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1 | INTRODUCTION

| Kentaro Watanabe' | Norishige Yotsukura® | Masahiro Nakaoka'

Abstract

Japanese kelps are important because they perform a valuable ecosystem function
of coastal kelp forest formation, and they are important food resources. The present
study aimed to predict future shifts in major kelp species in northern Japan under
different climate change scenarios. From a database of cold temperate kelp species
in Japan, we extracted 1,958 data points to estimate the distribution of 11 kelp spe-
cies that inhabit the waters around northern Japan. Distributions of the past (1980s)
and the future (2040s and 2090s) were estimated using a species distribution model
(MaxEnt). Variation in summer and winter sea surface temperatures was the factor
most responsible for the estimated distribution patterns for most species; the length
of natural rocky coasts and wave height were also important for some species. A
forecast of shifts in distributions based on different Intergovernmental Panel on
Climate Change scenarios showed that kelp species diversity in Japan would signif-
icantly decrease. By the 2090s, their habitat range overall was estimated to decline
to 30-51% of that of the 1980s with moderate warming (Representative concentra-
tion pathways [RCP] 4.5) and to 0-25% with severe warming (RCP 8.5). The
model predicted that 6 of 11 cold temperate kelp species may become extinct
around Japan by the 2090s (RCP 8.5). Commercially important species, such as
Saccharina japonica, are also expected to decline greatly, which may affect kelp

fisheries and aquaculture in northern Japan.

KEYWORDS
biodiversity, Intergovernmental Panel on Climate Change (IPCC), marine macroalgae, Northwest

Pacific, species distribution model

which can further affect the use of marine resources by
human, such as by fisheries and aquacultures. However, our

Ongoing climate change will affect the global demographics,
abundance, distribution and phenology of many marine spe-
cies through environmental changes, such as water tempera-
ture increases and ocean acidification (Harley et al. 2006;
Orr et al. 2005; Poloczanska et al. 2016; Yara et al. 2012).
Future projections suggest that changes in community com-
position and local species loss would occur worldwide
(e.g., Beaugrand et al. 2015; Garcia Molinos et al. 2016),

knowledge of the patterns of marine biodiversity and their
future response to climate change is limited in the northwest
Pacific Ocean region (Fishery
Poloczanska et al. 2016).

Kelp forests are one of the most important coastal habitats

agency Japan 2017;

from temperate to near polar regions. They are highly produc-
tive, performing valuable ecosystem functions, such as habi-
tat provision and acting as a food source to many marine
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organisms (Bennett et al. 2016; Bertocci et al. 2015; Smale
et al. 2013; Vasquez et al. 2014). Japanese kelps are also
important food resources. In 2015, around 15,000 tons of
kelp were harvested in Hokkaido, northern Japan, with a total
yield of 22.7 billion Japanese yen (Sasaki 2017). However,
kelp forests are decreasing globally at a rate of 1.5 to 18% per
year due to anthropogenic-related factors, such as water tem-
perature increases, water quality deterioration, sedimentation
and land reclamation (Aratjo et al. 2016; Connell et al. 2008;
Krumhansl et al. 2016; Steneck et al. 2002). In Japan, the area
of seaweed beds decreased greatly in the late 20th century
(Environmental Agency Japan 1994, 1999 ; Kumagai et al.
2018). The decline of kelp species can cause community-
wide impacts because it can also lead to the decline of kelp-
associated animals such as fish and crustaceans (Bertocci
et al. 2015; Teagle & Smale 2018). It can also cause decrease
in ecosystem functions such as nutrient cycling, energy flow
and coastal defense (Smale et al. 2013). Thus, understanding
current status and predicting future changes in major kelp
species are essential to protect marine biodiversity of kelp
forest and plan sustainable use of its ecosystem services.

Water temperature increases because of climate change
has been considered one of the most critical drivers of kelp
forest decline. Kelps are sensitive to increases in water tem-
perature because this phyletic group originally occurs from
temperate to cold water regions (Assis et al. 2016). Decreases
in kelp forests have been reported as a result of water temper-
ature increases from various parts of the world (Filbee-Dexter
et al. 2016; Johnson et al. 2011; Moy and Christie 2012),
including temperate waters around Japan (Tanaka et al. 2012;
Kumagai et al. 2018). Future shifts in distribution and abun-
dance have been predicted for some kelp species in the Atlan-
tic Ocean (Assis et al. 2016; Assis et al. 2017; Assis et al.
2018; Franco et al. 2018; Gorman et al. 2013; Raybaud et al.
2013) and offshore Japan (Kuwahara et al. 2006, Takao et al.
2015). However, information on kelp forecasts is still insuffi-
cient in northern Japan, especially for species living in cold
temperate regions (i.e., 40°N and higher), where kelp
harvesting is important for the fisheries industry.

Recently, studies on broad-scale marine biodiversity have
been facilitated by the development of open-access global
databases, such as Global Biodiversity Information Facility
(GBIF; http://www.gbif.org/), Ocean Biogeographic Infor-
mation System (OBIS; http://www.iobis.org/), FishBase
(http://www fishbase.org/) and AlgaleBase (http://www.
algaebase.org/). Information on the distribution of marine
life in Japanese waters has been collated in BISMaL (http://
www.godac.jamstec.go.jp/bismal/e/index.html).

Using these databases, global patterns of marine biodiver-
sity have been estimated for a variety of taxa (Tittensor et al.
2010; Kaschner et al. 2016) and future changes in species dis-
tribution have been predicted by modeling under different

climate change scenarios (Beaugrand et al. 2015, Garcia
Molinos et al. 2016). Nevertheless, data on marine species
remain insufficient and still contain large geographic gaps
around the northwest Pacific Ocean. Filling these information
gaps is necessary to understand the current distribution pat-
terns and to forecast changes in regional marine biodiversity.

In this study, we estimated the past distribution of cold
temperate kelp species in northern Japan and predicted
changes in their distribution based on different Intergovern-
mental Panel on Climate Change (IPCC) scenarios for future
ocean climates. We first developed species distribution models
(SDMs) for 11 cold temperate kelp species belonging to the
order Laminariales. The models reconstructed species distribu-
tion for the 1980s because at this time water temperatures had
not been increasing around northern Japan (Meteorological
Agency Japan, 2017). We then examined which combination
of environmental factors explained the species distribution pat-
terns. Based on the relationships between occurrence and envi-
ronmental data, we projected changes in the distribution of
each species and species diversity using models of the future
ocean environment (Coupled Model Intercomparison Project
Phase 5 [CMIP5]; Taylor et al. 2012) based on different emis-
sion scenarios from representative concentration pathways
(RCPs 4.5 and 8.5; Moss et al. 2010). We particularly
addressed the question of whether the use of summer and win-
ter temperatures affects distribution predictions differently
because temperature sensitivity varies seasonally in different
kelp life stages (Kamiya et al. 2006).

2 | METHODS

2.1 | Scope and species

In this study, the research area was along the coast of north-
ern Japan between 35.7 and 45.5°N and 139.4 and 145.8°E
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FIGURE 1 Study area (outlined in bold) and major ocean

currents around Japan. The warm currents are in red and the cold
currents in blue. Current data are based on Nishimura (1981)
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(Figure 1). Forty-five species of Laminariales occur along
the coast of Japan (Yoshida et al. 2015). We targeted 11 cold
temperate species belonging to the three families that are
dominant in northern Japan (Table 1). Other species that also
occur in the study area were excluded from the analyses
because of insufficient occurrence data to retain model accu-
racy (<20 data points). Among the 11 species, Saccharina
Jjaponica had the widest distribution, ranging from 39°N
(Sea of Japan) and 37°N (Pacific coast of Honshu) to the
northernmost point of Hokkaido (45°N). In contrast,
Arthrothamnus bifidus, Saccharina angustata, Saccharina
cichorioides, Saccharina coriacea, Saccharina gyrata and
Saccharina longissima were recorded only from Hokkaido.

2.2 | Data collection

The distribution data of Laminariales in Japan contained a
total of 27,189 recorded occurrences from literature, govern-
ment reports and museum herbarium in the BISMalL
(Nakaoka et al. 2017). In addition, national museum of
nature and science specimens (http://db.kahaku.go.jp/
webmuseum/) and data paper of seaweed in Japan (Kumagai
et al. 2016) are also containing occurrences data of
Laminariales. We extracted 1,958 of these data of the
11 targeted kelp species recorded between the 1950s and
1980s from these databases and the data paper (Table S1).
The data were most abundant and covered the widest areas
of Japan in the 1980s when a nationwide census of algal bed
distribution was conducted by the Ministry of the Environ-
ment (Environment Agency Japan, 1994). Fewer data were
collected in and after the 1990s because additional nation-
wide monitoring programs were not conducted. Water tem-
peratures around northern Japan did not significantly

RESEARCH

increase from 1950 to 1990 (Meteorological Agency Japan,
2017). We thus set the baseline period to examine the effect
of temperature increases on kelp distribution as the 1980s
and used all of the occurrence data collected between the
1950s and 1980s to retain sufficient data for species distribu-
tion ranges.

2.3 | Species distribution models

The SDMs identify the relationships between presence of a
species and environmental variables. Many algorithms exist
for SDMs, among which maximum entropy modeling
(MaxEnt) has been most used commonly because it is robust
against georeferencing errors using presence-only records
(Elith et al. 2011, Graham et al. 2008, Phillips et al. 2006). It
outperforms most other algorithms, such as generalized lin-
ear models, generalized additive models and random forests,
and is particularly appropriate for marine species (Aguirre-
Gutiérrez et al. 2013; Elith et al. 2006; Ready et al. 2010).
MaxEnt also performs well in estimating potential range
shifts for a species due to climate change (Hijmans and Gra-
ham 2006). Therefore, we chose to use MaxEnt in this study.
All MaxEnt models were run using the default settings (ver-
sion 3.3.3k; Phillips et al. 2006) and replicated 10-fold cross
validation. Random test percentage for the cross validation
used 20% of the data. The model accuracy was examined by
the area under the curve (AUC) (Fielding and Bell 1997) for
which values >0.7 are commonly accepted (Raes and ter
Steege 2007; Swets 1988). Predicted logistic values of each
grid were converted to presence/absence values using a
threshold of 0.5; a probability lower than this threshold was
classified as absence and higher probabilities classified as

TABLE 1 Kelp species analyzed in this study
Number of data

Family Scientific name 1950s 1960s 1970s 1980s Total

Alariaceae Alaria crassifolia 14 143 64 77 298

Costariaceae Agarum clathratum 8 40 53 24 125
Costaria costata 0 24 79 131 234

Laminariaceae Arthrothamnus bifidus 7 3 11 43 64
Saccharina angustata 24 29 76 35 164
Saccharina cichorioides 0 0 8 28 36
Saccharina coriacea 5 6 6 53 70
Saccharina gyrata 8 9 21 23 61
Saccharina japonica 57 227 129 366 779
Saccarina longissima 0 9 6 56 71
Saccharina sculpera 5 4 2 45 56

Total 128 494 455 881 1958
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presence. The converted model results of 11 species were
summed to estimate variation in kelp species diversity.

2.4 | Environmental dataset for estimating
species distribution

We created a database of five environmental variables based
on large-scale modeling in the northern Atlantic Ocean
(Franco et al. 2018; Gorman et al. 2013; Raybaud et al. 2013)
at 5 km resolution. The variables were (a) coldest month sea
surface temperature (SST), (b) warmest month SST,
(c) annual mean SST, (d) mean significant wind wave height
and (e) the length of natural and semi-natural rocky coasts.
From these variables, we excluded the annual mean SST
because of collinearity with the coldest and warmest month
SST because collinearity can decrease accuracy of prediction
in ecological models including SDM (Dormann et al. 2013).
As a result, four environmental variables were used in the
SDMs (Table 2). Data collected during the 1990s were used
for the wind wave height due to difficulty of acquiring long-
term measured data sets. We set the resolution of all variables
to a 5 km grid by interpolation with the inverse distance
weighting method (Bartier and Keller 1996).

Summer and winter SSTs correlated over the entire study
area, and thus it was difficult to include both in one SDM for
each species. Therefore, we constructed two SDMs for each
species, (a) a combination of warmest month SST, wind wave
height and rocky coast length and (b) coldest month SST,
wind wave height and rocky coast length, and these are called
the “summer model” and “winter model,” respectively.

2.5 | Environmental dataset for future
projections

Monthly mean SSTs were obtained from a climate model,
Model for Interdisciplinary Research on Climate - Earth Sys-
tem Model (MIROC-ESM; Watanabe et al. 2011). This
model is one of the most recent climate models developed in
the CMIP5 (Taylor et al. 2012) with a future emission sce-
nario based on the RCPs (Moss et al. 2010); it was also used
in the Fifth Assessment Report of the IPCC (Stocker et al.

2013). The biases between the observed and the model
values were corrected by adding the anomaly of the model to
the observed climatology using the method of Yara et al.
(2011). We used climate change projections from the 2040s
to 2090s under RCP 4.5 and 8.5 simulations (Fig. S1) to
examine the effects of ocean warming on potential habitats.
Sea surface temperatures during the 1980s were substituted
with RCP climate scenario water temperature data for both
the summer and winter models and suitability was rec-
alculated by MaxEnt for each species.

The shift in latitudinal distribution of each kelp species
was compared between the Pacific coast and Sea of Japan.
The percent occurrence within each degree of latitude
(e.g., 39.00 to 39.99°N) was calculated by dividing the num-
ber of grids with a species' presence probability >0.5 by the
total number of grids. Even though it is influenced by a warm
current, the coastal area of the Sea of Okhotsk was classified
to the Pacific coast in this study for graphical presentation.

3 | RESULTS

3.1 | Species distribution and biodiversity of
Laminariaceae

The predicted distribution of 11 kelp species in the 1980s
varied from 30 to 320 grids in the winter model and 27 to
313 in the summer model (Table 3). Saccharina japonica
had the widest distribution, ranging from 39 to 45°N along
the Pacific Ocean coast and 42 to 45°N along the Sea of
Japan (Figure 2a, S2a). Costaria costata, the second most
abundant species, was suggested to occur in the same range
as S. japonica; however, the distribution in the Sea of Japan
was limited (Figure 2b, S2b). Saccharina cichorioides was
also predicted to occur both in the Pacific Ocean and Sea of
Japan, but only at 43°N or higher (Figure 2c, S2c). Agarum
clathratum was estimated to occur between 42 and 44°N in
the Pacific. In the Sea of Japan, presence at 45°N was
predicted by the summer model, but not by the winter model
(Figure 2d, S2d). Another seven species were estimated to
occur only along the Pacific coast. Alaria crassifolia was
estimated between 39 and 43°N (Figure 3a, S3a), Systata

TABLE 2 Environmental variables used for the species distribution models

Environmental variable Unit
Coldest and warmest month sea surface temperature
Mean significant height of wind waves m

Length of natural and semi-natural rocky coasts km/grid

Degree Celsius

Time period Resolution Source
1982-1990 25 km (0.25°) #
Jan. 1990-Dec. 1999 150 km (1.5°) b
1984-1993 S5km ¢

“National Climatic Data Center (2007). GHRSST Level 4 AVHRR_OI Global Blended Sea Surface Temperature Analysis. Ver. 1.0. PO.DAAC, CA, USA. Dataset

accessed [2013-Feb-20th] at doi:10.5067/GHAAO-4BCO1.

40 years reanalysis, Wave model, Analysis data ECMWEF (European Centre for Medium-Range Weather Forecasts).

“Environmental Agency (1994). The report of the coast line survey in the 4th national survey on the natural environment.
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TABLE 3 Predicted number of grids for 11 cold temperate species based on different climate scenarios in the winter and summer models

Model Family Species 1980s
Summer Alariaceae Alaria crassifolia 117
Model Costariaceae Agarum clathratum 176
Costaria costata 216
Laminariaceae Arthrothamnus bifidus 28
Saccharina angustata 70
Saccharina cichorioides 127
Saccharina coriacea 34
Saccharina gyrata 27
Saccharina japonica 313
Saccarina longissima 34
Saccharina sculpera 47
All species® 531
Winter Alariaceae Alaria crassifolia 135
Model Costariaceae Agarum clathratum 128
Costaria costata 196
Laminariaceae Arthrothamnus bifidus 30
Saccharina angustata 61
Saccharina cichorioides 131
Saccharina coriacea 32
Saccharina gyrata 30
Saccharina japonica 320
Saccarina longissima 34
Saccharina sculpera 50
All species® 521

#All species; total number of girds in which more than one species occurred.

angustata between 42 and 43°N (Figure 3b, S3b) and
Saccharina sculpera between 41 and 43°N (Figure 3c, S3c).
The estimated distributions of A. bifidus, S. coriacea,
S. gyrata and S. longissima were very limited, occurring
only around 43°N of eastern Hokkaido (Figure 3d-g, S3d-g).
The winter and summer models showed similar results
except that the summer model predicted a higher occurrence
of A. clathratum and C. costata.

The distribution of 11 kelp species were well predicted
by the combination of three environmental variables with
mean AUC of 0.89 in both the winter and summer models
(Table 4). The SSTs explained nearly 50% to more than 70%
of the SDMs for A. clathratum, A. bifidus, S. angustata,
S. coriacea, S. gyrata and S. longissima. In contrast, the
length of natural/semi-natural rocky coasts was the most
influential factor for C. costata and S. japonica, and mean
significant wind wave height was most significant for
A. crassifolia, S. sculpera. For
S. angustata, SST and wave height equally contributed to
the estimated distribution.

cichorioides and S.

RCP4.52040s RCP4.52090s RCP8.52040s  RCP8.5 2090s
62 57 58 0
106 34 77 0
81 68 69 0
0 0 0 0
81 25 65 0
88 64 71 0
0 0 0 0
0 0 0 0
284 111 124 0
0 0 0 0
28 2 4 0
426 160 205 0
132 101 122 52
89 48 76 0
129 91 116 45
0 0 0 0
85 50 68 0
127 99 116 31
0 0 0 0
0 0 0 0
319 160 177 84
0 0 0 0
40 28 36 2
415 264 300 128

The species richness of cold temperate Laminariaceae,
estimated by the summation of SDMs for each species, was
highest along the coast of the Pacific Ocean from 42 to
43°N. In the Sea of Japan, it was highest at 45°N
(Figure 4, S4).

3.2 | Future projections

All of the species were predicted to decline in distribution
by 2040s and 2090s under the two different future carbon
emission scenarios (Table 3). The summer model with RCP
8.5 forecasted severe decline in which all of the 11 species
disappeared from Japanese waters by the 2090s. Including
all the 11 species, suitable habitats would decrease 42%
(from 521 to 300 grids) and 61% (from 531 to 205) by the
2040s, and 75% (from 521 to 128) and 100% (from 531 to
0) by the 2090s in the worst case scenario (RCP 8.5) of the
winter and summer models, respectively (Table 3).

For the dominant S. japonica, the winter model (RCP
8.5) predicted a 300 km northern shift along the coast of
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(a) Saccharina japonica, (b) Costaria costata,
(¢) Saccharina cichorioides, (d) Agarum

clathratum
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bifidus, (e) Saccharina coriacea, (f) Saccharina gyrata, (g) Saccarina longissima



54 ECOLOGICAL
* | WILEY- [

Sea of
Winter

SUDO Er AL.

Japan
Summer

oo [0 mllh

8 6 4 2 0

Number of
species

Bl 2090s RCP8.5
[02040s RCP8.5
[11980s

8 6 4 2 0

Number of
species

450
440
43°
420
410
40°

140°

145°

0

Number of
species
Ho

m1

No o~ WwWN

200km »
A

450
440
430
42°
41°
40°
39°
38°
37°

The pacific coast

Summer Winter
] ]
] ]
— 1
— 1
0 0
0 0
0 2 4 6 8 0 2 4 6 8
Number of Number of
species species

FIGURE 4 Estimated species richness of the cold temperate kelps. The maps show the species richness in the 1980s; the bar graphs represent

number of species by latitude in the Sea of Japan (left) and the Pacific Ocean (right) in the 1980s (white column), and predicted richness in the
2040s (gray column) and 2090s (black column) based on the RCP 8.5 scenarios

TABLE 4 Contribution (%) of each environmental variable and AUC of the species distribution models for 11 species of Laminariaceae

Family

Alariaceae

Costariaceae

Laminariaceae

Mean

Species

Alaria
crassifolia
Agarum

clathratum

Costaria
costata

Arthrothamnus
bifidus

Saccharina
angustata

Saccharina
cichorioides

Saccharina
coriacea

Saccharina
gyrata

Saccharina
Jjaponica

Saccarina
longissima

Saccharina
sculpera

Summer model

Winter model

Mean significant Length of
height of wind

SST
304

waves

38.6
71.8 14.1
414 9.7
58.0 30.7
529 414
14.4 80.8
57.8 325
77.1 10.2
38.3 16.3
58.4 33.7
34 745

45.8 34.8

natural/semi-natural

rocky coasts
31.0

14.1

49.0

5.7

4.8

9.7

12.7

45.4

8.0

22.1

19.4

Abbreviations: AUC, area under the curve; SST, sea surface temperature.

AUC
0.90

0.80

0.78

0.97

0.92

0.87

0.97

0.97

0.69

0.97

0.94

0.89

SST
25.0

71.2

32.8

46.5

47.3

9.2

48.0

56.4

34.7

49.0

2.0

38.4

Mean significant Length of
natural/semi-natural

height of wind

waves

42.3

12.6

17.2

383

472

85.4

383

23.6

10.8

39.7

75.5

39.2

rocky coasts

32.7

16.2

50.0

15.3

5.5

54

13.8

20.0

54.5

11.3

22.5

22.5

AUC
0.89

0.80

0.78

0.97

0.92

0.85

0.97

0.97

0.69

0.97

0.95

0.89



SUDO Er AL.

ECOLOGICAL

Pacific Ocean by the 2040s and 400 km by the 2090s. The
summer model (RCP 8.5) predicted a 500 km shift north by
the 2040s and extinction by the 2090s (Figure 2a, S2a).
Costaria costata was predicted to also shift north along the
Pacific coast, 200 km by the 2040s and 400 km by the
2090s, in the winter model with RCP 8.5; it would disappear
from the Sea of Japan by the 2040s with RCP 8.5 in both
models (Figure 2b, S2b). In the winter model with RCP 8.5,
S. cichoroides maintained its distribution of the 1980s along
the Pacific coast until the 2090s, but disappeared from both
sides of the coast with RCP 8.5 in the summer model
(Figure 2c, S2¢). Agarum clathratum was predicted to occur
between 43 and 44°N in the Pacific by the 2040s and to
totally disappear from the study area by the 2090s with RCP
8.5 (Figure 2d, S2d).

Alaria crassifolia, S. angustata and S. sculpera were also
predicted to shift north in both models (Figure 3a-c, S3a-c).
In contrast, minor species, such as A. bifidus, S. coriacea,
S. gyrata and S. longissima were predicted to go extinct by
the 2040s with RCP 4.5 in both models (Figure 3d-g, S3d-
2). Saccharina coriacea and S. longissima were predicted to
go extinct by the 2090s even with RCP 4.5 models and by
the 2040s with RCP 8.5 (Table 3).

Forecasts of kelp species richness based on the results of
a species-by-species distribution model showed a sharp
decline in diversity from both the winter and summer models
(Figure 4, Fig. S4). The reduction of species richness was
most remarkable between 39 and 43°N along the coast of
the Pacific and in the whole of the Sea of Japan. The sum-
mer model predicted a more severe decline in species diver-
sity than the winter model.

4 | DISCUSSION

This study estimated past and future distributions of kelp
species in northern Japan where previous information on
their distribution is scattered. The fit of the SDMs was gen-
erally high and similar to another kelp study in the Atlantic
Ocean (Franco et al. 2018). The coldest and warmest month
SSTs significantly contributed to the estimation for many
species. This study highlighted that the distribution range
and species diversity of cold water kelps in Japanese waters
would greatly decrease with ongoing climate change.

4.1 | Species distribution and biodiversity of
Laminariaceae

Each kelp species occurs over different latitudinal ranges,
leading to gradients in species composition from temperate
to polar regions (Miiller et al. 2009). Water temperature is
one of the key variables determining the global biogeogra-
phy of many kelps (Franco et al. 2018; Khan et al. 2018;
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Miiller et al. 2009). For example, water temperature explains
the biomass patterns of S. japonica in northern Japan
(Kamiya et al. 2006; Kirihara et al. 2003). In addition, ocean
currents also affect the horizontal and latitudinal distribution

RESEARCH

of algal species, including kelps (Kumagai et al. 2018). It is
likely that cold ocean currents affect the diversity of the cold
temperate species studied here, as shown by the fact that the
highest species richness in the 1980s was estimated in east-
ern Hokkaido where the influence of the Oyashio Current is
strongest. At the same latitudes, species diversity was higher
along the Pacific Ocean coast affected by the Oyashio than
the Sea of Japan, which is influenced by the warm Tsushima
Current.

The coldest and warmest month SSTs were selected as
key environmental factors for the SDMs in our study, which
agrees with previous studies on kelp distribution in the
northern Atlantic Ocean (Assis et al. 2018; Franco et al.
2018). For the family Laminariaceae, found along the Atlan-
tic coast of Europe, the coldest SSTs contributed more than
50% and the warmest SSTs 25% to the model using MaxEnt
(Franco et al. 2018). The SST was also the most important
factor for several kelp species in the North Atlantic when
distribution was estimated with boosted regression tree
models (Assis et al. 2018). In our study, however, the distri-
bution of some species, such as S. cichorioides and
S. sculpera, was not well explained by SST. These species
occurred in very limited areas around Hokkaido. The spatial
variation in SSTs may be too broad to predict the distribu-
tion of these endemic species.

Kelp species have evolved large and flexible thalli to
endure high wave energy and current stresses (Friedland and
Denny 1995). They sometimes exhibit higher diversity and
abundance at sites with strong wave energy because they
can avoid the feeding pressure of herbivores, such as sea
urchins (Akaike et al. 2002; Kawamata 2001). Wind wave
height was also important in the models for some species,
but the effects
S. sculpera occur mostly inside a breakwater or deep water
with low wave energy (Gouda and Kawai 2012; Kawashima
2012; Tani et al. 2015) and, thus, wave height likely affects
their distribution negatively. In contrast, S. angustata and
S. longissima are found along the Pacific coast where wave
disturbance is high. For these species, wave height is posi-
tively correlated with the probability of their occurrence.

As kelps generally grow on rocky substrate, the length of
natural/semi-natural rocky coasts also contributed to the
models of many species. The occurrence of temperate kelp

varied. Saccharina cichorioides and

species, such as Laminaria digitata, Laminaria hyperborean
and Laminaria ochroleuca, on the northeast Atlantic coast is
a result of seafloor substrate and sediment conditions
(Gorman et al. 2013). In our study, rocky coast length was
the most important factor for S. japonica and C. costata, two
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of the most abundant species. The relative influence of habi-
tat type is likely more important than temperature for species

with wide distributions that have a broad temperature
tolerance.

4.2 | Future projections

The distribution of kelps expanded and contracted with gla-
cial and interglacial cycles because of the influence of tem-
perature fluctuations (Assis et al. 2016). Ongoing water
temperature with global climate change is
predicted to shift kelp distribution toward higher latitudes, as
revealed in this study and others (Assis et al. 2016; Assis
et al. 2017; Assis et al. 2018; Franco et al. 2018; Khan et al.
2018; Miiller et al. 2009; Raybaud et al. 2013; Takao et al.
2015). In fact, shifts in the global distribution of kelp species
have already been observed over the last five decades
(Aratjo et al. 2016; Assis et al. 2013; Filbee-Dexter et al.
2016; Kumagai et al. 2018; Krumhansl et al. 2016;
Wernberg et al. 2016). Additionally, habitat changes,
predicted by SST-based ocean current models, are in good
agreement with observed chronological changes from Japa-
nese historical data (Kumagai et al. 2018).

Our forecast showed that kelp species found offshore
northern Japan are predicted to shift northward at
40 km/decade from the 1980s to the 2090s (winter model of
RCP 8.5) and >70 km/decade (summer model). Similarly,
Takao et al. (2015) estimated that Ecklonia cava, which
inhabits the temperate region of Japan south of our study site,
would shift north by 45 km/decade (RCP 8.5) by the 2090s,
although this model did not take seasons into account. A
faster distribution shift was predicted by the summer model
because water temperature increases in our study area are
predicted to be much higher in summer than in winter
(Fig. S1). Summer heat stress can directly cause biomass
decrease in kelps in Hokkaido and can also negatively affect
the discharge of zoospores in this region (Kamiya et al. 2006).

Species with limited distributions are predicted to disap-
pear from our study area instead of shifting north. This is
particularly true for A. bifidus, S. coriacea, S. gyrata and
S. longissima where extinction by the 2040s was predicted
even with the moderate RCP 4.5 scenario. For these species,
their suitable habitats, such as lower wave energy for
S. gyrata, and more exposed areas for A. bifidus, S. coriacea
and S. longissima, are less available than those species with
a broader distribution, such as S. japonica. It is thus likely
that after significant climate change suitable habitats for
these species would not exist at higher latitudes.

The past (1980s) distribution of kelps estimated by the
winter and summer models generally agreed, whereas the
future (2040s and 2090s) distributions differed between the
models with a greater decline in distribution predicted by the

increases

summer models. Previous studies have shown that both win-
ter and summer temperatures play important roles in deter-
mining kelp abundance, growth and production by affecting
different life phases (Kamiya et al. 2006, Kawai et al., 2014,
Kirihara et al., 2003, 2006). Past studies on marine algae dis-
tribution shifts mostly take seasonal variation into account
(e.g., Assis et al. 2018; Franco et al. 2018; Khan et al. 2018;
Kumagai et al. 2018 ; Takao et al. 2015). Summer water
temperature increases in northern latitudes was predicted to
be much higher than winter (Figure S1) and thus compari-
sons of models using the SSTs of different seasons may lead
to more accurate predictions of future changes in marine
biodiversity.

4.3 | Implications for conservation and
resource management

The present study demonstrated that the distribution of cold
temperate kelp species in northern Japan would drastically
decrease in area and all 11 species would disappear by the
end of this century under the most extreme climate scenario
(RCP 8.5). This result offers very important implications for
the conservation of endangered kelps and resource manage-
ment of commercially important kelps, such as S. japonica,
S. longissima and S. angustata.

Species with narrow distribution
A. bifidus, S. angustata, S.
S. gyrata, S. longissimi and S. sculpera were predicted to
drastically decrease and face the risk of local extinction from
northern Japanese waters. Among them, S. cichorioides
occurs in only the northern part of Hokkaido and its status is
near threatened (Ministry of the Environment Japan 2018).
This species was predicted to disappear from Japan by the
2090s (summer models with RCP 8.5). As other habitats
outside of Japan are unknown for this species, the implica-
tion of this finding could be extinction. In this study, we
excluded other endangered species, such as Saccharina

ranges, such as

cichorioides S. coriacea,

longipedalis, Saccharina yendoana and Saccharina
kurilensis because there was insufficient data for the models,
but these species would also face a high risk of extinction.
In our models, we did not include nearby colder climate
regions, such as the eastern coast of the Kamchatka Penin-
sula (Russia), which could be a potential refuge for the spe-
cies studied here. A future study should include information
on these regions to examine the species-specific risk of
extinction for the cold temperate kelp species.

Economically important species, such as S. japonica,
would also decline greatly with ongoing climate change
because SSTs have a large influence on the species distribu-
tion, according to the models. Additional kelp species
adapted to higher temperatures could shift northward and

become dominant in our study area (Takao et al. 2015). For
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example, Undaria pinnatifida, is another commercially
important species adapted to a wide range of water tempera-
tures and currently is found from 31 to 45°N in Japan. The
depth range preference of U. pinnatifida is similar to
S. japonica and other species (Epstein & Smale 2017). Thus,
economically important species, such as S. japonica, could
be replaced with others, such as U. pinnatifida, in northern
Japan, which has already been observed in northern Honshu
(Kirihara et al. 2006). Furthermore, northern shift and
increasing of grazing pressure from dominant sea urchin of
Strongylocentrotus nudus also becomes important driver of
local disappearance for the cold temperate species (Fishery
agency Japan 2017; Kawai and Yotsukura 2018). Further
studies incorporating the effects of species interaction
among plants and between plants and animals on the
changes in the distribution and abundance of algal commu-
nity would be necessary to elucidate the community-wide
impact of climate changes in kelp forest (Bertocci et al. 2015
Seeley & Schlesinger 2012; Smale et al. 2013).

Finally, our SDMs can be utilized to find suitable sites
for the reintroduction of endangered species and aquaculture
of commercially important species. For example, our models
predict Rebun and Rishiri Islands in the northern part of
Hokkaido would be suitable habitats for S. cichorioides,
which have not been recorded in this region (Figure 2c). In
fact, the Hokkaido Fisheries Experiment Station has carried
out aquaculture tests of S. cichorioides around these islands
and produced some successful yield (Gouda and Kawai
2011; Nabata et al. 2003). For the conservation of endan-
gered species, conducting field surveys in areas where previ-
ous records are absent is worthwhile to accumulate more
precise knowledge on the status of cold temperate kelp
species.

S | CONCLUSIONS

Our integrated analysis of 11 cold temperate kelp species in
the coastal areas of northern Japan revealed that species
diversity was highest around southern and eastern Hokkaido
along the Pacific Ocean coast. Diversity was influenced by
the cold ocean current and strong wave exposure to the
rocky substrate. Forecasts based on models using winter and
summer SST changes predicted a rapid northward shift of
major species, similar to what has been predicted for kelps
in the Atlantic Ocean and other marine organisms. As a
result, species diversity would greatly decline by the end of
the 21st century even in the modest IPCC scenarios. Some
kelp species have high economic value and are important
ingredients in traditional Japanese cuisine. In addition, kelp
provides habitats and food to various marine animals,
including economically important species such as sea urchin
and abalone. Thus, the declines in kelp species predicted in

RESEARCH

this study would greatly affect marine biodiversity and
coastal ecosystem dynamics, as well as coastal fisheries and
the economy and culture of Japan. The findings of the pre-
sent study could be used to help plan management options
for fisheries and other coastal ecosystem services that are
rapidly changing with ongoing climate change.
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