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ABSTRACT: The invasion of tropical Sargassum species and extinction of temperate Sargassum
species on the temperate coasts of several countries is associated with global warming. However,
little is known about how these shifts in habitat-forming species impact local ecosystems and fisheries. To better understand the effects of tropical Sargassum colonization on temperate coastal
fishes, we investigated differences in the habitat use patterns of fishes in temperate and tropical
Sargassum species beds over 2 seasons on the temperate coast of Japan. The tropical Sargassum
species were characterized by lower thallus height and a shorter vegetative period compared with
temperate species; the thalli of the former were absent during autumn and winter. Peak of recruitment of juvenile fishes matched the biomass peak of both algae from late spring to early summer.
Moreover, assemblage structures and food habits of fishes as well as the density of commonly consumed invertebrates did not differ significantly between the temperate and tropical algal beds
during these seasons, suggesting that the habitat function (living/refuge space and foraging availability) of tropical algae was similar to that of temperate algae for most fishes. However, although
most fishes displayed low specificity to host algae, some species, including important fishery species, recruited only during the middle of winter, when tropical algae were unavailable. This suggests that declining temperate algae may negatively affect some fish populations and fisheries
within the next few decades.
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Over the past 25 yr, the tropical belt has expanded
by 2° to 5° latitude (Fu et al. 2006, Seidel et al. 2008).
The edges of the tropical belt are the outer boundaries of the subtropical dry zones, and their poleward
shift could lead to fundamental shifts in marine ecosystems, brought about by changes in water temperature and related organism invasions and extinctions
(Walther et al. 2002, Harley et al. 2006, Cheung et al.
2009). However, it is not clear how global warming is
disrupting marine biodiversity and ecosystems or
what the impact may be on commercial fisheries

around tropical-temperate boundaries (Cheung et al.
2010, Hoegh-Guldberg & Bruno 2010, Wernberg et
al. 2011a).
In general, the distributions of marine organisms
tend to extend poleward as the global ocean warms,
with the result that high latitude regions experience
a high frequency of invasion and an overall increase
in species richness (Cheung et al. 2009). Moreover,
the combined effects of species invasions and changing environments associated with rising water temperatures can cause the extinction of native species
(Harley et al. 2006). One of the clearest and most profound effects of climate change on the world’s oceans
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This study was conducted at Kutsuu (33° 23’ N,
133° 20’ E) and Hagisaki (33° 26’ N, 133° 27’ E) in
central Tosa Bay, western Japan (Fig. 1). Each site is
protected from coastal waves by an offshore concrete
breakwater, and both temperate and tropical Sargassum beds were present in shallow rocky bottom
areas. The distance between the 2 sites is approximately 12 km across the Yokonami Peninsula.
The temperate alga Sargassum yamamotoi has
long been widespread on shallow rocky reefs (0.5 to
2.5 m depth) in Kutsuu. S. yamamotoi beds in the
study period covered an area of ca. 2200 m2. The
tropical brown alga S. assimile has been present at
Kutsuu since the late 1980s (Hiraoka et al. 2005), and
it now forms dense beds on rocks, that covered ca.
1350 m2 in the study period. S. assimile beds were
located at a depth of ca. 2 to 4 m and 20 m away from
the nearest S. yamamotoi beds. Other brown algae
such as S. ilicifolium (tropical) and S. hemiphyllum
(temperate) were present in patches around S. assimile beds.
In Hagisaki, the temperate species Sargassum
patens has long been dominant in the shallow water
area (0.5 to 2.5 m). S. patens beds in the study period
covered ca. 1450 m2. The tropical alga S. carpophyllum has been present at Hagisaki since around 2002
(Haraguchi et al. 2006). It now forms dense beds on
rocky stones, and covered ca. 2300 m2 in the study
period. These were located at a depth of 1 to 4 m and
20 m away from the nearest S. patens beds. Other
brown algae including S. ilicifolium and S. alternatopinnatum (both tropical species) occurred sparsely
between and around S. patens and S. carpophyllum
beds.
Temporal variation in seawater temperature (at 5 m
depth) was monitored every hour from January 2009
to December 2010 using the data loggers deployed at
each site. The coldest water temperature was approximately 16°C at Kutsuu and 15°C at Hagisaki in
February (winter), whereas the highest water temperature was approximately 29°C from late August to
early September (summer) at each site during 2009
and 2010 (Fig. 3). Seasonal patterns of water temperature were similar at the 2 sites; however, the water
temperature at Hagisaki was marginally lower than
that at Kutsuu from October to March. Salinity was
similar at each site during fine weather (ca. 34 to 35).
The underwater visibility at Hagisaki was marginally
lower (<10 m) than that at Kutsuu (10 to 15 m), and
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Fig. 2. (a) Time series plot of annual averaged surface seawater temperature (SST) offshore, beyond Tosa Bay (data
source: Japan Meteorological Agency) and (D) anomalies
from the 1971 to 2000 mean for the period from 1902 to 2009.
The bold line shows the 5 yr running mean, and the straight
line indicates the long-term linear trend (y = 0.0126x –
1.0244). Data source: Japan Meteorological Agency. (b)
Monthly average SST (± SD) in the coastal area of Tosa Bay
(data source: Kochi Prefectural Fisheries Experimental
Station, see Fig. 1) during the 1970s, 1980s, and the period
1990−2005

concern worldwide (Lima et al. 2007, Wernberg et al.
2011a,b). For example, the kelp Ecklonia cava population in the middle Tosa Bay almost disappeared
during the late 1990s with increasing SST and the
catch of the kelp-associated abalone in this region
has declined dramatically (Serisawa et al. 2004).
To better understand the effects of tropical algae
colonization on temperate coastal fishes, we investigated differences in the habitat use patterns of fishes
in temperate and tropical Sargassum species beds
over 2 seasons in Tosa Bay. The following questions
were addressed: (1) How do the seasonal patterns of
coverage and the height of algae differ between the
temperate and tropical Sargassum beds? (2) How do
the seasonal patterns of fish assemblage structures
differ in temperate and tropical Sargassum beds?
(3) Do the feeding habits of fishes and densities of
commonly consumed invertebrates differ in temperate and tropical Sargassum beds?
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Fig. 3. Mean algal coverage and height (+ SD) of (j) temperate and (s) tropical Sargassum during each month from May 2009
to December 2010 at Kutsuu and Hagisaki. The dashed line indicates the monthly average seawater temperature (5 m depth)
at each site. *p < 0.05 and **p < 0.01 between tropical and temperate algae by t-test with Bonferroni-corrected alpha value

the value of the former decreased temporarily after
heavy rain due to discharge from the Niyodo River,
located 3 km to the east of the Hagisaki site.

Temporal patterns of algae and fish
Fish assemblages in temperate and tropical Sargassum beds were assessed every month at each site
by visual census from May 2009 to December 2010.
In each census, five 20 × 1 m belt transects, separated
from each other by at least 10 m, were established at
random in each bed, and all fishes within the transect
area were counted. Individual fishes were visually
identified to species based on Nakabo (2002) and
their total length estimated in size classes of 1 cm
(roving fishes) and 0.5 cm (resident fishes). To determine the percent coverage of focal algae species
(Sargassum yamamotoi and S. assimile in Kutsuu; S.
patens and S. carpophyllum in Hagisaki) on each
transect, all algae within the entire area of each transect (20 m2) were identified to the species level, while
their surface area was measured approximately
using a scaled rope after the fish census. The thallus
height of focal algal species was expressed as the
mean length of 10 thalli randomly selected from
within each transect. Other algal species (e.g. S. ilici-

folium) were excluded from the analysis because of
their low coverage. Each census was performed between 09:00 and 15:00 h, with each transect being
censused once.
A 2-sample t-test with Bonferroni-corrected alpha
value was used to evaluate any difference in algal
coverage and height between algal types (temperate
algae vs. tropical algae) each month. Before the
analyses, all data were transformed to arcsin square
root (x) for algal coverage and log (x + 1) for algal
height.
Species richness and density of fishes censused in
the beds were compared between algal types and
sampling time using a mixed-model 2-way analysis
of variance (ANOVA). In this analysis, algal type was
considered a fixed factor and sampling time a random factor. Before the analyses, all data were transformed to log (x + 1) to improve the homogeneity of
variances as required by Levene’s test. All of the statistical analyses were conducted using SPSS 12.0J.
The degree of similarity of fish assemblages in temperate and tropical algal beds during each month at
each site was calculated using the Bray-Curtis similarity coefficient based on the number of individuals
of each species. Prior to the analysis, the abundance
data were fourth-root transformed to normalize distributions and stabilize variances, as recommended
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by Clarke (1993). The resultant similarity matrix was
subjected to a 2-way mixed model permutational
multivariate analysis of variance (PERMANOVA)
(Anderson 2001) with algal type as a fix factor and
sampling month as a random factor. The similarity of
fish assemblages in temperate and tropical algal
beds each month were represented graphically using
non-metric multidimensional scaling (MDS). The
ordinations were performed using data averaged
over the 5 samples within each bed every month to
simplify the presentation and make habitat groupings clearer. PERMANOVA and MDS were performed using the PRIMER (v6) computer package.

The diet differences of tropical and temperate beds
were examined for each feeding group. The MannWhitney U-test was used to test for differences in the
percentage volume of major food items (contributing
> 5% of total volume) in the 2 bed types. Individuals
collected during 2009 and 2010 were pooled for each
species in the analysis because the diet composition
did not differ in the 2 years. Similar body size individuals were used for analysis to avoid the possibility of
ontogenetic food preference.

Feeding habits of fishes

To elucidate any differences in the density of commonly consumed invertebrates in tropical and temperate beds, epifaunal invertebrates were collected
during June 2009. Specimens were collected using a
hand-closing net (net mesh 0.1 mm, net length 75 cm,
mouth opening 50 × 50 cm) covering 2500 cm2 of the
seafloor; a 10 cm long × 3 cm diameter polyvinyl
chloride (PVC) pipe was attached to the end of the
net. The net was carefully positioned in the algal
beds by a diver so as to completely enclose the Sargassum without disturbing the epifaunal components. The net mouth was then closed, and the Sargassum was cut at the base. Visually, no epifauna
were lost during this sampling procedure. In the laboratory, the Sargassum was washed in the net using
sand-filtered seawater to remove the invertebrates,
which were collected through the PVC pipe at the
net end and preserved in 5% buffered formalin. The
wet weight of algae was measured for each replicate.
Five replicate samples were randomly collected (at
least 10 m apart) from temperate and tropical algal
beds in each station.
A 2-sample t-test with Bonferroni-corrected alpha
value was used to compare the densities of important
food items (ind. kg−1 algal weight) in tropical and
temperate algal beds. Prior to these analyses, all data
were log (x + 1)-transformed to produce homogeneous variances.

To elucidate differences in the diet composition of
dominant fishes in tropical and temperate beds, a gut
content analysis was conducted. Fishes were collected from the tropical and temperate algal beds
(> 20 m away from fish census area) at the 2 sites
using a gill net and a screen net during June and July
in 2009 and 2010. Immediately after fish collection,
concentrated formalin was injected into the body
cavity of each specimen, and the fish was then preserved in 10% formalin. In the laboratory, the standard lengths (SL) of all specimens were measured to
the nearest 0.1 mm.
During the study period, 11 dominant species belonging to 4 feeding groups (benthivores, herbivores,
detritivores, and omnivores) were collected. At least
3 individuals of each species from each bed type
were required for analysis; 3 species (Petroscirtes
breviceps, Prionurus scalprum, and Pomacentrus
coelestis) from Hagisaki were excluded from the
analysis because they did not meet this criterion.
Food items in the gut contents of each fish specimen
were identified to the lowest possible taxon. The percentage volume of each food item in the diet was
visually estimated from a 1 × 1 mm grid slide under a
binocular microscope as follows: gut contents were
squashed to a uniform depth of 1 mm and the area
taken up by each item measured. The area of each
item was then divided by the total area covered by
the gut contents in order to calculate the percentage
volume of that item in the diet. Food resource use
was expressed as the mean percentage composition
of each item by volume, which was calculated by
dividing the sum total of the individual volumetric
percentages for the item by the number of specimens
examined. Specimens with empty guts were excluded from the analysis

Density of invertebrates commonly consumed
by fishes

RESULTS
Algal height and coverage
From November 2009 to February 2010 (late autumn and winter), only temperate Sargassum covered the shallow reefs and no tropical Sargassum
(or other algae) were vegetative at either site. Sar-
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Fig. 4. Mean numbers (+ SD) of fish species and individual fishes per transect (1 × 20 m, n = 5) in temperate and tropical
Sargassum beds during each month from May 2009 to December 2010 at Kutsuu and Hagisaki. The dashed line indicates the
monthly average seawater temperature (5 m depth) at each site

gassum yamamotoi started to grow in Kutsuu from
November, whereas S. patens started to grow in
Hagisaki from January (Fig. 3). Tropical algae
started to grow from March at each site as the water
temperature began to increase. From May to July,
most of the temperate and tropical algae matured
and the coverage of both algae exceeded 60% at
each site. The thalli of temperate and tropical algae
lost their blades, fronds, and receptacles after the
reproductive season of both algal types from May to
late July. During September and October, only holdfasts with small pieces of vegetative material
attached remained, and the rocks were coated with
turf algae at each site. Although the temperate and
tropical algae had a similar biomass peak during
May to July during both years, the temperate algae
in Kutsuu (S. yamamotoi) exhibited a difference in
growth onset between years (unusually, there was
almost no vegetation during November and December in 2010).
The pattern of the temporal change in algal height
was parallel to that in coverage, with the thalli being
highest in June and July (Fig. 3). Temperate algae
were significantly taller than tropical algae for most
months (t-test, p < 0.05 for Bonferroni-corrected
alpha value), and were often exposed during low
tides.

Fish assemblage structure
During the study period, 84 species were recorded
from 37 families in the temperate and tropical algal
beds at Kutsuu (Table S1 in the supplement at www.
int-res,com/articles/suppl/m464p209.pdf). Of these,
53 species were found in both algal beds, 12 were
observed only in the temperate bed, and 19 were
observed only in the tropical bed. In total, 60 species
belonging to 34 families were found in the 2 Hagisaki
beds (Table S2). Of these, 37 species were found in
both beds, 12 were found only in the temperate bed,
and another 11 species were found only in the tropical
bed. No fish species were specific to temperate beds
at both sites, or to tropical beds at both sites. .
There were no significant differences in species
numbers and individual numbers between the temperate and tropical algal beds during the study
period at Kutsuu (2-way ANOVA: F1,160 = 0.15, p =
0.70 for species numbers; F1,160 = 0.42, p = 0.52 for
individual numbers) or at Hagisaki (2-way ANOVA:
F1,160 = 0.81, p = 0.38 for species numbers; F1,160 =
0.39, p = 0.54 for individual numbers). However, we
found significant seasonal changes in these numbers
at both Kutsuu (2-way ANOVA: F19,160 = 5.7, p < 0.001
for species numbers; F19,160 = 7.1, p < 0.001 for individual numbers) and Hagisaki (2-way ANOVA:
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PERMANOVA detected significant a difference between months (Pseudo-F = 5.7, p < 0.01) and a marginally significant difference between algal types
(PERMANOVA: Pseudo-F = 2.0, p = 0.05).

Feeding habits of fishes
No significant diet difference was observed
between the temperate and tropical algal beds at
each site for benthivores, herbivores, detritivores,
and omnivores (Fig. 6). Calotomus japonicus fed on
both types of Sargassum at each site.

Density of the invertebrates commonly consumed
by fishes
Important food items for benthivores and omnivores such as gammaridean amphipods, corophiid
amphipods, harpacticoid copepods, and polychaetes
were abundant in both temperate and tropical algal
beds (Fig. 7). Most food items did not display clear
density difference patterns between the 2 algal types
at each site.
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DISCUSSION
Fish responses to tropical Sargassum invasion
Climatically driven changes in the composition of
habitat-forming species are generally expected to
have important community- and ecosystem-level
consequences (Duffy 2003, Harley et al. 2006). The
impact of a tropical algal invasion on the native
assemblages of temperate fishes depends on the host
plant specificity of fish species and the similarities
between temperate and tropical algae. Although the
seasonal vegetation pattern differed between tropical and temperate Sargassum species in Tosa Bay,
the thalli of the former being unavailable during the
autumn and winter seasons, the high level recruitment of juvenile fishes occurred during the biomass
peak of both algae from late spring to early summer
(May−July). The high availability of an algal nursery
habitat during the recruitment season is important
for most fish populations because mortality rates during the benthic life stages of marine fishes are generally the highest in the youngest and smallest classes
(Shulman & Ogden 1987, Dahlgren & Eggleston
2001). Moreover, fish assemblages were not clearly
different between the temperate and tropical algal
beds during these seasons, suggesting that the habitat function (living/refuge space and foraging availability) of tropical algae was similar to that of temperate algae for most fish species in this region. Indeed,
food habits of benthivorous and omnivorous fishes
did not differ significantly between the temperate
and tropical algal beds and this phenomenon was
most likely due to the abundance of commonly consumed invertebrates in both types of bed. Such a low
specificity of the epifaunal invertebrates in the host
macroalgae has also been found in native and
human-induced invasive macroalgae ecosystems,
since the general finding is that native and invasive
algae share a similar highly complex thallus morphology, as well as epifauna that use epiphytes as
food resources rather than the macroalga itself (Viejo
1999, Wernberg et al. 2004, Buschbaum et al. 2006).
Tropical seaweeds are hypothesized to possess
stronger chemical defenses against herbivory than
temperate seaweeds due to the perceived increase in
grazing intensity at lower latitudes (Bolser & Hay
1996), suggesting that tropical Sargassum invasion
could negatively affect temperate herbivorous fishes.
Although the small sample size limits the robustness
of the conclusions, this hypothesis is not supported
by the results of the present study, since we found no
differences in the density and food habits of herbivo-
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rous fishes between the temperate and tropical algal
beds at each site.
Despite the low host-algal specificity of most fishes,
some fish species were missing from the tropical
algal bed or temperate algal bed at each site. However, no fish species were specific to a bed type at
both sites and the low density of each individual
species (< 0.8 individuals per 20 m2, except for Chaenogobius gulosus) limited the inference strength of
our results. On the other hand, the abundance of several species differed between the temperate and
tropical algal beds during the winter and early
spring, when the algal coverage and/or the height of
the temperate species were much higher than for the
tropical species. For example, juveniles of Girella
punctata, which is a popular angling species in
Japan, were often observed in the canopy of temperate algae around the sea surface during May. The
feeding habits of G. punctata did not differ between
the temperate and tropical beds, so algal height may
determine host-algal selection by these juveniles.
Scombrops boops is an important fishery species in
Japan, which recruited to temperate algal beds during February, when only temperate algae were available. This phenomenon suggests that temperate
algae provide an important juvenile habitat for S.
boops during the winter. We do not consider that this
conclusion is significantly undermined by the lack of
replicate winter data in our study, since temperate
Sargassum vegetation has widely been reported in
the bay (e.g. Ohno et al. 1990) during the winter and
the spawning season of S. boops is from October to
March (Mochizuki 1984); thus the phenomenon may
well be similar each year. Indeed, temperate Sargassum species were observed at both sites during February 2011 (Y. Nakamura pers. obs.). A similar phenomenon was observed for other species in the Seto
Inland Sea, northern Shikoku, where the important
fishery species Sebastes cheni juveniles settled into
Sargassum filicinum beds from late February to
March, where they remained until May during the
peak of algal vegetation (Kamimura & Shoji 2009).
Since the geographic expansion of tropical Sargassum in Tosa Bay during the 1980s, tropical species
have become established permanent members of the
algal community in the low intertidal and upper subtidal zones in rocky environments. Despite their successful dispersal and increasing densities, tropical
Sargassum algae have not entirely replaced indigenous temperate Sargassum, and at present, there is
no evidence that the tropical algal invasion has had
negative effects on the habitat for temperate fishes.
However, although no clear evidence has emerged to

date (including this study) that the new Sargassum
species are having a negative impacts on fisheries in
the region, our findings must be interpreted with
caution because we lack appropriate historical baseline fish data for the last 30 yr (Pauly 1995, Lotze &
Worm 2009). Therefore, we cannot exclude the possibility that tropical macroalgal invasions are having
detrimental long-term effects on the native commercial and noncommercial fishes.

Future of fish−macroalgal associations under
global warming
Just 30 yr of warmer temperatures at the end of
the twentieth century have affected the phenology
of organisms, range and distribution of species, and
composition of communities (Walther et al. 2002).
The rate of warming of the Earth’s climate from 1976
to 2000 was greater than at any other time during the
last 1000 yr (IPCC 2007). Dramatic increases in SST
and tropical organisms have been observed in Tosa
Bay during the last 30 yr. An important question is
whether this trend will continue in the future. Climate projections suggest that air temperature around
Tosa Bay will be + 2.5 to 3.0°C higher in 2090−2099
compared with 1980−1999 (under the middle of the
road AIB scenario; IPCC 2007), indicating that SST is
also very likely to increase in the next 100 yr.
The velocity of Kuroshio current increases with
global warming (Sakamoto et al. 2005), which will
push warm waters and tropical organisms further
north. Warming temperatures can facilitate the
establishment and spread of accidentally introduced
species (Stachowicz et al. 2002). Therefore, if the
water temperature continues to increase, the number
of tropical macroalgal species may gradually increase in Tosa Bay. An increase in tropical species
may impact native temperate species via competition
for space (White & Shurin 2011). Although this remains uncertain, the recent expansion of tropical
Sargassum species and decline in temperate Sargassum species in the bay suggests that tropical algae
will be a prominent component of Japanese temperate coasts in the future. Indeed, an expansion of tropical macroalgal (Sargassum) species with increasing
SST has been observed in several temperate coastal
regions in western Japan (Aratake et al. 2007) and
eastern Australia (Wernberg et al. 2011b). The increased SST may prolong the vegetative and reproductive period of tropical Sargassum species but
shorten the vegetative period or lead to the extinction of some temperate Sargassum species, because
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most of the latter are not tolerant of high temperatures (above 27 to 30°C) (Haraguchi et al. 2005). A
prolonged vegetative period of tropical Sargassum
species with an increasing SST may allow most fish
species to use the latter as an alternative habitat to
temperate Sargassum beds, which may stabilize their
populations. In Amami-Oshima Island (28° N, 129° E)
in the subtropical−temperate boundary zone, for example, tropical Sargassum species vegetate through
the whole year, but a growth peak is observed during
the spring and summer seasons (with thallus heights
of 40 to 90 cm between April and September and
20 cm during the late autumn and winter seasons)
(Ikari et al. 2010). The SST during winter season in
Amami-Oshima Island is 2 to 3°C higher than in Tosa
Bay, but the SST of Tosa Bay at the end of the 21st
century is expected to be similar to the current SST of
Amami-Oshima Island. Therefore, the most likely
scenario within the next few decades is a continuous
decline of temperate Sargassum on Japanese temperate coasts and the increasing domination of tropical Sargassum, but with the latter only vegetating
during the spring and summer seasons. Thus, some
fish populations could decline if the fish recruitment
and algal vegetative period do not coincide, since
juveniles would not have access to the shelter and
food resources afforded by algal beds, especially during the winter season. However, fish are mobile and
could shift their spawning season or distribution area
in response to changes in water temperature. Thus,
there may be shifts in the fish recruitment season
as well as invasions and local extinctions of some
fish species. For example, juvenile black rockfish
Sebastes cheni recruit to macroalgal beds during the
late winter-early spring, and they might spawn later
if the ambient water temperature increased (Shoji et
al. 2011). Holbrook et al. (1997) found a significant
increase in southernranging species and a decrease
in northern-ranging species with increasing SST
in fish communities in kelp habitat off California
between 1974 and 1993. Because dependence on
algal habitat is different among invasive fish species,
further research on algal−fish association scenarios
under global warming should take account of this
dependence, as well as possible shifts in the spawning season in response to increasing seawater temperature.
Overall, the present study emphasizes that most
fish species can use tropical Sargassum as an alternative habitat to temperate Sargassum, but the gradual
increase in SST will shorten the overall vegetative
period of coastal algae and this may have a negative
impact on local fish populations and fisheries. Sim-
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plistic models of relationships between temperature
and biota are not ideal for predicting future biological changes because the spatiotemporal patterns of
temperature and subsequent biological responses
are often not straightforward (Duffy 2003, Hsieh et al.
2005). However, we consider that the results presented in this paper help to elucidate the potential
sensitivity of temperate algal ecosystems and related
fisheries to climate change. The study provides inputs for the development of adaptation policies to
minimize the effects of global change in marine ecosystems on coastal ecosystem services.
Acknowledgements. We are grateful to K. Yamaoka, S.
Taino, H. Haraguchi, and Nii and Kutsuu Fishery Cooperatives for logistic support. SST logger data were provided by
Kochi Prefectural Fisheries Experiment Station. Constructive comments on the manuscript from 5 anonymous reviewers were much appreciated. This study was supported by a
grant from the Ministry of Education, Culture, Sports, Science and Technology of Japan (FY2009-2011).

LITERATURE CITED

➤
➤
➤

➤

➤

➤
➤

➤
➤

Anderson MJ (2001) A new method for non-parametric multivariate analysis of variance. Austral Ecol 26:32−46
Aratake H, Shimizu H, Watanabe K, Yoshida G (2007) Longterm change in Sargassum-bed distribution along the
coast of Kushima-city, southern part of Miyazaki Prefecture, Japan. Bull Miyazaki Pref Fisher Exp Stat 11:1−13
Bolser RC, Hay ME (1996) Are tropical plants better
defended? Palatability and defenses of temperate vs.
troical seaweeds. Ecology 77:2269−2286
Buschbaum C, Chapman AS, Saier B (2006) How an introduced seaweed can affect epibiota diversity in different
coastal systems. Mar Biol 148:743−754
Carpenter KE, Abrar M, Aeby G, Aronson R, and others
(2008) One-third of reef-building corals face elevated
extinction risk from climate change and local impacts.
Science 321:560−563
Cheung WWL, Lam VWY, Sarmiento JL, Kearney K, Watson
R, Pauly D (2009) Projecting global marine biodiversity
impacts under climate change scenarios. Fish Fish 10:
235−251
Cheung WWL, Lam VWY, Sarmiento JL, Kearney K, Watson
R, Zeller D, Pauly D (2010) Large-scale redistribution of
maximum fisheries catch potential in the global ocean
under climate change. Glob Change Biol 16:24−35
Clarke KR (1993) Non-parametric multivariate analysis of
changes in community structure. Aust J Ecol 18:117−143
Dahlgren CP, Eggleston DB (2001) Spatio-temporal variability in abundance, size and microhabitat associations of
early juvenile Nassau grouper Epinephelus striatus in an
off-reef nursery system. Mar Ecol Prog Ser 217:145−156
Duffy JE (2003) Biodiversity loss, trophic skew and ecosystem functioning. Ecol Lett 6:680−687
Fu Q, Johanson CM, Wallace JM, Reichler T (2006)
Enhanced mid-latitude tropospheric warming in satellite
measurements. Science 312:1179
Haraguchi H, Murase N, Mizukami Y, Noda M, Yoshida G,
Terawaki T (2005) The optimal and maximum critical

220

➤

➤
➤
➤

➤

➤

➤

➤

Mar Ecol Prog Ser 464: 209–220, 2012

temperatures of nine species of the Sargassaceae in the
coastal waters of Yamaguchi Prefeture, Japan. Jap J
Phycol 53:7−13
Haraguchi H, Yamada C, Imoto Z, Ohno M, Hiraoka M
(2006) Species composition of Sargassum beds on the
coast of Ogisaki, Kochi, southern Japan. Bull Mar Sci
Fish Kochi Univ 24:1−9
Harley CDG, Hughes AR, Hultgren KM, Miner BG and
others (2006) The impacts of climate change in coastal
marine systems. Ecol Lett 9:228−241
Hiraoka M, Ura Y, Haraguchi H (2005) Relationship between seaweed beds and seawater temperature in the
Tosa Bay. Aquabiology 160:485−493
Hoegh-Guldberg O, Bruno JF (2010) The impact of climate
change on the world’s marine ecosystems. Science 328:
1523−1528
Holbrook SJ, Schmitt RJ, Stephens JS Jr (1997) Changes in
an assemblage of temperate reef fishes associated with a
climate shift. Ecol Appl 7:1299−1310
Hsieh CH, Glaser SM, Lucas AJ, Sugihara G (2005) Distinguishing random environmental fluctuations from ecological catastrophes for the North Pacific Ocean. Nature
435:336−340
Ikari T, Yoshimitsu S, Tokunaga N, Tahara Y (2010) Studies
on the formation of artificial Sargassum beds at AmamiOshima Island. Annual Rep Kagoshima Pref Fish Tech
Devel Cent 2010:148−155 (in Japanese)
IPCC (Intergovernmental Panel on Climate Change) (2007)
Climate Change 2007: the physical science basis. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge
Japan Metrological Agency (2010) Long term trend of surface seawater temperature around Shikoku. http://www.
data.kishou.go.jp/kaiyou/shindan/e_3/kobe_warm/kobe
_warm.html (in Japanese)
Johnson CR, Banks SC, Barrett NS, Cazassus F and others
(2011) Climate change cascades: shifts in oceanography,
species’ ranges and subtidal marine community dynamics in eastern Tasmania. J Exp Mar Biol Ecol 400:17−32
Kamimura Y, Shoji J (2009) Seasonal changes in the fish
assemblages in a mixed vegetation area of seagrass and
macroalgae in the central Seto Inland Sea. Aquacul Sci
57:233−241
Lima FP, Ribeiro PA, Queiroz N, Hawkins SJ, Santos AM
(2007) Do distribution shifts of northern and southern
species of algae match the warming pattern? Glob
Change Biol 13:2592−2604
Lotze HK, Worm B (2009) Historical baselines for large marine animals. Trends Ecol Evol 24:254−262
Mochizuki K (1984) Family Scombropidae. In: Masuda H,
Amaoka K, Araga C, Uyeno T, Yoshino T (eds) The fishes
of the Japanese Archipelago. Tokai University Press,
Tokyo
Monteiro CA, Engelen AH, Santos ROP (2009) Macro- and
mesoherbivores prefer native seaweeds over the invasive brown seaweed Sargassum muticum: a potential
regulating role on invasions. Mar Biol 156:2505−2515
Nagai S, Yoshida G, Tarutani K (2011) Changes in species
composition and distribution of algae in the coastal
waters of western Japan. In: Casalengno S (ed) Global
warming impacts — case studies on the economy, human
health, and on urban and natural environments. InTech,
Shanghai, p 209–236
Nakabo T (ed) (2002) Fishes of Japan with pictorial keys to
Editorial responsibility: Charles Birkeland,
Honolulu, Hawaii, USA

➤

➤

➤

➤

➤

➤

➤
➤
➤
➤

➤

➤

➤

the species, English edn. Tokai University Press, Tokyo
Ohno M, Terawaki T, Honda M (1990) Ecology of Sargassum
and creation of artificial seaweed bed in the southern
Japan. Bull Coast Oceanogr 27:127−135
Pauly D (1995) Anecdotes and the shifting baseline syndrome of fisheries. Trends Ecol Evol 10:430
Sakamoto TT, Hasumi H, Ishii M, Emori S, Suzuki T,
Nishimura T, Sumi A (2005) Responses of the Kuroshio
and the Kuroshio extension to global warming in a highresolution climate model. Geophys Res Lett 32:L14617,
doi:10.1029/2005GLO23384
Seidel DJ, Qiang F, Randel WJ, Rechler TJ (2008) Widening
of the tropical belt in a changing climate. Nat Geosci 1:
21−24
Serisawa Y, Imoto Z, Ishikawa T, Ohno M (2004) Decline of
the Ecklonia cava population associated with increased
seawater temperatures in Tosa Bay, southern Japan. Fish
Sci 70:189−191
Shoji J, Toshito S, Mizuno K, Kamimura Y, Hori M,
Hirakawa K (2011) Possible effects of global warming on
fish recruitment: shifts in spawning season and latitudinal distribution can alter growth of fish early life stages
through changes in daylength. ICES J Mar Sci 68:
1165−1169
Shulman MJ, Ogden JC (1987) What controls tropical reef
fish populations: recruitment or benthic mortality? An
example in the Caribbean reef fish Haemulon flavolineatum. Mar Ecol Prog Ser 39:233−242
Stachowicz JJ, Terwin JR, Whitlatch RB, Osman RW (2002)
Linking climate change and biological invasions: ocean
warming facilitates nonindigenous species invasions.
Proc Natl Acad Sci USA 99:15497−15500
Steneck RS, Graham MH, Bourque BJ, Corbett D, Erlandson
JM, Estes JA, Tegner MJ (2002) Kelp forest ecosystems:
biodiversity, stability, resilience and future. Environ
Conserv 29:436−459
Taylor RB, Cole RG (1994) Mobile epifauna on subtidal
brown seaweeds in northeastern New Zealand. Mar Ecol
Prog Ser 115:271−282
Viejo RM (1999) Mobile epifauna inhabiting the invasive
Sargussum muticum and two local seaweeds in northern
Spain. Aquat Bot 64:131−149
Walther GR, Post E, Convey P, Menzel A and others (2002)
Ecological responses to recent climate change. Nature
416:389−395
Wernberg T, Thomsen MS, Staehr PA, Pedersen MF (2004)
Epibiota communities of the introduced and indigenous
macroalgal relatives Sargassum muticum and Halidrys
siliquosa in Limfjorden (Denmark). Helgol Mar Res 58:
154−161
Wernberg T, Russell BD, Moore PJ, Ling SD and others
(2011a) Impacts of climate change in a global hotspot
for temperate marine biodiversity and ocean warming.
J Exp Mar Biol Ecol 400:7−16
Wernberg T, Russell BD, Thomsen MS, Gurgel FD, Bradshaw CJA, Poloczanska ES, Connell SD (2011b) Seaweed communities in retreat from ocean warming. Curr
Biol 21:1828−1832
White LF, Shurin JB (2011) Density dependent effects of an
exotic marine macroalga on native community diversity.
J Exp Mar Biol Ecol 405:111−119
Yamano H, Sugihara K, Nomura K (2011) Rapid poleward
range expansion of tropical reef corals in response to rising sea surface temperatures. Geophys Res Lett 38:
L04601, doi:10.1029/2010GLO46474
Submitted: January 30, 2012; Accepted: June 12, 2012
Proofs received from author(s): September 2, 2012

