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Coral reefs of the world 

ReefBase (http://www.reefbase.org) 

18ºC  

18ºC  

Japan: 
Transitional area (Subtropical - Warm Temperate - Temperate) 
Clear environmental gradient 
Less affected by continents 
Ideal setting to detect climate-induced effects 4 



Recent changes in corals 

Red: High risk 
Yellow:  Medium risk 
Blue: Least risk 

“Reefs at Risk” 
(http://www.reefbase.org) 

1980 2000年 1990 
0 

50% 

Coral cover change in the Caribbean 

Global-scale stressors 
-SST warming 
-Ocean acidification 
Local-scale stressors 
-Sedimentation 

Gardner et al. (2003) 

Coral bleaching 

Poleward range expansion 
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Aichi Biodiversity Targets 



Global-scale factors 
-Temperature warming 
-Ocean acidification 
-Sea-level rise 

Local-scale factors 
-Land-based pollution 

Biological factors 
-Algal overgrowth 
-Acanthaster planci outbreak 
-Overfishing 

CO2 emission 

Socioeconomic 
Population increase 

Land use change 

Precipitation Climate change 

Coral decline 

Multiple factors causing the distribution of corals 



Contents 

• Brief introduction of shallow-water corals and coral reefs 
 

• Climate-related issues and corals: Global 
 

• Climate-related issues and corals: Japan 
 

• Conclusions 
 
 

8 



1998年夏の高水温
とサンゴ白化 
Anomalously high 
SSTs in the 1998 
summer and coral 
bleaching 

深刻な白化 
Severe bleaching 

日本サンゴ礁学会ウェブサイト（http://www.jcrs.jp/wp/?page_id=622) 
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気温上昇 
Temperature warming 

水温上昇 
SST warming 

海洋酸性化 
Ocean acidification 

Hoegh-Guldberg et al. (2007) 
11 

海洋酸性化ー地球温暖化と同時に進行するCO2問題 
Ocean acidification – Another problem related to CO2 emission 

温室効果ガス排出 
Greenhouse gas emission 

Inoue et al. (2013) 

海洋酸性化によりソフトコーラルに変化 
Ocean acidification allow a community 
shift to soft corals 
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2000 

2050 

2100 
Maxent trained 
using the current 
location of coral 
reefs worldwide 

Freeman et al. (2013) 

Scenario: RCP8.5 

Future habitat suitability based on SST and ocean acidification 
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Couce et al. (2013) 

Future habitat suitability based on SST and ocean acidification 

2070s 

Maxent and other models trained using 
the current location of coral 
reefs worldwide 

Scenario: SRES A2 
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Coral reefs of the world 

ReefBase (http://www.reefbase.org) 

18ºC  

18ºC  

Japan: 
Transitional area (Subtropical - Warm Temperate - Temperate) 
Clear environmental gradient 
Less affected by continents 
Ideal setting to detect climate-induced effects 15 



Latitudinal gradient of coral reef geomorphology 

Okinawa 

Ogasawara 

Kochi 

Ministry of the Environment and Japanese Coral Reef Society (2004) Coral Reefs of Japan 16 



 coral species diversity in Japan decreases with increasing latitude 

decrease in SST related to the Kuroshio Current (Veron and Minchin 1992) 

363 
338 

220 

151 

127 95 
42 23 

98 

Coral reef communities 

Non-reefal communities 

Outlying communities 

 composed mainly   of the tropical  
fauna and the temperate fauna 

 has endemics in mainland Japan  
and adjacent Asian countries 

 divided into three major coral  
communities based on differences  
of species diversity (Veron 1992)  

Tropical fauna 
dominant 

Temperate fauna 
dominant 

Hermatypic coral fauna in Japan 

No coral 
No coral ! 

18ºC  
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Coral reef community 
 high cover and higher diversity, clear coral  
zonation correlated with reef topography and 
water depth gradient 
 branching  Acropora,   Montipora  and  Porites,  and  
massive  Porites  and faviids dominant in shallow  
lagoons (<3m deep) 
 tabular  Acropora , Robust-branching  Pocillopora , 
and massive-encrusting faviids characterize upper  
reef slopes (<10m deep) 
 foliaceous-encrusting  Montipora  and pectiniids,  
and massive-encrusting faviids common at the  
intermediate depths (10-20m deep) on reef slopes 
 foliaceous-encrusting agariciids   and  Porites ,  
and massive-encrusting faviids abundant on lower  
reef slopes (20-30m deep) 

Ishigai Is. 

Latitudinal changes in coral communities 

Coral reefs are found widely 
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Non-reef community 

Koshiki-jima Is. 

 high   cover and high   diversity, unclear coral zonation 
 tabular  Acropora  dominant at the depths <10m 
    ( A. hyacinthus  >  A. solitaryensis ) 
 associated with platy  Pavona decussata  and massive- 
encrusting faviids and  Porites  (mainly  P. heroensis ) 
 foliaceous-encrusting pectiniids dominant at the depths  
>10m associated with massive-encrusting faviids   
 blanching  Acropora  ( A. pruinosa, A. striata ?) also common in sheltered environments 

No coral reef is found 
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Outlying community 

 high cover but low diversity,    
clear coral zonation 
 no tabular  Acropora 
 massive  Dipsastraea speciosa  and  
Caulastrea tumida  dominant   at  
the depths <2m 
 foliaceous-encrusting corals 
( Echinophyllia  and  Lithophyllon ) 
dominant   at the depths >2m 
 Massive  Oulastrea crispata  and 
Alveopora japonica  inhabit the 
shallowest (<2m) and turbid areas 
 blanching  Acropora  ( ,  
A. pruinosa ) also common 

Iki 
Tsushima Is. 
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Extreme marginal corals 

Oulastrea crispata Psammocora profundacella Alveopora japonica  

• Corals are distributed sparsely and 
do not form large communities 

• Oulastrea crispata are distributed 
up to Sadogashima (37.5˚N), where 
monthly mean low SST is 10˚C 

Endemic species 

Sadogashima 
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SST warming in the last 100 yrs 
(around Japan) 

JMA 

Rising sea surface temperatures (SSTs) 

IPCC AR5 
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SST warming in the last 50 yrs (Global) m 



1930s 
Specimen stored in 
Tohoku Univ. Museum 

1960s-1970s 
Survey reports to 
designate marine parks 

1980s 
Monograph 
(Nishihira and Veron, 1995) 

Collecting past coral occurrence records 
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~30,000 records 



Citizen science enhances data abundance  

http://www.sangomap.jp 
2008~ 

2016 bleaching 
>150 data 
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Recent coral decline 
due to bleaching at 
subtropical area 

Hongo and Yamano (2013) PLoS ONE 

30˚C 

1998 2001 

Acropora 
Abundance 

Coral cover 



Three subtropical species 
and one warm-temperate 
species showed range 
expansions 
Speed: up to 14km/year 

Yamano et al. (2011) Geophysical Research Letters 

A. hyacinthus@Goto 

A. muricata@Goto 

A. solitaryensis@Tsushima 
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Recent range expansion of corals at temperate area 



Consequences of the 
coral range 
expansion 

Obligate coral-dwelling crabs 
were found on A. solitaryensis 
colonies that settled recently in 
temperate areas 

Yamano et al. (2012) Coral Reefs 
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Range expansion of subtropical Sargassum 
(S. ilicifolium [formerly S. duplicatum]) 

Tanaka et al. (2012) 

Range expansion of subtropical seaweeds 
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Kumagai et al. (submitted) 

Collection of seaweed occurrence 
records (1970s-; ~41,500 records) 



気温上昇 
Temperature warming 

水温上昇 
SST warming 

海洋酸性化 
Ocean acidification 
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海洋酸性化ー地球温暖化と同時に進行するCO2問題 
Ocean acidification – Another problem related to CO2 emission 

温室効果ガス排出 
Greenhouse gas emission 

Ishii et al. (2011) JGR 

Ocean acidification around Japan 

Hoegh-Guldberg et al. (2007) Science 



Another marginal feature: Aragonite saturation states 

Inoue et al. (2013) 
Nature Climate Change Meta-analysis by Inoue (2015) 

Threshold for coral occurrence: Ω=2.3? 

Guinotte et al. (2003) Coral Reefs Shikine Is. 
Iwotorishima Is. 

Agostini et al. (2015) 
Regional Studies 
in Marine Science 

CO2 seep sites around Japan 
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Soft corals occupy the 
seep site of Iwotorishima 



地球温暖化（水温上昇）と海洋酸性化（アラゴナイト飽和度）予測 
Projection of global warming (SST warming) and ocean acidification 

(aragonite saturation state; Ωarag) 

将来のサンゴ分布域予測 
Projection of future coral habitats 

気候モデル Climate model 
NCAR-CSM1.4 

CO2排出シナリオ 
CO2 emission scenarios 

SRES A2 [高排出 business as usual] 
SRES B1 [低排出 low emission] 

気候モデルを用いた予測 Future projection based on a climate model 

A2 

B1 
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2000s 

2090s 

2090s 

2060s 

2090s 

2000s 

30˚C in summer 
(白化指標bleaching) 

10˚C in winter 
(分布北限 northern 
distributional limit) 

2000s 

2000s 

2070s 

Ωarag=2.3 
Distributional limit 

地球温暖化（水温上昇）によるサンゴ分布変化 
Coral habitat change due to SST warming 

海洋酸性化によるサンゴ分布変化 
Coral habitat change due to ocean acidification 

CO2高排出(SRES A2) シナリオによる予測 
Projection based on the business as usual scenario 

高水温（夏の水温>30˚C）と海洋酸性化により、2070年代には日本近海からサンゴ消滅 
Coral will disappear in the 2070s due to high SST and ocean acidification 

Yara et al. (2012) Biogeosciences 32 



2000s 

2000s 

2090s 2000s 

2090s 

2090s 

     

2000s 

白化海域無し 
No bleaching! 

地球温暖化（水温上昇）によるサンゴ分布変化 
Coral habitat change due to SST warming 

海洋酸性化によるサンゴ分布変化 
Coral habitat change due to ocean acidification 

CO2低排出(SRES B1) シナリオによる予測 
Projection based on the lowered emission scenario  

高水温は無く、海洋酸性化の影響は九州〜四国まで 
No bleaching, and the effect of ocean acidification would be limited to higher latitudes  

Potential future coral habitats 
around Japan depend strongly on 
anthropogenic CO2 emissions 

Yara et al. (2016) In: Aquatic Biodiversity Conservation and Ecosystem Services 33 



Global-scale factors 
-Temperature warming 
-Ocean acidification 
-Sea-level rise 

Local-scale factors 
-Land-based pollution 

Biological factors 
-Algal overgrowth 
-Acanthaster planci outbreak 
-Overfishing 

CO2 emission 

Socioeconomic 
Population increase 

Land use change 

Precipitation Climate change 

Coral decline 

Multiple factors causing the distribution of corals 



Sediment discharge from farmland 



36 

赤土の影響の無いサンゴ礁 
A coral reef not affected by red-soil inflow 
（沖縄県瀬底島; Sesoko Is., Okinawa） 

赤土の影響のあるサンゴ礁 
Coral reefs affected by red-soil inflow 
（沖縄本島; Okinawa Is.） 

白化 
Bleaching 

van Woesik et al. (2011) 

Hongo and Yamano (2013) 

沖縄県衛生環境研究所提供 
Photo provided by Okinawa Prefectural 
Institute of Health and Environment  



Conclusions 

• Shallow-water corals are subject to multiple stressors 
at both global (SST warming and ocean acidification) 
and local (sediment discharge) scales 

• Japan provides a unique opportunity (geographical 
setting and data abundance) to examine the 
relationship between environmental factors and 
corals 

• Species Distribution Modeling may contribute to 
understanding the current/future coral distributions 
and set up conservation strategies to conserve corals 
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More on Species Distribution Modeling 
will be presented by Dr Kumagai 



Presenter
Presentation Notes
So, this study aims to predict ... 

Specific questions are as follows ...
other environmental factors including water and coastal characteristics



Check points in Species Distribution Modelings: 
1. Dataset with less biases: sufficient range, balanced, 

presence/absence (e.g. "spatial sorting bias": Hijmans 2012 Ecology 93: 
679–688)  

–> Dataset across Japan over 50 years 
2. Relative importance of temperature and other 

environmental factors (water and coastal characteristics) –> 
Multi-model 

3. Multi-collineality: correlated patterns among explanatory 
variables (Dorman et al. 2013 Ecography 36: 27–46) –> Use of PCA 
score 

4. Biases by specific statistical model –> Model ensembling of 7 
statistical methods 
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Presenter
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So, this study aims to predict ... 

Specific questions are as follows ...
other environmental factors including water and coastal characteristics



Disappearance 

Deforestation & 
Corals intruding 

Temperate seaweeds 
 (kelps) 

1/13 

Southern seaweeds 

Warm temperate 

Japan 

Rising sea temperature –> physiology, herbivorous impact 
Overuse (terrestrial runoff, coastal development etc) 

Presenter
Presentation Notes
Thank you for your introduction.
Today, We will talk about changes in marine coastal community under ocean warming

Firstly, We'll introduce the study systems.
Seaweeds such as kelps are the major group consisting of Japanese coastal ecosystems.

Recently, seaweed forests have been degraded mainly in warm temperate zone, 
but that is reported in all Japanese coastal areas.
In the worst cases, seaweeds completely disappear.
On the other hand, southern seaweeds are increasing in these area.

These changes are explained by physiological effects of rising sea temperature, and
intensive herbivorous impact by sea urchins and fishes.
Other possible causes are human overuse like as terrestrial runoff & coastal development
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1. Temperate species (Acropora pruinosa) 
• Sedentary species, not abundant 
–> Less susceptible to thermal stress? 
–> Range unchanged under temperature 

warming  
 

2.  Tropical species (Acropora solitaryensis) 
• Expanding species into temperate zone 
–> Responsive to thermal condition? 
–> Range expansion under temperature 

warming  
 

Presenter
Presentation Notes
These are our study species.
1st group is ...  
They provide ... because they are ...
Thus, they are susceptible to...
Consequently, they show ...

2nd group is ... 
They provide ... because they are ...
They can avoid unsuitable seasons by spending as tiny dormant spores.
Consequently, they show ...




Collecting literature on historical records of occurrence 

–> Summarize into GIS dataset 

 Compiling 9 environmental factors as explanatory variables 

Species distribution modelings  

   (statistical models + machine learnings) 

–> Comparison: (1) sea temperature only model,  

     (2) temperature and water characteristics model,  

     (3) Full variables model (1, 2 and coastal characteristics) 

–> Predictions for each decade period (1990s, 2010s, 2030s) 
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Presenter
Presentation Notes
We'll show the procedure of analyses.
*For seaweed occurrence data, we collected literature including...
We summarized them into database with year and geographic coordinates.
Then, we can use over eight thousands observations for the total of 2 species.

*We compiled 9 environmental factors as explanatory variables 
*Using them, we performed SDMs including ...
*Furthermore, we compared three models having different variable sets.
*Finally, we made predictions...




Spatial resolution: adjusted to 0.01° 

Sea surface temperature (SST):   
• Miroc4h model (0.28125°×0.1875°): 1950–2005 (historical) / 2006–2035 (only 

RCP4.5 provided) 
• Bias-correction with Optimum Interpolation Sea Surface Temperature (1986–

2005) 
• Statistical interpolation with Multi-scale Ultra-high Resolution SST (0.01°,  

2003–2012) 

•  Other 7 variables (used as constant) 

• Light penetration depth (light permeability for photosynthesis),  Chlorophyll-a 
(chl-a;  index of nutrient level),  Slope of sea floor,  Current exposure,  Distance 
to deep sea (index of upwelling),  Coastal complexity,  Coastal substrate 
(rocky–sandy) 

5/13 

Sea surface 
temperature 
(SST) 

Light permeability Slope of 
sea floor 

Current 
exposure 

Presenter
Presentation Notes
We'll show the ... used for the study
Spatial resolutions of the all variables were adjusted to zero point zero one degree

For SST, we used Miroc4h model from nineteen-fifty to two-thousands-thirty-five.
We corrected model biases using thirty years data of OISST.
After that, we made statistical interpolation with MUR SST.

The other seven variables were used as constant.
These are ...



1. 7 methods of SDMs using 9 explanatory variables 
2. Prediction performances were evaluated with cross-validation 
3. Predictions were ensembled to reduce model biases 

6/13 

 Statistical models: GLM,  GAM,  MARS Multivariate additive regression splines 

Machine learnings: BRT Boosted regression tree, RF Random forest, ANN Neural network, 
Maxent 

80
% 

20
% 

for building a 
model 

for  
evaluating 

At each model running,  
data was split randomly 
–> repeat 10 times 
(cross-validation) 

7 model methods x 10 cross-validations  
= 70 models 

 Low performance models with AUC < 0.7 
were avoided 

  (AUC score was adjusted by the method of 
maximizing sensitivity + specificity）  

 Ensemble selected models with weighting 
by their AUC scores 

(“biomod2” in R) 7 SDMs: 

Presenter
Presentation Notes
We show the methods of statistical analysis.
We used seven methods of SDMs...
Their prediction performances were evaluated with cross-validation
Then, predictions were ensembled to reduce model biases

7 SDMs include statistical models, ...
machine learning methods, ...
At each model running, data was split randomly.
The 80% of data were used to build the model, 
and the other 20% of data were used for evaluation.

We used seven methods of models with 10 cross-validations,
then totally seventy models were obtained.
Among the models, we avoided low performance models with AUC score under than zero-point-six.
AUC was....
Finally, we ensembled the selected models with weighting by their AUC score



Mean SST was better predictor than  
   min and max SST for both species 
Max/Min SST:  principal components score of PCA,  substitute 
for max and min SST to avoid multicollinearity (correlations 
among variables) 7/13 

Accuracy (correction rate including chance predictions) 

AUC (model performance against chance predictions ) 

(coldest month) 
(warmest month) 

Median 

3rd quantile 

1st quantile 

Outliers 

Outliers 

Boxplot 

Presenter
Presentation Notes
As the first step of modeling, we compared three SST indices among mean, minimum and maximum



With adding variables, model performance improved and 
prediction errors reduced (Full variables model was the best) 7/13 

Accuracy (correction rate including chance predictions) 

AUC (model performance against chance predictions) 

1.  SST model:  Mean SST,  Max/Min SST (warmest/coldest month: score of PCA) 
2.  SST &  Water model:  SST indices and water characteristics (Light permeability,  
chl-a) 
3.  Full variables model:  SSTs,  Water characteristics, and coastal characteristics  
    (Slope of sea floor,  Current exposure,  Distance to deep sea,  Coastal complexity,   
     Coastal substrate) 

Median 

3rd quantile 

1st quantile 

Outliers 

Outliers 

Boxplot 

Temperate Tropical 

Presenter
Presentation Notes
Here, we’ll move to results.
We compare performances among 3 models having different variable sets.
First is SST model. For the model, we used mean SST and maximum and minimum SST. 
(We do not explain in detail, but) the latter is the score of principal components analysis that can avoid multicolinearity among SST indices.

Second is SST & water model that includes SST indices and water characteristics.
Third is Full variables model that includes the all variables as listed.

Here, we show two evaluation criteria, but both indicate the consistent patterns.
With adding variables, model performance improved and prediction errors also reduced.
Thus, the full variables model was the best for each species.
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Patterns of variable importances were similar between the species 
1st: Mean SST;  2nd: Light permeability;  3rd: Dist. Deep sea 

Presenter
Presentation Notes
These figures show the relative variable importance for each environmental variable.
The patterns of variable importances were similar between the species:

When looking at the full variables model, 
the most important variable was mean SST, 
the second was Light permeability, this is related to photosynthesis.
and the third was distance from deep sea, this is an index of upwelling.
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Presenter
Presentation Notes
These figures show how habitat suitability responses to each environmental variables.
A variable showing clear changes in suitability is a good predictor of a species distribution,
like as mean SST and Light permeability

In comparing mean SST between the species, the optimum SST of southern species was 2 degrees higher than that of temperate species.
Southern species shows more response to coastal characteristics than temperate species



Temperate species: habitat contractions around southern edges 

Tropical species: habiat range expanded north-easternward 
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1990s 2010s 2030s 

Te
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Stable X 

X 

1 0 probability 

X X 
Local extinctions 

Expansions Expansions 

Presenter
Presentation Notes
This figure shows the predicted changes from past to current and near-future, using the full variable model.
The color represents the probability of habitat suitability.
The upper row indicates temperate species, and the lower row is the southern species.
In temperate species, contractions around the southern edges of habitat are remarkable.
On the other hand, contractions are as much as expansions in southern species, 
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SST model SST & Water model Full variable model 

2010s 

2030s 

Decreased 

Increased 

Unchanged 
Temperate  

species 
Tropical 
species 

SST model, SST & Water model overestimated habitable area and habitat 
changes 
Temperate sp : Decrease ≈ Increase;    Tropical sp : Decrease << Increase 

 

Presenter
Presentation Notes
This figure shows the predicted changes from current to near-future 
for each species and for each model.
Green indicates unchanged habitat between the both periods.
Yellow represents decreased and lost habitats, and Blue is increased new-habitats.
This figure compares number of grids in the 3 models for each species.
SST model and water models showed overestimations 
in terms of habitable area and ratio in habitat changes.

In temperate species, The full variables model predicted more decrease than increase.
In contrast, decrease was as much as increase in southern species.



12/13  

Summary 
 

What is the relative importance of temperature 
    and other environmental factors in predicting seaweed distributions? 
–> Mean temperature was the main factor, but light permeability  
     and coastal characteristics were also important factors 
–> Considering local managements of coastal land uses and  
    terrestrial runoff could improve habitat suitability of seaweeds 
 
 How do the distributions change from current to near-future climates? 
–> Temperate species shifted northward with contracting habitable area  
–> Southern species shifted northward almost in parallel 

 
    The results provide basis for adaptive management of coastal  
    ecosystems to climate change 

Presenter
Presentation Notes
In summary, our study answered the questions as follows.
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