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Abstract Dissolved oxygen (DO) in the Lake Biwa
hypolimnion reached its lowest level of <l mgkg™' in
2007. In this paper, we report the variations in the total
dissolvable (TD), dissolved (D), and labile particulate (LP)
fractions of Al, Si, P, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Mo,
W, and U in Lake Biwa 2007 and 2009. Al and Fe species
were predominantly in the form of LP-Al and LP-Fe and
were strongly correlated with one another (r = 0.99),
suggesting that the weathering of aluminous minerals and
the supply of clay mineral particles are the main factors
that influence the distributions of Al and Fe. Although
D-Al increased in the summer epilimnion, D-Fe was rela-
tively low, probably as a result of uptake by plants.
Reductive release of Fe from the bottom was not seen. Mn
was also dominated by LP-Mn, but this fraction showed a
different distribution to those of LP-Al and LP-Fe. The
D-Mn and LP-Mn concentrations varied by factors of
700-1000 and showed marked increases in the bottom
water during stratification in 2007. We believe that Mn>"
was released from the sediments and oxidized by DO in the
bottom water. Ni, Cu, Zn, and Cr, which exist as cationic
species, had LP/TD ratios of 0.1-0.7 and relatively uniform
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distributions. Si, P, V, As, Mo, W, and U, which form
oxoacid species, had LP/TD ratios of 0-0.8. Si, P, and As
were characterized by nutrient-like profiles, V, W, and U
showed summer maxima in the epilimnion, and Mo had a
uniform distribution. TD-Mo increased in the bottom water
along with TD-Mn, while TD-V and TD-W showed sig-
nificant decreases. These results are likely attributable to
differences in the adsorption of these elements onto man-
ganese oxides and iron hydroxides.

Keywords Lake Biwa - Lake water - Trace elements -
Speciation - ICP-MS

Introduction

Lake Biwa, located to the east of Kyoto, is the largest
freshwater lake in Japan, with a surface area of 674 km?
and a volume of 27.3 km® (Li et al. 2007, 2011 and
references therein; Fig. 1). The main north basin has an
average depth of 48 m and a maximum depth of 104 m; it
is a monomictic lake with a water residence time of
5.3 years. Lake Biwa has existed at its present location
for 430,000 years (Meyers et al. 1993), nurturing unique
ecosystems, including around 50 endemic species. It is an
important source of freshwater to people in Shiga, Kyoto,
Osaka, and Hyogo. The environment of Lake Biwa has
changed dramatically since the 1940s due to regional
development and global climate change (Nakanishi and
Sekino 1996), and the south basin is now fully eutrophic
while the north basin is mesotrophic. The dissolved
oxygen (DO) concentration in the hypolimnion of the
north basin has shown a decreasing trend over the past
50 years (Sohrin et al. 2016). Snowfall has been rare in
the catchment area, and lake water convection became
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Fig. 1 Location of station T1 (35°22'00”"N, 136°06'00"E, 91 m
depth) in the north basin of Lake Biwa

weak in the winter of 2006, resulting in the lowest
recorded DO level (<1 mg kg™') in the autumn of 2007.
Mass mortality of the endemic goby fish (Gymnogobius
isaza) and the lake prawn (Palaemon paucidens), which
were highly contaminated with Mn and As, occurred on
the lake bottom in 2007 (Hirata et al. 2011; Itai et al.
2012).

We are interested in understanding the changing geo-
chemical cycles of trace elements in Lake Biwa. Reliable
data on trace elements in the lake water was first made
available in the 1980s, following the development of clean
analytical techniques. Kawashima et al. (1988) reported that
the total manganese (Mn) concentration increased sub-
stantially in the bottom water of the north basin during the
stratification period. Sohrin et al. (1997) studied the speci-
ation and variation in the level of arsenic (As) in both the
north and south basins. Multielemental analysis is a valu-
able tool for understanding the geochemical cycles of trace
elements. The multielemental determination of dissolved
trace elements in Lake Biwa has been made possible by the
development of suitable analytical instruments (Haraguchi
et al. 1998; Itoh and Haraguchi 1997; Sugiyama et al. 1986,
1992; Zhu et al. 2005). Mito et al. (2004) observed varia-
tions in the levels of dissolved elements (Mg, Al, Ca, V, Cr,
Mn, Fe, Ni, Zn, As, Sr, Y, W, and U) in the local lake,
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rivers, and rain water while assessing the elemental budget
of Lake Biwa. Harita et al. (2005) observed the vertical
distributions of vanadium (V), molybdenum (Mo), and
tungsten (W) in Lake Biwa, Lake Ikeda, and Unagi-ike.
Sugiyama et al. (2005) reported the seasonal vertical pro-
files of dissolved elements (Na, Mg, Si, K, Ca, V, Mn, Fe,
Ni, Cu, Zn, Sr, Mo, and Ba) and particulate elements (Mg,
Al, Ca, Mn, Fe, Ni, Cu, Zn, Sr, and Ba) in Lake Biwa; thus
far, this is only study that has considered both the dissolved
and particulate species of various trace elements.

Takamatsu et al. (1985) determined the concentrations
of 36 elements in the sediments of Lake Biwa and found
that the uppermost oxidized layer, where Mn and As were
highly concentrated, was only around 2 mm deep. Miya-
jima (1994) studied the precise behavior of nitrogen
(N) and Mn at the oxic/anoxic interface, and Kojima et al.
(2003) measured the concentrations of Na, Sc, Mn, Fe, Co,
As, Sb, and Sm in pore water of the sediments. Recently, Li
et al. (2007, 2011) compiled and discussed the composition
of water and sediments in Lake Biwa from a thermody-
namic viewpoint.

We determined the dissolved (D), the total dissolvable
(TD), and the labile particulate (LP) concentrations of trace
elements (Al, Si, P, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Mo, W,
and U) in the water samples collected from Lake Biwa
using a clean sampling system in 2007 and 2009. In this
paper, we discuss the seasonal variations in the distribution
and speciation of the trace elements.

Methods

All materials, such as bottles and micropipette chips, were
successively precleaned with a detergent, acids, and water
deionized with a Milli-Q system (Millipore). Sampling was
carried out on board the training investigation ship Has-
saka, which belonged to the University of Shiga Prefecture.
The sampling location was offshore near Takashima
(35°22/00"N, 136°06'00"E, 91 m depth; T1 in Fig. 1),
which is a few kilometers southwest of the deepest part of
the basin. A conductivity temperature depth (CTD) system
(DataSonde5, Environmental System) was used to measure
temperature, DO, pH, and chlorophyll a (Chl a). A 5-L
Niskin sampling bottle was prepared by coating the inner
surface with Teflon, replacing the spring with silicon tub-
ing to close the caps, and thoroughly cleaning the inside.
The Niskin bottle was then deployed with Kevlar wire, the
length of which determined the sampling depth. Lake water
samples were transferred to Nalgene low-density poly-
ethylene bottles while onboard the vessel, with special
attention paid to avoiding contamination by dust. Within a
few days, a portion of each sample was filtered through a
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Nuclepore filter (Whatman) with a pore size of 0.2 um
using a closed filtration system, the solution was driven
through the filter using the pressure of N, gas. High-purity
HNO; (Ultrapur-100, Kanto Chemical) was added to both
the filtered and unfiltered samples to achieve a final con-
centration of 0.1 M, and the resulting solutions were stored
at room temperature until analysis. In this study, 0.1 M
HNO; was used, since this matrix is suitable for direct
sample introduction onto analytical instruments and the
acid concentration does not cause significant contamination
of analytes in lake water. The filtered and unfiltered sam-
ples were used for the determination of dissolved and total
dissolvable fractions, respectively. The unfiltered samples
were filtered through a Millex filter (Millipore) with a pore
size of 0.45 um just before analysis. The concentration of
silicon (Si) was determined with an inductively coupled
plasma-atomic emission spectrometer (ICP-AES; Optima
2000DV, PerkinElmer), while those of the other 13 ele-
ments (Al, P, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Mo, W, and
U) were determined with a high-resolution inductively
coupled plasma mass spectrometer (HR-ICP-MS; Element
2, Thermo Fisher) using the calibration curve method.
Detection limits were sufficiently low to permit the study
of the distributions of total dissolvable and dissolved
fractions for all elements, and the relative standard devia-
tions were ~35 %. The concentration of the labile partic-
ulate fraction was calculated as the difference between the
total dissolvable and dissolved concentrations. When the
concentration of the dissolved fraction was higher than that
of the total dissolvable fraction for a particular element, the
concentration of the labile particulate fraction was assumed
to be zero. Additional details about the analytical method
are given in the Electronic supplementary material (ESM).

Results

The results of our study are summarized in Table S3 of the
ESM. The vertical profiles of temperature and DO are shown
in Fig. 2, and those of Chl a and pH are shown in Fig. S1 of

Fig. 2 Vertical profiles of
temperature and DO in 2007
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the ESM. In 2007, the DO concentration in the bottom layer
decreased during stratification, resulting in the lowest value
observed in this study, 1.0 mg kg™, on November 8. The
surface water temperature decreased below 15 °C on
November 29, leading to initial destratification. While the
DO concentration slightly increased in the bottom water, it
showed further decreases at depths of 40-75 m. In 2009, the
lowest measured DO concentration was 3.1 mg kg™ ".
According to observations made by the Lake Biwa Envi-
ronmental Research Institute in the deepest part of the basin
(at adepth of around 100 m), the lowest DO concentration in
the bottom water reached 0.3 mg kg~ 'in2007,0.5 mg kg™
in 2008, and 1.0 mg kg~ ' in 2009 (Jiao et al. 2011).

The vertical profiles of total dissolvable, dissolved, and
labile particulate trace elements are presented in Figs. S2,
S3, and S4 in the ESM, respectively. Figure 3 shows the
vertical profiles of 12 elements on November 29, 2007,
which represent characteristic profiles of the trace ele-
ments. Statistical data for the total dissolvable, dissolved,
and labile particulate concentrations are summarized in
Table 1. TD-Mo and D-Mo showed the smallest devia-
tions, with relative standard deviations of around 11 %
(n = 130). In contrast, TD-Mn, D-Mn, and LP-Mn varied
by factors of 340-1020.

Discussion

Dissolved, total dissolvable, and labile particulate
fractions of trace elements

The ranges of dissolved concentrations (Table 1) found in
our study are generally consistent with those reported in
the literature (Mito et al. 2004; Sugiyama et al. 2005),
which supports the accuracy of our results. It has been
proposed, on the basis of results derived via an ultrafil-
tration technique, that many of the trace metals present in
Lake Biwa form complexes with dissolved high-molecu-
lar-weight organic matter (Zhu et al. 2005). In another
previous study, dissolved organic ligands for copper (Cu)
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Fig. 3 Vertical profiles of trace elements on November 29, 2007

@ Springer




155

Limnology (2016) 17:151-162

SJUSLIA[3 JYIO dY) Jof | BY [owu pue ‘() pue p 10y |3y [owd ‘15 103 S [ownd Sre 9qey Yy Ul PaISI SAN[eA Y JO SYIUN Y,

18 LE ¥C ell €S Ly 791 I'TT 901 VLT €6C I'te 9 LSS 6'Ch Sy T9l Ll €v8 06l 09¢ (%) as¥

S 4! I 4 8¢ 9¢ 0t°0 Iv'0 170 (44! vy Ly el S60 Ll aw'r €Tl 891 €S’ 6£0 861 as

L 6¢ Sy 4 €S 9¢ Y0 89°¢ 06'¢ 0L0 o6Vl st Iec  0oL'1 10'v SI'ec 8¢L L6 T81 8CT Oy oSereAy

L 9¢ (44 € o 0s vI'o  CLE 88°¢ y1I'o €€l 9°¢l 60C 991 1422 [0C  9¢'L ye6 991 v6C ¢¢v  UBIpIN

1T €L €L v LI ITI 8¥Y'c LTV 119 L6 T9¢ g'6¢ 6'IT 908 6'¢l 0€9 vl S'LI LT 9y £'0¢ XeN

0 4! Y4 0 0 L 0 LIT 16C 0 898 606 90 ¥C0 S6'l ¥€0  60°S €S9 650 6Ll 6LC UIN

0cl  0¢l 0cl ocl  0¢l 0¢l 0¢l 0¢l 0¢l ocl  0¢l 0¢l ocr - 0¢l 0¢l 0¢l 0cl 0¢l ocr - 0¢l 0¢l u

Nd1T Nd NdL MdI mM-d mdL ONdT ON-d ON-dL Sv-dT1 sv-d Ssv-dL UZd1 UzZ-d UzZ-dL 0Bd-dT nD-d nD-dL INdT INd

sor  ovl 01 8LC 0ce 9LT I8 T'LT £9¢ OIT L6t 88c TOS 0¢6 8Ly VL8 V0S ey LTI eel vIT (%) as¥

Ice  ¢€LI e [4Y4! v'LE 8LCI 8¢0 810 Ivo I¥0 L8O 001 001 291 6L1 91T 11T SIe 8¢y S$'89 891 as

coe €Tl LlE 1594 €1l [£14 Ly0o L90 vI'l  8¢0 61T LSC  00C SLI vLE 16l 81y Ley 09¢  v'IS [Iy  oSereAy

6CC  80°L LYC 601 ocy 141! o 190 80°T  8C0 L8] Icc €81 6'l6 ele L'l 08¢ 98¢ €SC  6'L1 323 UBIPIN

0LSE LTI y19¢ LS88 L6E 56 6v'e  8S1 68'¢ 19t Ty OLS  L6S ¥89  L8OI €l 901 901 €80S  9L¢ SSIs XeN

69L 001 LI1 698 9S0) S'LT ¥00 60 €L°0 0 6£0 8¥'0  1'ST T'LE 651 0 6L6 1'cl 8 €91 ol UIN

0¢l 0cl 0cl 0¢l 0¢l 0¢l 0¢l 0cl o€l ocl  O¢l 0¢l 0¢r  0cl 0¢l 0cl  O¢l 0¢l 0¢l 0cl 0cl u
°ddT °4d °4dL UANdT UAN-d UN-dL DOdT O-d DOdL AdI Ad AdL dd1 d4d ddL 'SdT 1ISd IS-dl [IvdT Iv-d Iv-dL

600C PUB £00C UI [], UOHEIS J& SUONENUIOUOD [BJoW d0BL) Y Jo Arewwuns [eonsnelS [ d[qel,

pringer

A



156

Limnology (2016) 17:151-162

were concentrated using immobilized metal ion affinity
chromatography and characterized (Wu and Tanoue
2001). In our study, such organic complexes were prob-
ably dissociated due to the storage of samples at around
pH 1. Further, it has been reported that some D-Fe is
present as Fe(I) in the surface lake water (Maruo et al.
2007), but in our study Fe(II) should have been oxidized
to Fe(Ill) during storage. Thus, we do not consider it
likely that complexation and redox reactions will have
had a significant effect on the determination of dissolved
species.

As(Ill), methylated As, and some unknown
organometallic As species are formed in the epilimnion as
a result of biological activity, although As(V) is thermo-
dynamically stable under oxic conditions (Hasegawa 1997,
Hasegawa et al. 1999, 2001; Sohrin et al. 1997). Most of
the As species would be determined by ICP-MS, because
the As—C bonds in the organometallic compounds would be
dissociated in the argon plasma. However, the efficiency of
sample introduction into ICP-MS may differ for the inor-
ganic and organometallic species, causing some errors
which are dependent on the As speciation. Dissolved
phosphorus (D-P) will consist of phosphate and dissolved
organic phosphorus (DOP). Figures S5a—d in the ESM
show that the profiles of D-P and D-Si obtained in this
study are generally consistent with those of soluble reactive
phosphorus (SRP) and silicate, as determined by the Lake
Biwa Environmental Research Institute.

The analytical procedure for the total dissolvable frac-
tion is unique to this work. Figures S5e and f show, how-
ever, that the profile of TD-P is generally consistent with
that of total P determined by the Lake Biwa Environmental
Research Institute.

The labile particulate species represent the fraction that
is dissociated from particles during storage at a pH of
around 1. This fraction will include (1) metal oxides and
hydroxides, (2) metal ions adsorbed onto mineral surfaces,
and (3) metal ions within particulate organic matter. In
previous studies in Lake Biwa, particulate concentrations
have been determined after complete acid digestion
(Sugiyama et al. 2005), or in situ by X-ray fluorescence
spectrometry (Mito et al. 2002). The data from these
studies are compared with the labile particulate concen-
trations obtained in our study in Table S4 in the ESM. For
Al and Si, the concentration ranges of the labile particulate
species are significantly lower than those of the particulate
species. This implies that some of the aluminosilicates and
silica are not included in the measured labile particulate
fraction. For the other elements, the concentration ranges
of the labile particulate and particulate species are similar
to one another, suggesting that the labile particulate species
represent a major fraction of the particulate species. The
LP-Si/LP-P ratio was 8.1 & 1.2 (mean & SD, n = 130).
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For comparison, an average Si/P ratio of 120 has been
proposed for diatoms that were naturally growing in Lake
Biwa (Nagai et al. 2001). In addition, although the con-
centrations of suspended particulates of diatom origin
increased in the summer (Nagai et al. 2001), the LP-Si/LP-
P ratio was relatively high in the winter. This can be
explained by the different solubilities of Si and P from
particulate matter at around pH 1. Table S5 in the ESM
shows that the M/Al ratios of the labile particulate species
are generally higher than those of the particulate species
determined in previous studies (Mito et al. 2002; Sugiyama
et al. 2005) as well as in the crust (Rudnick and Gao 2005).

Correlation coefficients among the total dissolvable,
dissolved, and labile particulate fractions are listed in
Tables S2-S4 of the ESM. The LP/TD ratio for each ele-
ment is plotted in order of decreasing average LP/TD in
Fig. 4. It should be noted that elements with high corre-
lations also have similar LP/TD ratios. In particular, the
correlation coefficient between LP-Al and LP-Fe is 0.99
(»p < 0.001, n = 130), and both of these elements have the
highest LP/TD ratio (>0.9). Based on these results, the
trace elements can be divided into five groups that are
discussed separately below: (1) Al and Fe; (2) Mn; (3) Cr,
Ni, Cu, and Zn; (4) Si, P, and As; and (5) V, Mo, W, and U.

Al and Fe

Most of the Al and Fe existed as labile particulate species
(Figs. 3 and 4). LP-Al and LP-Fe showed a strong linear
relationship with one another (Fig. 5a; Eq. 1), suggesting
that these elemental concentrations are controlled by alu-
minosilicate minerals:
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Fig. 4 Box plots of LP/TD ratios for each element: middle line of the
box represents the median; top and bottom lines of the box represent
the upper and lower quartiles, respectively; circles represent potential
outliers
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Fig. 5 Property—property plots for selected trace elements
LP-Fe = 0.693 LP-Al + 55.6 A sharp bottom maximum was observed in LP-Al, LP-

(1)

Fe, and other labile particulate elements on September 5,
2007 (Fig. S4 in the ESM). There were heavy rains during

(R* = 0.978, p<0.001,n = 130)
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August 29-31 in Hikone, a city to the east of the north
basin. It is likely that these rains caused an abrupt intrusion
of turbid water to the lake bottom, resulting in these high
measured values.

D-Al and D-Fe showed substantial seasonal variations,
particularly in the epilimnion, between depths of 0 and
20 m (Figs. S3, S6, and S7 in the ESM). D-Al showed a
broad maximum of around 200 nmol kg~' in August—
September. Koshikawa et al. (2002) observed the same
trend in 1992-1995 and proposed that it was caused by a
decrease in the adsorption of Al onto particulate matter at
higher pH levels. However, no clear reverse relationship
was found between D-Al and LP-Al in this study. The
correlation between D-Al and pH was moderate (r = 0.82,
p < 0.001, n = 85), and was as strong as the correlation
between D-Al and water temperature (r = 0.84, p < 0.001,
n = 116). It is likely that another important controlling
factor is enhanced weathering caused by high temperatures
and high precipitation in the summer. D-Fe showed a dif-
ferent yearly change to that of D-Al. D-Fe generally
remained at less than 30 nmol kg™, with sporadic spikes
in concentration. As a result, the correlation between D-Al
and D-Fe was weak:

D-Fe = 0.170 D-Al + 3.56

2
(R* = 0.455, p<0.001, n = 130) @)

The D-Fe/D-Al ratio was 0.27 £ 0.18 (n = 65) in the
epilimnion and 0.60 + 0.35 (n = 65) in the hypolimnion.
These are significantly lower than all recorded LP-Fe/LP-
Al ratios (0.93 4+ 0.29; n = 130). The D-Fe/D-Al ratio
became particularly low in the summer epilimnion. To put
this into context, the budget of D-M in the summer epil-
imnion is summarized in Table S5 of the ESM. The
observed increases at this time were around 200 and
30 nmol kg~ ' for D-Al and D-Fe, respectively. Assuming
that the increase in D-Al is caused by weathering and that
the weathering ratio of Fe/Al is equal to the crustal ratio of
0.3, it can be deduced that 60 nmol kg~" of D-Fe is sup-
plied by weathering. Thus, there is a missing concentration
of 30 nmol kg~ for D-Fe. The dominant species of D-Fe
should be Fe(IIl), similar to AI(III). Because Fe(Il) is
observed in surface water of Lake Biwa and its inflowing
rivers (Maruo et al. 2007), it is considered very likely that
weathering supplies a higher D-Fe/D-Al ratio than the
crustal ratio, resulting in a greater missing concentration of
D-Fe. In fact, the flux ratio of D-Fe/D-Al in river water was
found to be around 0.7 on the basis of river water con-
centration measurements (Mito et al. 2004). A possible
mechanism for the subsequent loss of D-Fe is its uptake by
plants, since Fe is an important micronutrient. At present,
there are no data on the trace element compositions of
phytoplankton in Lake Biwa which could be used to
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confirm this hypothesis. Given that around 200 nmol kg~'

of LP-P is in the form of P present in suspended organic
matter produced by phytoplankton in the offshore epil-
imnion, and that the Fe/P ratio of phytoplankton is 0.1,
according to the compendium (Li 2000), the Fe uptake by
phytoplankton is estimated to be only 21 nmol kg~'. Thus,
we consider it likely that a significant amount of D-Fe is
taken up by land plants, aquatic plants, and algae before
reaching the offshore regions.

Fe concentrations did not increase in bottom water at
T1, in contrast to those of Mn. This implies that there was
no reductive dissolution of Fe from the sediment surface.
The Fe concentration was reported to be around
180 umol kg™' in pore water at 0—1 cm depth in the sed-
iments (Kojima et al. 2003). Therefore, iron reduction must
be occurring within sediments, a few millimeters beneath
the sediment surface. However, Fe(Il) is oxidized to Fe(III)
to form iron hydroxides in the sediment surface layer,
meaning that there is no major route for it to the bottom
water at present.

Mn

Mn concentrations were also dominated by labile particu-
late species, but the distribution of Mn was intrinsically
different from those of Al and Fe (Figs.3 and 4, and
Figs. S2-S4 in the ESM). Mn is characterized by large
variations in concentration, with substantial increases seen
in the bottom water during stratification. The TD-Mn
concentration reached 9.3 pmol kg7l on November 29,
2007, which is the highest value that has ever been
observed in the north basin. Previous studies in Lake Biwa
have reported the Mn concentrations in sediment pore
water to be 40-140 pmol kg~' (Kojima et al. 2003;
Miyajima 1994), which, together with our data, imply that
manganese reduction is occurring in the sediments.
According to a previous study (Miyajima 1994), when
Mn(I) in pore water diffuses upward, 26-93 % of the
Mn(Il) is oxidized to form manganese oxide in the sedi-
ment surface layer while the rest diffuses into bottom
water. It is likely that the re-oxidation efficiency at the
sediment surface decreased with the decrease in DO,
resulting in the higher Mn concentrations seen in the bot-
tom water in our study.

In Fig. 5b, the concentrations of D-Mn and LP-Mn are
plotted against DO. It can be seen that even when DO is as
low as around 1 mg kg~', LP-Mn concentrations over-
whelm those of D-Mn. This result suggests that the oxi-
dation of Mn(Il) in lake water is rapid. This is consistent
with the findings of laboratory experiments (Kawashima
et al. 1988), which have demonstrated that the oxidation of
Mn(II) in the lake water is mediated by bacteria and occurs
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on a timescale of hours. Although it is possible that some
Mn(II) was oxidized during the period from sampling to
filtration, this effect would be negligible for the huge
concentration of LP-Mn.

Mn is also an essential micronutrient for organisms.
Assuming that the Mn/P ratio of phytoplankton is
9 x 10_4, as given in the literature (Li 2000), the biogenic
LP-Mn in the suspended particles will be only around
0.2 nmol kg™' (Table S5 in the ESM). Thus, uptake by
phytoplankton will not have a significant effect on the
distribution or concentration of Mn.

Cr, Ni, Cu, and Zn

Cr, Ni, Cu, and Zn were characterized by LP/TD ratios in
the range 0.1-0.7 and distributions that were relatively
uniform both vertically and seasonally (Figs. 3, 4, and
Figs. S2-S4 in the ESM). Ni, Cu, and Zn are dominated by
divalent cations, which form complexes with inorganic and
organic ligands (Haraguchi et al. 1998; Itoh and Haraguchi
1997; Wu et al. 2001; Zhu et al. 2005). These elements are
also essential micronutrients for aquatic organisms. In the
ocean, these metals mostly exist as dissolved species that
are taken up from surface water by phytoplankton and
regenerated from settling particles in deeper waters; they
therefore show nutrient-like vertical profiles (Ezoe et al.
2004). The different behaviors of these elements in Lake
Biwa compared to the ocean are probably due to the greater
supply of these elements and the higher concentrations of
aluminosilicate and metal oxide particles in the lake. The
M/AI ratios of the labile particulate species were 20-66
times higher than those in the crust (Table S5 in the ESM),
suggesting that these metals are actively scavenged by the
particles in Lake Biwa. The M/P ratio of phytoplankton is
~5 x 107 for both Ni and Cu (Li 2000), so the LP-Ni
and LP-Cu produced by phytoplankton will be
~0.1 nmol kg_1 in Lake Biwa (Table 5 in the ESM).
Thus, uptake by phytoplankton can be considered to have
undetectable effects on the distributions of Ni and Cu. In
contrast, the Zn/P ratio of phytoplankton is 7 x 107 (Li
2000), leading to a biogenic LP-Zn concentration of
1.4 nmol kg~' (Table 5 in the ESM). This suggests that
biological uptake may result in significant variations in
D-Zn and LP-Zn in the epilimnion. In line with this, our
data showed small decreases in D-Zn and small increases
in LP-Zn during the summer months.

The possible valence states of Cr are +3 and +6, with
Cr(VI) forming an oxyanion and Cr(IIl) forming complex
species. Thermodynamically, Cr(VI) will be dominant in
oxic water while Cr(IIl) dominates under conditions of
manganese reduction (Turner et al. 1981). Thus far, there
have been no studies documenting the valence speciation
for Cr in Lake Biwa. However, our data indicate that Cr has

a similar LP/TD ratio and distribution to those of Ni, Cu,
and Zn, implying that the Cr is predominantly in the 43
valence state in Lake Biwa.

Sporadic maxima of Cr, Ni, Cu, and Zn were seen in
surface water. These peaks are not considered to be related
to weathering because there were no concurrent maxima in
Al and Fe and because the supply of D-M by weathering is
estimated to be low for Cr, Ni, Cu, and Zn (Table S5 in the
ESM). It is possible that some of these metals were derived
from atmospheric deposition (Lantzy and Mackenzie
1979). In support of this, the dissolved concentrations of
these metals were found to be considerable in rain water
collected near Lake Biwa: 0.32-11.8 nmol kgfl for Cr,
0.60-61.7 nmol kg~ for Ni, and 34-3023 nmol kg~' for
Zn (no data for Cu; Mito et al. 2004).

In bottom water, TD-Cr and TD-Zn showed slight
decreases during stratification, while D-Cu decreased and
LP-Cu increased. These changes are only small and rel-
atively insignificant, so we do not discuss them further
here.

Si, P, and As

The LP/TD ratio was 0.3—0.8 for P and 0-0.1 for Si and As
(Fig. 4). The concentrations of their dissolved species were
low in surface water and high in deeper waters during
stratification (Fig. 3 and Fig. S3 in the ESM). These pro-
files can be explained by biological uptake in surface
water, followed by remineralization of dissolved species
from settling biogenic particles in deep water. The bottom
water concentrations were higher in 2009 than in 2007. The
profiles became uniform during the winter as a result of
vertical mixing of water. The dissolved species of Si is
Si(OH),, which is essential for diatoms to form silica
frustules. This biogenic silica would undergo very little
dissolution during the storage of unfiltered lake water
samples, so it cannot be quantified through the measure-
ment of LP-Si.

The major dissolved species of P is phosphate, which is
essential for all organisms. Other dissolved species of P
include natural and anthropogenic dissolved organic matter
that incorporates phosphate through a phosphate bond.
DOP becomes dominant when phosphate is depleted in
surface water (Kim et al. 2006). In inflowing and out-
flowing rivers of Lake Biwa, the ratios of phosphate to SRP
ranged from 0.06 to 0.79 (Maruo et al. 2016). P can also
exist as phosphate in particulate matter. The phosphate
bond is easily dissociated through hydrolysis, so LP-P is
expected to represent most of the total particulate P. In
2007 and 2009, LP-P showed increases of around
200 nmol kg~ in the summer epilimnion, which would be
a good measure of the P present in suspended particles
produced by phytoplankton.
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Although both arsenite and organometallic As species,
such as dimethylarsinate, occur in the stratified epilimnion,
arsenate is the major species of As in Lake Biwa (Sohrin
et al. 1997). Arsenate has a similar molecular structure to
phosphate and forms an unstable arsenate ester with ADP
instead of the phosphate ester of ATP, leading to the
breakdown of energy metabolism (Andreae 1986). Fig-
ure Sc illustrates the linear relationship between D-As and
D-P:

D-As = 0.0247 D-P 4 10.6

3
(R* = 0.842, p<0.001, n = 130) ®)

This linearity suggests that a proportion of the As con-
tent circulates with P within the lake. However, the high
intercept suggests that some As also remains in the lake
water. Such behavior seems consistent with biochemical
mechanisms that address the problem of arsenic toxicity by
both depleting As relative to P during uptake and trans-
forming As to harmless organometallic compounds (An-
dreae 1986). Additionally, the D-As concentration became
significantly higher than the regression line in the bottom
water in 2009. This is attributed to the fact that As can have
a higher flux from sediments than P under suboxic condi-
tions. The D-As/D-P ratio of around 0.05 observed in the
bottom water is close to the As/P ratio of ferromanganese
concretions collected from the bottom of the north basin
(Takamatsu et al. 1993).

VY, Mo, W, and U

The LP/TD ratios for V, Mo, W, and U were in the range
0-0.3 (Fig. 4). The dissolved concentrations of V, W, and
U increased in the epilimnion during stratification (Fig. 3
and Fig. S3 in the ESM), whereas in suboxic bottom water,
TD-V and TD-W substantially decreased while TD-Mo
increased (Fig. S2 in the ESM). The respective valence
states are +5 for V and +6 for Mo, W, and U, and these
elements form oxoacid species in oxic lakes and sea water.
However, the vertical profiles observed in Lake Biwa are
generally different from the uniform and conservative
profiles of these elements in the ocean.

The increases in D-V and D-W in the stratified epil-
imnion have been observed in previous studies (Harita
et al. 2005; Sugiyama 1989). These authors have proposed
that the increases are due to the release of the respective
elements from sediments and suspended particles following
an increase in pH. Figure 5d illustrates that D-U increases
when the pH increases from 6.5 to 8.0. Similar relation-
ships were observed for D-V versus pH and D-W versus
pH. Thus, this pH-dependent release seems to be an
important mechanism for the increases in the concentra-
tions of these metals. However, the dissolved
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concentrations are not a simple function of pH, and the
maximum concentrations varied depending on the sam-
pling date. Another influential factor may therefore be a
variable weathering flux from rivers, as supported by the
fact that D-V, D-W, and D-U show significant correlations
with D-Al (Table S3 in the ESM; p < 0.001). The esti-
mated weathering supply of D-M will be low for V, W, and
U, assuming that it is proportional to the crustal M/Al
ratios (Table S5 in the ESM). However, since the oxoacid
species are highly soluble, it is likely that the D-M/D-Al
ratio increases significantly during weathering, which will
have a considerable impact on the distribution of V, W, and
U in Lake Biwa. Based on river water concentrations, the
flux ratios of D-M/D-Al from the rivers feeding Lake Biwa
were found to be 2 x 107> for V and 3 x 10~* for W and
U (Mito et al. 2004). This enhancing effect is likely to be
negligible for Mo, since the estimated weathering supply of
around 5 x 107* nmol kg™' is far lower than the D-Mo
concentration of around 4 nmol kg~' in Lake Biwa. It is
also considered that uptake by phytoplankton will have a
negligible effect on the distributions of these elements
(Table S5 in the ESM).

In suboxic bottom water, a decrease in concentration
was observed for TD-V, D-V, TD-W, D-W, D-Mo, and
D-U, while an increase was observed for TD-Mo, LP-Mo,
and LP-U. Figure Se illustrates the relationship between
D-U and LP-Mn, in which the D-U concentration varies
greatly when LP-Mn is less than 200 nmol kg™ ', and the
D-U concentration becomes constant when LP-Mn is
higher than 1000 nmol kg~'. Similar relationships were
observed between the LP-Mn concentration and those of
D-V and D-W. These results suggest that the concentra-
tions of D-V, D-W, and D-U are controlled by adsorption
on manganese oxides when the concentration of LP-Mn is
high. These elements seem to be strongly influenced by the
manganese oxide content, because they usually have a low
LP/TD ratio (Fig. 3), and thus were probably scavenged
from suboxic bottom water by manganese oxide particles.
Beneath the Mn redox boundary in sediments, the man-
ganese oxides were reduced and dissolved, resulting in the
release of the adsorbed elements. V and W were then
adsorbed onto hydrous ferric oxides in the sediments,
leading to the depletion of TD-V and TD-W in bottom
water (Fig. 6a). Due to the fact that the adsorption of U
onto hydrous ferric oxides is weaker than that of V and W
at a neutral pH (Fujinaga et al. 2005), a portion of the U
returned to the bottom water, resulting in slightly higher
values (Fig. 6b). In the case of Mo, D-Mo showed a small
decrease, while LP-Mo showed a large increase in bottom
water. A linear relationship was observed between LP-Mo
and LP-Mn (Fig. 5f; p < 0.001). Mo is adsorbed onto both
manganese and iron oxides, but this adsorption is weaker
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Fig. 6 Schematic models of the reactions of trace elements in bottom
water and sediments. The yellow layer represents the oxidized surface
layer of sediments. a A trace element X, such as V and W, is
effectively adsorbed onto ferric hydroxides, resulting in negligible
release of dissolved species from sediments. b Another trace element
X, such as Mo and U, is not effectively adsorbed onto ferric
hydroxides, resulting in substantial release of dissolved species from
sediments

than for the other elements (Fujinaga et al. 2005). As a
result, Mo was not as effectively scavenged by manganese
oxides and was also not trapped by iron oxides at the
sediment surface, resulting in the bottom water maximum
of LP-Mo.

Conclusions

Seasonal changes in trace elements (Al, Si, P, V, Cr, Mn,
Fe, Ni, Cu, Zn, As, Mo, W, and U) in the waters of Lake
Biwa in Japan were studied in the context of total dis-
solvable, dissolved, and labile particulate concentrations in
2007 and 2009. Weathering supply was considered the
major factor controlling the distributions of Al and Fe.
Biological uptake had a significant impact on the distri-
butions of Si, P, Fe, and As. Sporadic surface maxima

occurred for Cr, Ni, Cu, and Zn. High M/AI ratios for the
labile particulate species suggested an abundance of Mn
and Fe oxide particles, resulting in unique speciations and
distributions of each trace element. V, W, and U increased
in the summer epilimnion, probably due to an increase in
desorption from Mn—Fe oxides with the increase in pH and
because of the increase in weathering supply in the sum-
mer. During stratification, LP-Mn showed large increases
in suboxic bottom water, suggesting that Mn*" was sup-
plied from sediments and was rapidly oxidized in the
bottom water. Although DO decreased to less than
1 mg kg~ ', Fe did not increase in bottom water, suggesting
that iron reduction has not yet occurred at the sedi-
ment surface. Under these conditions, each trace element
showed characteristic behaviors, such as the decreases in
TD-V and TD-W and the increase of TD-Mo in the bottom
water.
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