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A~~ct-Polyunsaturated fatty acids fC,sZ2 and CEsZ3~~~ were analyzed in the upper 2Om layer of a 
200 m ion8 sediment core taken from Lake Biwa. Concentration maxima occur in layers at depths of 0.2, 
i-5, I l-12, and 16 m. The vertical changes in the C, s:Z/C1s:O ratio appear to correlate with paieoclima- 
tic condition suggested from paiynoiogicai evidence. On the basis of CIs:2/Cls:0 ratios, it was suggested 
that it has been colder at 200, 10@-40@0. 15,000 and 20,000 yr BP than at other times. 

INTRODUCTION 

POLYUNSATURATED FATTY ACIDS have been reported 
to be present in recent sediments, although their con- 
centrations are low (POLTZ. 1972; V~LKMAN and 
JOHNS, 1977; CRANWELL, 1978; THOMPSON and EGLIN- 
TON. 1978). Time acids are major components of 
aquatic organisms and their concentrations vary 
depending on temperature, light and nutrient con- 

ditions (HARRIS er al., 1965; HJWHCOCK and NICHOLS, 
1971; SMITH and MORRIS, 1980). Moreover, these 
acids are liable to degrade or polymerize after the 
death of organisms (ABELSON, 1967; RHWD et al, 

1971, 1972; GASKELL er al., 1976), and their reaction 
rate is considered to de+nd on environmental con- 
ditions (e.g. redox condition, KAWAMURA er al., 1980). 
Therefore, polyunsaturated fatty acids in sediments 
would provide information on source material and 
environmental conditions such as pa~eotem~rature. 

(‘(8. 5 m yr old, respectively. Under the bottom of the Iake, 
very thick sediment layers (ra. _?. km) are thought to be 
present. The lake is located in Omi Basin in the central 
part of Japan. Figure 1 shows locality, geological and vege- 
tational maps of Lake Biwa. Alluvial and terrace deposits, 
serverai formations (Kobiwako group), and basement 
rocks lie around the lake. In the terrace near the shore, 
paddy and farm are developed and both needle-leaved and 
broad-leaved forests are developed in the mountainsarea. 
Lake water is input through approximately a hundred 
inflow rivers, whose drainage area is about 3800 kml, and 
the outlet is to Osaka Bay through the Seta River. 

Sumpiing 

In a previous paper. the present authors studied 
polyunsaturated fatty acids (C,6:z/C16:3/CIs:2!C1s:303 
and C1sz3,J in two lacustrine sediments of Lake Har- 
una and Lake Biwa. It was noted that the ratios 
(C1~:l!C1sz~. CIS&~S:O and CI~:&CI~:O) decrease 
with depth in the surface sediment core of Lake Har- 
una whereas the ratios are almost unchanged in Lake 
Biwa (KAWAMURA et NI.. 1980). This evidence for Lake 
Biwa caused us to assume that polyunsaturated fatty 
acids are preserved in deeper layers and also are 
related to paleoenvironment. 

Two sediment cores (5 and 200m long) were taken by 
Professor S. Horie and coworkers near the center of Lake 
Biwa (Location No. Ie-1, water depth 70m). The 5 m core 
was taken in October 1973 using a piston corer, and the 
200m core was taken in late 1971 using a boring corer 
(HORIE et cl/., 1974; YOK~YAMA and HOWE, 1974). After 
collection, the samples were cut horizontally at 5 cm inter- 
vals and stored at 4°C for the 5 m core and at -20°C for 
the 200 m core. 

In this study. 15 samples from the Sm core and 15 
samples from the upper 20m of the 200m core sample 
were subjected to analysis of mineral composition. total 
carbon content and fatty acid composition. 

Mineral and total organic curbon analysis 

This paper deals with the study of the presence and 
distribution of polyunsaturated fatty acids in deeper 
layers in Lake Biwa and discusses their paleoenviron- 
mental significance. 

The mineral com~sition of sediment samples was deter- 
mined with a Rigaku-ADF X-ray diffraction computer sys- 
tem. Total carbon was measured by a Yanagimoto MT-2 
C-H-N analyzer. Since carbonate carbon is less than about 
i’?i of the total carbon content in samples of the lake sedi- 
ment (HORIE et (II.. 1971), total carbon (TC) content is 
thought to approximate total organic carbon (TOC) con- 
tent. 

Analysis offitty ucids 

EXPERIMENTAL 

Two forms of fatty acids were extracted from the wet 
sediment samples (5-8 g). The fatty acids which are extract- 
able with organic solvents are defined as ‘unbound fatty 
acids’. Those which are released by saponification of the 
pre-extracted sediment sample are defined as ‘bound fatty 
acids‘. 

Lake Biwa is the largest freshwater lake in Japan and 
one of the most ancient lakes in the world. The lake is 

The unbound fatty acids were extracted with benzene/ 

oligotrophic and its altitude, area, volume, maximum water 
methanol (6:4) by using a homogenizer (Nihonseiki AM-7, 

depth and ape are 85 m. 674.4 km’, 27.8 km’, 102.1 m and 
IO4 rpm) and the extract was saponified with 0.5 N metha- 
nolic KOH for 2 hr. The bound fatty acids were obtained 
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by refluxing the residue with 0.5 N methanolic KOH (con- 
taining 5% HrO) for 2 hr. 

Neutral components were separated from unbound and 
bound fatty acid fractions by extraction with n-hexanel 
ether (9: 1). Then, the remaining solution was acidified and 
fatty acids were extracted with n-hexaneiether (9:l). The 
fatty acid fraction was then methyiated using 14% metha- 
nolic BF,. 

Monocarboxylic acid methyl esters were purified by 
means of silica gel column chromatography. Following this 
step, unsaturated fatty acid methyl esters were separated 
from saturated methyl esters by AgNO,/silica gel column 
chromatography. 

Saturated and unsaturated fatty acids in unbound and 
bound fractions were analyzed using a Shimadzu GCdA 
gas chromatograph and a Shimadzu-LKB 9OW gas chro- 
matograph-mass spectrometer, as described in a prevous 
paper (Kawamura et al., 1980). 

RESULTS 

Results of total carbon and nitrogen determinations 
are shown in Table 1. Total carbon contents were in 
the ranges of 10-21 mg/g-dry sediment and appear to 
increase with depth from 0 to 7 m and then to de- 
crease in deeper sediments. 

The results of mineral analyses showed that quartz 
montmorillonite, illite, kaolinite or chlorite, cristoba- 
lite and feldspar are present in the sediment and that 
quartz is a major component (14-25x of the dry sedi- 

ment) throughout the core. Total amount of minerals 

accounts for 25-407; of the dry sediment. Vertical 
variation in the mineral composition was minor. 

Normal C12-C32 acids, branched-chain C12-C,, 
acids and the Czo isoprenoid acid were detected in 
both unbound and bound fractions. Total 
(unbound + bound) saturated acids comprise 
0.36-0.09% of the total organic matter. The concen- 
trations of these components vary little in the core 
except in the shallowest sediments (O-10 cm). 

On the other hand, total unsaturated acids com- 
prise 0.003S-0.083’Y0 of total organic matter, showing 
some maxima. The relatively high concentrations of 

Crs,~ and C1szJo3 acids were observed in the sedi- 
ment layers at depths of 0.2, l-5, 11-12 and 16m. 

More detailed data concerning the destribution of 
unbound and bound fatty acid fractions in these sedi- 
ments will be presented elsewhere. 

DISCUSSION 

Diatoms are one of the types of phytoplankton 
which contribute to sedimentary organic matter. 
Since their shells are preserved in the water column 
and sediment, they are a possible indicator of primary 
production. Although other organisms should also 

Table 1. Analytical results of fatty acids and total carbon and nitrogen 

in the sediment layers of Lake Biwa. 

sample depth carbon nitrogen C/N fatty acids (pg/g-dry wt. sediment) 
____________________~~~~~~~~~~~~ 

No. (m) (mg/g-dry wt. sedi.) 16:0 16:l 18:0 18:l 18:2 18:3 

l-l 0 
l-'3 0.1 
l- 5 0.2 

;: ; ::: 
l-11 0.5 
1-21 1.0 
2- 1 1.5 
2-11 2.0 
2-21 2.5 
E 3.0 

4- 7 E 
4-17 415 
4-21 4.8 

l?- ; 66 7'7 
14- 2 9:5 
17- 2 11.2 
18- 2 11.7 
21- 2 12.5 
23- 2 13.4 
25- 2 14.6 
26- 2 15.2 
27- 2 15.8 
28- 2 16.3 
31- 2 17.1 
33- 2 17.5 
35- 2 18.5 

13.2 1.47 
10.5 1.35 
10.3 1.28 
10.2 1.27 
9.73 1.16 
10.5 1.17 
15.9 1.73 
16.7 1.90 
17.0 2.01 
18.1 2.10 
21.0 2.34 
21.1 2.35 
21.6 2.41 
21.2 2.47 
21.6 2.47 
21.4 2.70 
20.1 2.77 
21.1 2.56 
18.1 2.08 
14.7 1.79 
20.0 2.43 
15.0 1.84 
18.5 2.05 
17.3 1.89 
18.8 2.04 
13.6 1.81 
12.0 1.59 
11.4 1.51 
14.6' 1.41 

8.98 
8.08 
8.05 
8.03 
8.39 
8.97 
9.17 
3.79 
8.64 
8.62 
3.97 
8.98 
3.96 
8.58 
8.89 

28.4 
10.5 
11.5 
8.31 
3.79 
14.7 
13.4 
11.0 
16.0 
18.0 
10.7 
16.9 
10.9 
15.7 
14.3 
11.3 
12.2 
11.0 

2.37 13.3 
0.87 3.09 

3.48 
2.32 
2.62 

1.35 
1.62 
1.08 
1.24 
1.88 
2.10 
1.92 
1.42 
1.76 

4.88 
1.15 
2.67 
2.25 
1.26 
3.34 
4.02 
5.32 
5.09 
5.22 
2.87 
7.11 
3.23 
3.69 
2.97 

0.12 
0.38 

0.12 
0.08 
0.38 
0.13 
0.05 
'0.10 
0.56 
1.04 
1.16 
1.24 
0.62 
2.03 

3.52 
1.20 
0.43 
0.83 
5.42 

10.9 

6.53 
5.45 
4.19 
6.17 
7.22 
4.00 

9.97 
12.2 

5.09 
3.17 
1.24 
1.71 

6.85 
3.93 
6.19 
5.13 

16.9 
4.96 0.50 
7.49 0.89 

1.51 5.76 0.67 
tr 
tr 
tr 
tr 
tr 
tr 

7.93 
7.26 

1.24 3.81 1.29 0.13 
1.16 3.53 1.12 0.38 

8.24 
3.70 
8.21 
3.23 
3.15 
9.02 
9.15 
9.22 
7.51 

1.13 3.44 1.08 0.30 
10.3 1.11 4.08 1.48 0.70 
5.92 0.67 2.37 0.80 0.33 
9.76 1.18 3.09 0.97 0.17 
7.13 0.63 2.61 0.66 0.11 
7.46 0.76 3.06 1.01 0.20 cYo3 
7.42 
7.22 
6.16 
4.90 
4.00 
2.86 

1.12 3.58 1.17 0.44 
1.41 3.50 1.93 4.07 
0.77 3.58 1.16 0.54 
0.55 1.98 0.76 0.64 
0.59 1.77 0.76 0.27 
0.35 1.43 0.43 0.10 

::23 
tr 
tr 
tr 
tr 

7.55 
7.55 

10.4 

G.c.*. 4Si2-0 
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t Y.014~16%+5.6 

0 

Fig. 2. A correlation of the total carbon content and the 
number of diatom remains in upper 20 m sediment layers 
in Lake Biwa. R is a correlation coefficient. Y is an eaua- 
tion of the regression line. X is the number of diaiom 

remains. 

contribute to organic matter in sediments, their skel- 
etal debris are hardly recognized. 

The stratigraphical distribution of diatom remains 
in the O-20 m depth intervat of a 200 m core sample 
indicates that Srep~an~iscuss careonensis and Mefo- 
siru solida were major species throughout the layers 
(MORI and HORIE, 1975). As shown in Fig. 2, a good 
correlation is interpreted to exist between total car- 
bon content (K. OGURA, personal communication) 
and the number of diatom remains (S. MORI, personal 
communication) in the sediments. This ‘suggests that 
organic matter in the sediments is Iargely authochtho- 
nous. This is consistent with the observation that the 
C,‘N ratios are low in the core samples (7.3-10.4, aver- 
age value 8.5, Table 1). The C/N ratios are close to 
those for phytoplankton (e.g. 6.8, OGURA, 1975) rather 
than those for soil organic matter (e.g. 15, OGURA, 
1975) or for soil humic acids (15.6. ISHSWATARI. 1967). 

The present study indicates that polyunsaturated 
fatty acids have been preserved in the sediment for a 
fairly long time (approx. 20,000 yr BP at the depth of 
16m; HORJE et crl., 1971). This is consistent with the 
results for Black Sea sediments (PEA= er uf.. 1974), 
which showed the presence of ClBz2 and Clszj acids at 
a depth of 3 m (cu. 13,ooO yr BP: Ross and DEGENS, 
1974). 

As shown in Fig. 3, the ratios of unsaturated acids 
to saturated acids (Cle,,~‘C,s,o and Cts,l~C18:0~ shou 
maxima at depths of 0.2, L-5. 11-12 and 16-17 m. 
These features could be explained by changes in the 
input of polyunsaturate acids relative to saturated 
acids to the sediments or by changes which occurred 
during early diagenesis. Since mineral compositions 
are similar throughout the sediment core, the sedi- 
mentary environment may have not varied appreci- 
ably during the Last 20,@lOyr. Therefore. the maxima 
of the ratio of ~lyunsaturat~ fatty acids to saturated 
ones (PUS ratio) may be attributed to the increase in 

the relative contribution of the former acids to the 
sediments at the time of deposition. The follwing 
factors are suggested to explain the above phenom- 
enon : 

(1) An mcrease in the concentrations of polyunsa- 
turated fatty acids relative to those of saturated acids 
in aquatic organisms may favor the above phenom- 
enon, and :or 

(2) A decrease in the degradation rates of polyunsa- 
turated fatty acids relative to saturated acids in water 
and/or in surface sediments may also favor the above 
phenomenon. 

No obvious variation in fossil diatom composition 
was observed throughout 2Om depth (MORI and 
H0RiE. 197% However, there is evidence to indicate 
an increase of population of other organisms during 
the past 20,000 yr. KAD~TA (1974) observed the verti- 
cal distribution of animal microfossils in the same 
core, where animal microfossils (Arthropoda Bosmina 
is most abundant) gradually decrease from the surface 
to a depth of 17 m, exhibiting peaks in the sediments 
at 5 IO.5 and 15 m in depth. These sediments seem- 
ingly correspond to sediments in which relatively high 
PU,‘S ratios were observed. On this basis, it is poss- 
ible that the increase in the PUS ratios is attributable 
to the increase in the population of zooplanktonic 

m-to 
0.01 01 / 5 

1 
0 

5 - 

1 - 
F - a. 10 
8 - 

15 t 

20 - 

Fig. 3. Vertical change in the ratios of unsaturated to satu- 
rated fatty acids in Lake Biwa sediments. The solid line is 
the f,,:, C,s,o ratio and the broken line is the CtB.l;C,8.0 
ratio. Depth ietervals indicated by No. I, 2. 3 and 4 mean 
the[ayersofO,2m, I-5m. fl-IZmand 16-17m indepth. 

respectively. 
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organisms characterized by high concentration of 
polyunsaturated acids. If this were the case, we could 
obtain the evidence of an increase in the C1s:306 acid 
in those layers, because this acid is known to be 
present specifically in animals (FULCO, 1974). How- 
ever, since these tri-enoic acid contents were too low 
to be quantified, we are unable to determine at 
present whether or not the increase in the PI-J/S ratios 
is due to an increase in the populations of zoo- 
planktons. 

It is also probable that the polyunsaturated fatty 
acids in some organisms became high at this particu- 
lar time in the lake history. Based on a incubation 
experiment of phytoplankton, SMITI+ and MORRIS 
(1980) claimed that lipid synthesis prevails over poly- 
saccharide-metabolite synthesis with decreasing tem- 
perature. Therefore, the concentration of lipid con- 
taining polyunsaturated fatty acids in an organism 
may increase with decreasing temperature. It is also 
suspected that unsaturated fatty acids in an organism 
tend to increase with decreasing temperature (MARR 
and INGRAHAM, 1962; HOLTBN et al., 1964). These 
compositional changes have been interpreted as indi- 
cating that organisms have a function to favor 
polyunsaturated fatty acids to maintain the mem- 
brane fluidity at low temperatures (SINENSKY, 1971; 
FULCO, 1974). In addition, according to FUKUSH~MA et 
al. (1976), the percentage of ~l~~aturat~ acids 

(C is:s and Cllz3) in the total phospholipids of Terra- 
hymena Pyrifwms increases from 39 to 51% with tem- 
perature decreasing from 39.5 to 15°C. For the sun- 
flower seed the ratio of unsaturated Cis acids to 
saturated Crs acid was reported to increase by a 
factor of 3.5 with decmase in cuitivation tem~rature 
from 15 to 10°C (H,utnts and JAWS, 1969). 

Nutrient conditions can affect lipid content or fatty 
acid composition. HARRIS et al., (l%S) reported that a 
rapid increase in the contents of C1sz2 and C1st3 acids 
of Chlorellu vulgaris was observed when C. vulgar& 
was transferred from media con~n~g organic car- 
bon compounds to phosphate buffer (pH, 7.4) under 
illumination. However, there is no evidence at present 
to show that a drastic change of nutrient conditions 
has occurred in Lake Biwa for a long period. 

The considerations of temperature effect on PU/S 
ratios are seemingly consistent with the results of JEF- 
FRIES (1970) He found that lipid content in zoo- 
plankton and phytoplankton/microzoopiankton in 
Narragensett Bay (Massachusetts) is higher in winter 
than in summer, and reported that the U/S ratios 
(mono- and polyunsaturated fatty acids) are higher in 
winter to spring than in summer to fall. 

Accordingly, it is likely that the lower the tempera- 
ture of lake water in which phytoplanktons grow, the 
higher is the ratio of polyunsaturated to saturated 
fatty acids supplied to surface sediments. A possible 
increase in the population of zooplankton having 
abundant polyunsaturated fatty acids as mentioned 
above, may also be related to the decrease of take 
water temperatures. 

The degradation of polyunsaturated fatty acids 
which are less stable than saturated acids in the water 
column may be depressed by decreasing temperature 
and consequently this may favor the preservation of 
unsaturated fatty acids. Thus, if polyunsaturated fatty 
acids, or the PU/S ratios are preserved without 
change in sediments for a long period, we can esti- 
mate the temperature changes of lake water in the 
past based on changes in those ratios. However, the 
PUS ratio is considered to decrease with depth since 
Polyunsaturated acids are less stable than saturated 
ones. Consequently, the apparent amplitude of the 
variation of the PU/S ratio would be smaller than the 
true one. 

As shown in Fig. 3, maxima in the PU/S ratio are 
observed in the layers at 0.2 m (No. I), l-5 m (No. 2), 
ll-12m (No. 3) and 1617m (No. 4). The approxi- 
mate ages of those layers are 200, lOOO+OOO, 15,000 
and 20,ooO yr BP according to the average sedimenta- 
tion rate determination (HORIE et ol., 1971). If our 
inference on PU/S ratio is correct, the period men- 
tioned above would have been cooler or colder than 
other ages. 

Our inference seems to be supported by the palyno- 
logical studies of FUJI (1976a) on the same core, 
where he estimated paleoclimatic conditions during 
the past 100,OOOyr. Figure 4 shows a pollen diagram 
of boreal conifers which are Pinus ~p~oxy~o~-t~, 
I.&x, Abies, Picea, and Tswga, and a vertical vari- 
ation of PU/S ratios. These genera are growing in the 
Subalpine or Subpolar zone, in which annual mean 
temperature is 24°C (Fun, 1976b). Table 2 shows a 
comparison of the paleoclimatic estimation based on 
pollen analyses and PU/S ratios. The ~ti~tions 
generally coincide. Good agreement is observed for 
the layers of No. 2 (3.0-4.5 m), No. 3 (9.8-12.1 m) and 
No. 4 (16-21 m). Although such agreement is not 
apparent for the layers at 8-9.8 m and 12-16m in 
depth, a coincident trend is recognized in the times 
which correspond to the above layers, when it has 
been warmer than at the times correspond to the 
No. 3 and No. 4 layers. For the O-3 m layer in which 
higher PU/S ratios were observed at 0.2 m and l-3 m 
in depth, FUJI (1976a) did not give a paleoclimatic 
estimation because, in this layer, natural vegetation 

Table 2 Comparison of the paleoclimatic estimation based on 

pollen analyses (Fuji, 1976a) and PU/S ratios. 

LOW?* depth (m) 
** 

pollen analyses PU/S ratios 

Z-4-e 0 - 3.0 ? colder 

2-5-a 3.0- 4.5 cooler colder 

2-5-b 4.5 8.0 warmer 

2-b-a 8.0- 9.8 cooler 

2-6-b 9.8-12.1 colder cooler 

2-6-c 12.1-16.3 cooler 

2-6-d 16.3-21.3 colder colder 

* Zonig is from Fuji (1976a). 

** compared to the present climatic condition. 
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4.5m ___-____ 1 3,6cx) Yn 
B.P. 

I 

0.01 0.1 I s 
rotto 

Fig. 4. A pollen dtagram of boreal conifers (FUJI. 1976a) and a vertical variation of Cts:ziCls:O ratio in 
0-2Om sediments. Age determination was performed by a “C method (Hoatx et 01.. 1971). ZAP and 

ENAP mean the total arboreal pollens and the total non-arboreal pollens, respectively. 

has been strongly affected by human activity (e.g. rice 
cultivation). In the layers deeper than 16-17 m in 
depth, the percentage of boreal conifer pollen is con- 
tinuously high but PU/S ratios decrease with depth. 
This discrepancy might be due to the instability of 
polyunsaturated acids. 

Other evidence also seems to support our inference. 
NAKAI and SHIRAI (1971) estimated the climatic 
changes by measuring oxygen isotopic ratios 
( 1sOi160) of speleothem CaCOj from the btaki cave 
(Gifu Prefecture) near Lake Biwa. They claimed that 
cold periods occurred at 12,000 and 17,000yr BP. 
These ages seem to correspond to No. 3 and No. 4 
layers of Lake Biwa. in which PUS ratios were 
higher and those times were considered to have been 
cooler or colder. They also claimed that a tempera- 
ture maximum occurred 7tXKI-8ooO yr BP. These ages 
seem to correspond to 6-7 m layers of a sediment core 
in Lake Biwa. where PU;‘S ratios were very low and 
those times were considered to have been relatively 
warm or milder. 

CONCLUSIONS 

11) Polyunsaturated fatty acids were detected 
throughout the 20 m sediment core from Lake Biwa. 

(2) Relatively high concentrations of polyunsatur- 
ated fatty acids were observed in the layers at 0.2 m, 
l-5 m, 11-12 m, and 16-17 m depth, which corre- 
spond to 200. lOOO4000, 15,000 and 20,000 yr BP. 

(3) The higher Ct8,L/C,e,0 ratio observed appears 
to indicate that the ratio in aquatic organisms in- 
creases with decreasing temperature and that these 

trends are preserved in sediment. The ratio is inferred 
to be a possible indicator of paleoclimatic changes. 

(4) Based on the vertical changes in C,s:t,Cle~o 
ratio, the times of 200, lW, 15,ooO and 
20,OOOyr BP would have been cooler or colder than 
other times. Our hypothesis is apparently supported 
by other evidence obtained from pollen analyses of 
the sediment core in Lake Biwa, and from oxygen 
isotopic analyses of speleothem CaCO, near Lake 
Biwa. 

Further work should be undertaken on the factors 
which control the polyunsaturated acid content in 
sediments (e.g. temperature dependence of these acid 
contents in aquatic organisms and of their degrada- 
tion rate in the sedimentation process) before the 
method using fatty acids for the estimation of paleo- 
climatic changes can be considered valid. 
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