


cal oxygen demand (COD) and total phosphorus (TP) are
high, and bottom waters are oxygen deficient during
summer months (Fig. 3; Joh 1986; ANSIOB 1996). These
conditions have existed unchanged for the last 30 yr
(OPFES 1974–2004; Fig. 4).

Materials and methods

Core collection and processing—Four sediment cores
were taken by SCUBA divers using an acrylic corer along
a transect from the mouth of the Yodo River to the middle

Fig. 1. (A) Location of Osaka Bay. (B) Four sediment cores
in the bay.

Fig. 2. Modern distribution of (A) bottom-water tempera-
ture and (B) salinity (3-yr average from 2001–2003). Data from
OPFES (2003–2005).
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Fig. 4. Seasonal and interannual variability in (A) temperature, (B) salinity, (C) dissolved
oxygen (DO), (D) chemical oxygen demand (COD), and (E) total phosphorus (TP) at Osaka Bay
monitoring site 15 (close to site OS3) over the last 30 yr. Data from OPFES (1974–2004).

����� �� Summary of Osaka Bay core locations and accumulation rates.

OBY (inner part;
34u39�00�N, 135u19�50�E; 14 m

depth) core
interval (cm)*

OS3 (inner part;
34u37�00�N,
135u18�00�E;

17.8 m depth) core
interval (cm)*

OS4 (middle part;
34u33�48�N, 135u15�00�E;

19 m depth) core
interval (cm)*

OS5 (middle part;
34u32�00�N, 135u12�45�E;

25 m depth) core
interval (cm)*

0–10.9 10.9–22.6 22.6–41.6 � 41.6 0–30.9 � 30.9 0–24.9 24.9–31.7 � 31.7 0–12.9 � 12.9

Accumulation rate
(cm yr� 1)*

0.926 2.029 0.89 0.498 1.105 0.724 0.683 3 0.39 4.57 0.709

* Corrected for the compaction.
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growth), was accelerated during 1950s, and reached its
maximum between 1960 and 1970 as a result of rapid
urbanization during Japan’s high economic growth period
(from middle 1950s to early 1970s). The population of
Osaka City increased rapidly after about 1900, temporarily
decreased during and just after World War II, then
increased rapidly again from about 1950, reaching post–
World War II peak in the 1960s (Osaka City 2002; Fig. 9).
Data on underwater visibility and COD indicate that the
water quality in Osaka Bay deteriorated and eutrophication
began in the 1920s (Yamane et al. 1997). Discharges of
COD, nitrogen, and phosphorous, calculated on the basis
of statistical data derived from population, livestock
numbers, annual usage of chemical fertilizer, and annual
industrial shipment value of the Osaka Prefecture for the
period between 1920 and the 1990s, show an increase
,1920 and another rapid increase during the 1950s, and all,
except nitrogen, reached their maxima about 1970 (Nakat-
suji et al. 1998; Fig. 9). Summer hypoxia reached its
maximum in the 1970s (Joh 1986). The increase in relative
abundance of the agglutinated foraminifera Eggerella
advena (Cushman) and Trochammina hadai Uchio, in-
dicating eutrophic conditions (e.g., Uchio 1962; Clark
1971; Tsujimoto et al. 2006b), at around 1900 and the
dominance of these species during latter half of the 20th
century in the core OBY (Tsujimoto et al. 2006a; Fig. 9)
support this interpretation.

In most aquatic ecosystems, nutrient enrichment (eutro-
phication) elicits increases in phytoplankton biomass (i.e.,
surface productivity), according to Kemp et al. (2005). The
same is true for Osaka Bay because surface productivity of
phytoplankton is relatively high and red tides occur
frequently near the mouth of the Yodo River, a source of
nutrient input (Joh 1986).

Eutrophication has been causing development of oxygen
deficient bottom water during summer months (Joh 1986;
ANSIOB 1996). However, it has been restricted in the inner
part of the bay even in the 1970s, during the hypoxia
maximum (Joh 1986).

Consequently, we conceptually predict the following
trends in ostracode records:

1. Ostracode abundance should increase because of an

increase in food supply, which resulted from an

increase in surface productivity, in the middle part

and decrease because of a decrease in dissolved oxygen

in the inner part of Osaka Bay. This is because

eutrophication influences the entire bay to a greater or

lesser extent in the form of increased food supply and

hypoxia was restricted to the inner part of the bay (Joh

1986).

2. Eutrophication-preferring species should increase, and

other species should decrease at all sites.

3. Ostracode diversity should decrease because only a few

eutrophication-preferring species should prosper and

many other species should decline as observed in

foraminifera in Osaka Bay (Tsujimoto et al. 2006a).

4. Timings of above-mentioned changes should correlate

with two eutrophication events at ,1900 and ,1960

(i.e., Japan’s industrial revolution and rapid urbani-

zation after World War II).

5. The earlier event represents the start of eutrophication

and thus its effects are restricted, while the later is

a stronger and more pervasive event affecting a larger

area.

Fig. 6. Temporal changes in ostracode absolute abundance
(number of specimens per 10 g dry sediment) and species diversity
(H: Shannon–Wiener Index). (A) OBY, (B) OS3, (C) OS4, and
(D) OS5.
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diversities among before, early, and serious pollution
periods (i.e., before 1900, 1900–1960, and after 1960,
respectively), using PAST version 1.38b (http://folk.
uio.no/ohammer/past/; Hammer et al. 2001). Levene’s test
(a � 0.05) did not reveal heteroscedasticity in all cores,
indicating that the one-way ANOVA is applicable. The
one-way ANOVA for ostracode species diversity detected
significant differences among periods only in cores OS4 and
OS5 (Table 2). Ostracode species diversity slightly but
significantly decreased in the middle part, possibly fitting

the conceptual model, but there is no significant diversity
change in the inner part of the bay (Fig. 6; Table 2). Does
this stable diversity in sites OS3 and OBY indicate that
eutrophication influenced only abundance, not species
diversity and assemblage composition, in the inner part of
the bay? To answer this question, we consider faunal
changes over the last 200 yr as follows.

Faunal assemblage composition—L. tosaensis and S.
quadriaculeata inhabit the inner part of Japanese embay-

Fig. 8. Temporal changes in absolute abundance (number of specimens per 10 g dry sediment) of ostracode species. (A) OBY, (B)
OS3, (C) OS4, and (D) OS5.
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ments, i.e., inner-bay species. C. donghaiense, K. japonica,
and A. obai are abundant in the middle part of Japanese
embayments, i.e., middle-bay species (see Yasuhara et al.
2005; Yasuhara and Seto 2006 for summary of recent
ostracode distributions). The decrease in relative abun-
dance of the inner-bay species in cores OBY and OS3 and
the middle-bay species in cores OS4 and OS5 occurred at

,1900 and ,1960, related to Japan’s industrial revolution
and rapid urbanization after World War II.

With these decreases, B. bisanensis, Bicornucythere sp.,
C. acupunctata, and L. viva became dominant in all sites.
These trends may indicate a decrease in the variation in
species composition among sites within Osaka Bay. B.
bisanensis is known to be tolerant of anthropogenic
pollution and especially low-oxygen conditions (Irizuki et
al. 2003; Yasuhara et al. 2003). Bicornucythere sp. is
taxonomically and morphologically similar to B. bisanensis.
L. viva showed a similar temporal trend to B. bisanensis in
Hiroshima Bay, related to anthropogenic effects caused by
the industrialization of Hiroshima City (Yasuhara et al.
2003). Bodergat and Ikeya (1988) reported that C.
acupunctata may also be resistant to pollution. These
observations are consistent with the interpretation that
these four species prefer organic-rich environments (and
possibly have some resistance to hypoxic conditions). This
is because these observations did not identify specific kinds
of ‘‘anthropogenic effect’’ and ‘‘pollution’’ and thus
‘‘anthropogenic effect’’ and ‘‘pollution’’ can include eutro-
phication, and hypoxia is caused under eutrophic, i.e.,
food-rich, conditions. Furthermore, the fact that B.
bisanensis, Bicornucythere sp., C. acupunctata, and L. viva
increased rapidly at around 1900 and 1960 not only in
relative abundance (Fig. 7) but also in absolute abundance
in the middle part, cores OS4 and OS5 (Fig. 8) of Osaka
Bay, supports the interpretation that these species prefer
food-rich environments induced by eutrophication. The
differences in faunal composition (i.e., relative abundances)
of these four species between sites may indicate that these
eutrophication-preferring species have slightly different
optimum habitats.

The above-mentioned observation fits the conceptual
model very well. Environmental gradients exist in the bay
represented by the water depth from the innermost part to
the middle part of the bay. Inner-bay species prefer
relatively shallow enclosed environments. On the other
hand, middle-bay species prefer relatively deep, open
environments. However, such environmental gradients
were probably masked by the intensive eutrophication
and the resulting food-rich environment, i.e., eutrophica-
tion-preferring species increased and other species de-
creased as predicted in the conceptual model. However
differences of timing of faunal change between sites do not
fit the conceptual model, i.e., the trend that sites near the
Yodo River are influenced by earlier events and offshore
sites are influenced only by later events was not observed.

The decrease of middle-bay species is probably due to
their inability to adapt to food-rich environments and may
be due to competition with species that prefer food-rich
environments. In the inner part, although the species that
prefer food-rich environments became dominant, the
absolute abundance of these species decreased because of
too severe hypoxia despite resistance to low-oxygen
conditions (Fig. 8).

Anthropogenic eutrophication had similar effects on
species composition in Hiroshima Bay, Japan (Yasuhara et
al. 2003).

Fig. 9. (A, B) Temporal distributions of ostracode absolute
abundance (number of specimens per 10 g dry sediment), (C) the
Osaka City population (Osaka City 2002), (D) relative abundance
of E. advena and T. hadai (agglutinated foraminifera) in the core
OBY (Tsujimoto et al. 2006a), and (E) discharges of COD,
nitrogen, and phosphorous from the Osaka Prefecture via the
Yodo River (Nakatsuji et al. 1998; see text).
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hara and Yamazaki (2005). Trends of heavy metal
pollution and land reclamation are similar to those of
eutrophication, such that heavy metal pollution at the site
OBY started at around 1900 and heavy metal pollution and
land reclamation accelerated after World War II (Fig. 10).
Further research is needed to understand these factors and
how they relate to anthropogenic ecosystem alteration.
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