
conditions (Frenette et al. 2003), the NO; assimilation rates
might have been higher during sampling in October and
March than the typical values for winter. This was partly a
result of our attempts to avoid windy or rainy days during
lake water sampling to ensure safe boat operations; hence,
the solar irradiance levels were higher than normal.

Whatever the specific reasons were, however, all of the
possible problems described above are problems inherent in
the "N tracer method and not problems associated with the
AY0 method. The findings for both the total metabolic rates
using the A'”O method was higher than the assimilation
rates using the >N tracer incubation method in summer and

Quantifying nitrate dynamics in a mesotrophic lake

the total metabolic rates using the A'’O method was lower
than the assimilation rates using the 'SN tracer incubation
method in winter also support the notion that the total met-
abolic rates of NO; based on the A”O method are highly
reliable for the studied lake. Thus, we concluded that the
estimated total metabolic rates of NO; that were obtained
using the A'’O method represented accurate values for the
lake.

Comparison with the denitrification rates reported in the
literatures

As shown in “Comparison with the '*N tracer method”
section, the results of the present study implied that, in the
lake, the metabolic rates of NO; through denitrification
were much lower than those through assimilation (Fgenit <
Fassim). To verify this hypothesis, we compared the total met-
abolic rates of NO; (Fassim t Faenit) determined for the lake
in this study with those through denitrification (Fgenit) deter-
mined for the lake in past studies.

Miyajima (1994) estimated the denitrification rate in the
lake as 159 =13 Mmol yr~', based on areal denitrification
rates determined directly at the surface of offshore sediments
(ranged from 0.08 mmol m % d~' to 0.16 mmol m % d ).
Similar areal denitrification rates have been obtained during
recent surveys as well (Morita and Maegawa 2006). These
denitrification rates correspond to only 20% * 5% of the
total metabolic rates of NO; (Fassim + Faenit) €Stimated based
on the A'O method in this study (809 =120 Mmol yr').
We concluded that denitrification was minor within the
whole NO; metabolism in the lake, and thus more than
75% of the NO; metabolism (F,ssim + Faenit) Was through
assimilation (F,ssim)-

Whereas dissolved oxygen in the hypolimnion of the lake
shows a gradual decreasing trend every year (Kalff 2002),
oxygen is still enriched in most of the lake’s water column
(Shiga Prefecture 2015). The minimum concentration of dis-
solved oxygen in 2013, for instance, was 39% of the satura-
tion level within the whole monthly monitoring data set
collected at offshore stations by Shiga Prefecture (Shiga Pre-
fecture 2015). The relatively slower denitrification rates than
the assimilation rates in the lake should be reasonable as the
NO; dynamics in the lake.

As presented in the previous section, the estimated assimi-
lation rates (Fassim) based on the SN tracer method were less
reliable in this study (as well as in past studies) than the
total metabolic rates of NO; (Fassim + Faenit) eStimated based
on the A'"”O method, probably because the number of sam-
pling events was insufficient to obtain accurate and precise
Fassim using the SN tracer method. If we were to estimate
Fassim that was more precise and accurate based on the *N
tracer method by increasing the number of sampling events
throughout the year, we would be able to estimate denitrifi-
cation rates (Fqenit) that were more precise from the differ-
ence between F,g i, obtained through the highly precise SN
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tracer method and Fgim + Faenit Obtained through the A0
method.

Nitrification in the lake’s water column

The present study revealed that 245+ 19 Mmol of NO;
had been metabolized in the water column during summer
(Table 3). As discussed in “Comparison with the denitrifica-
tion rates reported in the literatures” section, more than
75% of the NO; metabolism (184 =19 Mmol or more) was
via assimilation (primary production), so it must have
occurred in the surface 15 m of the lake (Urabe et al. 1999).
However, net NO; loss in the shallow layers (from 0 m to
30 m depth, which almost corresponds to the epilimnion
and thermocline in summer) during summer was only 19
Mmol (Table 2), thus the calculations show a shortage of
165 =19 Mmol or more for NO;. Possible supply processes
for NO; in the shallow layers of the lake include upwelling
(i.e., vertical transportation) from deep layers (from 30 m
depth to the bottom, which almost corresponds to the hypo-
limnion in summer), influx via rivers, atmospheric deposi-
tion, and in situ nitrification within the shallow layers. Even
considering the net NO; inputs via inflows (-3 =2 Mmol in
net value; Table 3) and atmospheric deposition (4.9 0.9
Mmol; Table 3) during summer to the shallow layers, a
shortage of 163 =19 Mmol or more for NO; existed. In a
similar manner, shortages of 59 =27 Mmol, 100 = 30 Mmol,
and 118 44 Mmol for NO; were found during spring,
autumn, and winter, respectively, which must have been
supplied to the shallow layers either through upwelling from
the deeper layers and/or in situ nitrification.

The upwelling of NO; from the deep to shallow layers
provides a reasonable explanation in winter when the sur-
face mixed layer developed because of cooling at the surface.
Similar upwelling could be anticipated for both early spring
and late autumn. As for the summer, when the lake water
stratified and the thermocline extended from 12 m to 30 m
depth (Fig. 3a), however, it is difficult to assume that upwell-
ing of NO; from the hypolimnion over the thermocline was
responsible for the observed shortage. Even using the possi-
ble maximum vertical eddy diffusivity in the thermocline
(107° m? s~ ') (Etemad-Shahidi and Imberger 2006), vertical
transport only corresponded to 28 Mmol in summer. As a
result, we must assume that nitrification in the surface 15 m
(epilimnion and upper thermocline) supplied the NO;
needed for the assimilation.

Until the 1990s, nitrification was believed to occur almost
entirely in the deep aphotic zone, possibly because of inhibi-
tion by light (Horrigan and Springer 1990; Guerrero and
Jones 1996). Recent studies on NO; in the subtropical
ocean, however, revealed that a substantial fraction of NO;
assimilation involves NO; that was regenerated through
nitrification near the surface at depths around the upper
thermocline (Yool et al. 2007).

Quantifying nitrate dynamics in a mesotrophic lake

The '*N-depleted NO; found in the present study at
depths of around 10-20 m in June, August, and October, rel-
ative to that in the deeper layers (Fig. 3d), is also indicative
of the influence of shallow nitrification at depth in the lake.
In March, the O'N values were almost uniform at
+5.0 =£0.29,, irrespective of the depth. On the other hand,
definitively N-depleted 6'°N values as low as +3.5%, were
found in the upper thermocline (depth=20 m) in June.
These values had decreased from a maximum of +7.0%, at
the hypolimnion. In August, we observed much lower §'°N
values of +1.49, at 15 m, which was in the upper thermo-
cline, that decreased from a maximum of +10.4%, in the
hypolimnion. In October, the §'°N values were nearly uni-
form at +5.6 +1.7%,, irrespective of the depth again, which
was probably due to the active vertical convection of water
in autumn. Still, we found a more '*N-depleted 6'°N value
of +3.89%, at the 5 m depth.

Because partial progression of assimilation and/or denitri-
fication fractionate the residual NO; so that it becomes
enriched in both '°N and 20, it is difficult to assume that
NOj in the deep layers (6'°N = +5.1%, in March, +6.0%, in
June, +7.99%, in August, and +7.59%, in October) was the
major source of the "’N-depleted NO; in the upper thermo-
cline in the lake (as low as +3.59%, in June, +1.49, in August,
and +3.8%, in October). Additionally, it is difficult to assume
river input as the source of the '"N-depleted NO; because
NOj; in inflows had higher §'°N values (5'°N = +4.0%, in
March, +6.89%, in June, +5.6%, in August, and +5.6%, in
October on average; Tsunogai et al. 2016) than the 'SN-
depleted NOj . Similar '’N-depleted NOj, relative to that in
the deeper layers, was found in the subtropical ocean, and
this was recognized as evidence of in situ nitrification pro-
ducing more '’N-deleted NO; in the shallow layers than
nitrification in the deeper layers (Casciotti et al. 2008). We
concluded that the '°N-depleted NO; found at depths
around the upper thermocline relative to that in the deeper
layers had been produced through in situ nitrification, prob-
ably through alterations of fresh, sinking PON.

The 6'°N values of seston in the surface water (0-10 m
depths; Fig. 3f) also support this conclusion. Whereas the
0'5N values of seston were around +10%, in March, they
decreased to +49%, in June, implying that the 4'°N values of
fresh seston (i.e., sinking particles) in the lake column were
less than +4%,. In addition, relative '>N-enrichment of ses-
ton in the hypolimnion compared to the surface implied
that kinetic isotope effects were significant for 6'°N during
nitrification. That is to say, '°N values of NO; produced
through nitrification should be lower than those of sinking
PON. As a result, '*N-depleted fresh seston is the most prob-
able source for the '’N-depleted NO; found at depth around
the upper thermocline.

Tezuka (1986) collected seston from the water column of
Lake Biwa at several depths during the summer of 1985 and
let the samples incubate wunder aerobic conditions,
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simulating those of the lake water, for 3 months. Through
the experiments, they found significant liberation of NO;
from seston, especially from fresh seston collected at the
depth of 5 m, from which almost all fixed N had been con-
verted to NO; within 40 d. His results, including the time
needed for decomposition (as already presented in
“Quantifying nitrate dynamics between each observation”
section), coincided well with our observations. Thus, we con-
cluded that most of the shortage found for NO; in the shal-
low layers had been supplied through in situ nitrification in
the epilimnion and upper thermocline, at least in summer.

Comparison with dynamics of P in the lake

Yoshimizu et al. (2002) determined the budgets for P
nutrients in Lake Biwa and estimated that input via inflows
occupied 56% of the total P metabolized in the lake’s water
column; thus, remineralized P occupied only 44%. For the
NOj; determined in this study, input via inflows occupied
only 24% of the total NO; metabolized in the lake while
nitrification (i.e., NOj,) corresponded to 79% (Fig. 4).
When we take into account recycling via ammonium, the
recycling of total N nutrients must be much larger than 79%
in the lake (Fig. 4). Therefore, in-lake remineralization of N
must be an important process that maintains primary pro-
duction in the lake. Similar results were also implied in
decomposition experiments with seston in the lake (Tezuka
1986). While inorganic N nutrients were quickly released
from seston at a time scale of 1 month, most of the P was
retained in the seston. As a result, most of the P in the ses-
ton settled to the bottom and was fixed in the sediments of
the lake. Whereas remineralization rates of organic P can be
higher than organic N in general (Islam et al. 2013), the rela-
tionship was the opposite in Lake Biwa. The annual input of
total fixed N from external sources such as inflows and
atmospheric deposition was estimated to be around 350
Mmol ylr’1 (Kunimatsu 1995), and that of P was estimated to
be around 29 Mmol yr*1 (Yoshimizu et al. 2002). Therefore,
the inflows of Lake Biwa can be characterized by relative P
enrichment, having lower N/P ratios (around 12) than the
Redfield ratio (around 16). This relative P enrichment in the
inflows of Lake Biwa might be responsible for the character-
istic lake ecosystem, which uses N nutrients effectively
through remineralization in the water column.

Concluding remarks

By using the A'’O values of NO; dissolved in Lake Biwa,
the present study revealed that NO; supplied by inflows
occupied only less than 30% of the NO; in the lake. Thus,
in-lake nitrification is the major source of NO;, as schemati-
cally shown in Fig. 4. Besides, most NO; that was metabo-
lized in spring and summer was supplied through in situ
nitrification within the epilimnion and upper thermocline.
Furthermore, about 80% of the metabolized NO; was remin-
eralized to NO; again via rapid turnover of NO; in the lake
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at a time scale of 1 month, implying that the metabolic pro-
cess was mostly assimilation (i.e., primary production).

The A0 method presented in this study can be an alter-
native to standard techniques that use '°N tracers for the
accurate determination of gross nitrification rates (Fy;;) and
gross total metabolic rates of NO; (Fassim + Faenit) in aquatic
environments that contain detectable quantities of NOj 4¢m,
within the total NO; pool. Besides, in contrast to the snap-
shot tracer approach, the A'”O method integrated long-term
changes, so that we can deduce changes in NO; dynamics
for a period without observation. By combining data on
NO; dynamics obtained through the A0 method with
data from the most recent advanced techniques to measure
accurate and precise gross primary production rates simulta-
neously, we will be able to clarify biogeochemical dynamics
in each aquatic environment more accurately, including
regarding temporal variation.

As presented in Eq. 7, the uncertainties in the estimated
NO; dynamics (i.e., uncertainties in the estimated AN,;; and
thus AN,ssim + ANgenit) Were primarily determined by the uncer-
tainties in the integrated amount of NO; ., supplied to the
lake water during the period studied (+AA;j, — AAout + ANatm),
under the observed small A O,y values of around +1%, in the
lake water. Because the deposition rate of NOj 4y, to the lake
surface (AN,ym) was much larger than the influx/efflux of
NOj; atm Via streams (AA;, and AA,,,) in Lake Biwa (Table 3), the
uncertainties in the estimated NO; dynamics were primarily
derived from those in the deposition rate of NO3 atm (ANatm).
This was the case for Lake Mashu as well (Tsunogai et al. 2011).
The shortest interval between observations was 49 d in this
study. Whereas the variation in both the concentrations and
A0 values between the observations was large enough to
quantify temporal variation of NO; in the lake’s water column
(Table 2), the interval was close to the minimum interval for
obtaining reliable deposition amounts of NO3 4¢m (ANamm). As a
result, we should be able to attain better precision and accuracy
in the values of Fn;; and F,gim + Faenic €Stimated for a lake in
general, if we could enhance both the precision and accuracy of
the deposition rate for NO; ¢ in the lake (Faem). That is to say,
we will be able to enhance both the precision and accuracy of
Fhit and Fogim + Fgenit through monitoring the deposition rate
of NOj ,un at several observatories around the lake, rather than
intensified monitoring in the lake itself.
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