Biogeosciences, 9, 4955968 2012 A . .
www.biogeosciences.net/9/4955/2012/ ‘GG’ Biogeosciences
doi:10.5194/bg-9-4955-2012 _
© Author(s) 2012. CC Attribution 3.0 License.

Ocean acidification limits temperature-induced poleward expansion
of coral habitats around Japan

Y. Yaral?, M. Vogt3, M. Fuijii 1, H. Yamancd?, C. Hauri#, M. Steinacher%, N. Gruber?, and Y. Yamanakat

Faculty of Environmental Earth Science, Hokkaido University, Sapporo, Japan

2Center for Environmental Biology and Ecosystem Studies, National Institute for Environmental Studies, Tsukuba, Japan
SEnvironmental Physics Group, Institute of Biogeochemistry and Pollutant Dynamics, ETH Zurich, Zurich, Switzerland
4School of Fisheries and Ocean Sciences, University of Alaska Fairbanks, Fairbanks, Alaska, USA

SClimate and Environmental Physics, Physics Institute, University of Bern, Bern, Switzerland

60eschger Centre for Climate Change Research, University of Bern, Bern, Switzerland

Correspondence toy. Yara (yara.yumiko@nies.go.jp)

Received: 27 April 2012 — Published in Biogeosciences Discuss.: 18 June 2012
Revised: 14 October 2012 — Accepted: 17 October 2012 — Published: 4 December 2012

Abstract. Using results from four coupled global carbon consideration of important biological and ecological factors
cycle-climate models combined with in situ observations,and feedbacks will be required to make more accurate pro-
we estimate the effects of future global warming and ocearjections.

acidification on potential habitats for tropical/subtropical and
temperate coral communities in the seas around Japan. The

suitability of coral habitats is classified on the basis of the

currently observed regional ranges for temperature and safl  Introduction

uration states with regard to aragonifeafag. We find that, o ) o .
under the “business as usual” SRES A2 scenario, coral habiloday’s distribution of hermatypic (reef-building) corals is
tats are projected to expand northward by several hundregonfined to a relatively narrow range of sea surface temper-
kilometers by the end of this century. At the same time, coral@tures (SST) and of the saturation state of the mineral car-
habitats are projected to become sandwiched between rdonate aragonite$farag (Hoegh-Guldberg, 2005). Tropical
gions where the frequency of coral bleaching will increase,corals usually do not tolerate SSTs below*T8(e.g., Kley-

and regions wher@araqWwill become too low to support suf- pas et al.,, 1999a) and are subject to.bleachln.g if SST dur-
ficiently high calcification rates. As a result, the habitat suit- I"d the hottest months exceeds the climatological values by
able for tropical/subtropical corals around Japan may be remore than 2C for at least one month (Hoegh-Guldberg et
duced by half by the 2020s to 2030s, and is projected to disal., 2007; Frieler et al., 2012). As a result, hermatypic corals
appear by the 2030s to 2040s. The habitat suitable for thére largely confined to the tropical/subtropical latitudes of the
temperate coral communities is also projected to decrease, ayorld’s ocean. Due to their dependence on the formation of
though at a less pronounced rate, due to the higher tolerancd? a_lragonite skelgton, corals are also sensitivg to the .carbon—
of temperate corals for l0Warag Our study has two impor-  até ion concentration, [CD], and toQarag There is growing

tant caveats: first, it does not consider the potential adaptatiogvidence that low pH an@aragimpact the coral’s physiolog-

of the coral communities, which would permit them to col- ical processes negatively, especially their calcification rates
onize habitats that are outside their current range. Second€-9., Gattuso et al., 1998; Kleypas et al., 1999a; Langdon
it also does not consider whether or not coral communitiest al., 2000, 2003), their overall productivity (Anthony et al.,
can migrate quickly enough to actually occupy newly emerg_2008) and also their reproduction (Morita et al., 2009) and re-
ing habitats. As such, our results serve as a baseline for theruitment success (Albright et al., 2010). Experiments have

assessment of the future evolution of coral habitats, but thélSO shown that exposure to low pH aftgragmakes corals
more prone to bleaching (Anthony et al., 2011).
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Although hermatypic corals do not have a common thresh-but that the impact of the changes¥gagwill tend to exceed
old for Qarag and [CC%‘] below which their physiologi- the impact of the changes in SST. Most recently, Frieler et
cal health is compromised, the current distribution of coralal. (2012) looked at the impact of different emission scenar-
reefs in the Pacific Ocean suggests a strong sensitivity t@os and reported that, even under the most optimistic IPCC
ocean pH and2aag most coral reefs exist in waters with emission scenario RCP3-PD, roughly one-third of the cur-
an Qarag of more than 3 (Kleypas et al., 1999b; Guinotte rent coral reefs will be subject to severe bleaching by the end
et al., 2003), although few exist at lower values (Manzello, of this century. All these studies focus on tropical corals, and
2010; Cohen and Holcomb, 2009). Based on th@sgg do not investigate changes in future temperate or deep water
thresholds, Guinotte et al. (2003) classified hermatypic coratoral habitats.
habitats with anQarag< 3 as “extremely marginal”, habi- In contrast to the reduction of the tropical habitats due to
tats with 3< Qarag< 3.5 as “marginal”, and habitats with an increased bleaching, the possible poleward extension of suit-
Qarag> 3.5 as “adequate to optimal”. With regard to temper- able habitats due to the warming of higher-latitude regions to
ature, they defined the range suitable for coral growth wherdemperatures well above the lower temperature threshold for
SST> 18.4°C in the coldest months, and where it does not coral growth has received less attention (Precht and Aronson,
exceed 31.1C during the hottest months of each year. 2004; Greenstein and Pandofli, 2008), or is not considered

The human-induced increase in atmospherig €kanges  at all (Frieler et al., 2012). Recently, Yamano et al. (2011)
the distribution of suitable habitats for warm-water corals in demonstrated on the basis of long-term coral observations
at least two ways: first, rising sea surface temperatures in rethat such a northward expansion has already occurred along
sponse to global warming will permit coral habitats to ex- the coastlines of Japan. Yara et al. (2009, 2011) investigated
pand poleward (Precht and Aronson, 2004; Yamano et al.the potential future development of this northward expansion
2011), while at the same time possibly limiting their habi- along the coasts of Japan, suggesting that this trend might
tat in the tropics due to excessive bleaching (Guinotte et al.continue for several decades. However, they took into ac-
2003; Meissner et al., 2012), despite their possible potentiatount only the change in temperature, but not changes in the
of thermal adaptation (Frieler et al., 2012). Second, loweredsaturation state.
Qaragdue to the uptake of anthropogenic £@om the at- Here, we build on this prior work and investigate the fu-
mosphere will affect the growth and fitness of corals every-ture development of potential habitats for coral communities
where, but particularly at higher latitudes, where the satu-in the seas close to Japan. In addition to warm water (trop-
ration state will reach critically low levels first (Kleypas et ical/subtropical) coral communities that contribute to reef
al., 1999b; Orr et al., 2005; Steinacher et al., 2009). The risébuilding, we also focus on the habitat distribution of tem-
in atmospheric C@of more than 30 % since pre-industrial perate coral communities, which have not been discussed
times has increased global average SST by at least.5 extensively in the literature. Japan offers a unique opportu-
(Trenberth et al., 2007) and has lowered surface ocean pH byity to study the impacts of ocean warming (bleaching and
about 0.1 units and oced®yag by about 0.3 units (Feely et  poleward range expansion) and acidification, as it covers a
al., 2004). If CQ continues to rise unabatedly, much larger wide latitudinal range, stretching from subtropical to temper-
changes are in store, i.e., increases in SST of several degreate areas (Fig. 1). Furthermore, the coral distribution around
celsius and drops in pH of up to nearly one unit and eventhe Japanese islands has been well described, permitting re-
more forQarag(€.9., Feely et al., 2009). searchers to assess future changes against a well-established

Kleypas et al. (1999b) were the first to systematically in- current state. In fact, some of the climate change-induced
vestigate the impact of future ocean acidification on warm-consequences for corals have already been observed in Japan.
water coral habitats on a global scale. They highlighted thatSevere bleaching events were observed in the summers of
in a “business as usual” scenario with atmospherie @@ 1998 and 2007 in the southern part of Japan as a result of
creasing to double its pre-industrial value in 2065, the dropSSTs exceeding 3 for at least one month (e.g., Kayanne
in Qarag moves most of the current habitats for warm wa- et al., 1999). In addition, based on an in situ SST time se-
ter corals outside the suitable range. Guinotte et al. (2003Jies and an inventory of corals around Japan that dates back
extended this analysis by including also the effect of risingto the 1930s, Yamano et al. (2011) described a temperature-
temperatures. They pointed out that the warming of the tropinduced poleward range expansion of tropical coral species
ical Pacific puts much of the western tropical Pacific aboveto temperate areas at speeds of up to 14 Kmh.yr
the bleaching threshold of 31°C, further stressing coral The northern limit of coral reefs dominated by coral com-
communities. More recently, Meissner et al. (2012) revisitedmunities typically found in tropical/subtropical regions is
these findings by using a model of intermediate complexitycurrently situated at Tanegashima Island (307131.0 E)
and investigating a new set of emission scenarios. They conand Mageshima Island (30.A4, 130.5 E), of Kagoshima
firm many of these previous findings, also emphasizing thePrefecture (Hori, 1980; Nakai, 1990; Kan et al., 2005; Ikeda
combined stress by warming and decreased saturation statest al., 2006), where the observed SST during the coldest
They project that most of the tropical/subtropical coral reefsmonths is 18C and annual mean surfa€ggvalue is 3.4.
will experience severe bleaching events by the 2030s—20508;hese limits are generally consistent with those established
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— We use simulations from four fully coupled global three-

J e | dimensional (3-D) atmospheric-ocean climate models that
: include complete carbon cycle modules (Steinacher et al.,

B 2009, 2010). We add the changes projected from these mod-

els to present-day climatologies in order to obtain a best es-

timate of the future trajectories of SST af¥gagin the near-

38N © e = surface ocean. We compare the speed of poleward range ex-

' pansion of coral species to the speed of change in the arag-

L, o A8 onite saturation statarag and provide an updated projec-

s | TsiShima 1o8 . wllE 0 g g | TOeOmo - tion of coral habitat marginality for the 21st century around

- ' the coast of Japan for both tropical/subtropical and temperate

_—/\_ coral habitats. Though our analysis is limited to the definition

L of habitat suitability on the basis of simple indices (SST and

42°N

137E(MA/MRY) Qarag), it serves as a baseline to project and understand the
L B future status of corals under the high £@mission scenario
260n L (SRES A2). Our study does not explicitly consider the pos-
. sibility of adaptation, but we discuss the importance of this
e T W S process and the temporal/spatial variability in the responses

_ ) _ ) of corals to climate change (e.g., Pandolfi et al., 2011).
Fig. 1. Study site locations. At present, Sadogashima Island

(138.2 E, 38.0 N) marks the northern limit of the temperate

coral occurrence. Kushimoto-Shirahama (18%7 33.5 N) and

Tateyama (139BE, 35.0 N) are located in the current transiton 2 Methods

area of the tropical/subtropical coral community and the temper-

ate coral community. The JMA/MRI cruise was a 2¥transect 2.1 Climatological data and future projections

used to validate the projected SST &Rgrag Isothermal lines of

SST=18C (solid green line) and 10C (solid yellow line) and iso-  To project the effects of global warming and ocean acidifica-

lines of Qarag= 3.0 (dotted green line), 2.3 (dotted yellow line) and tion on coral habits for this century, we combine results from

1.0 (red dotted line) during the coldest months are also presented. climate models for the coming decades with present-day cli-
matological observations.

. Given the lack of a surface ocean monthly climatology
for the whole Pacific (e.qg., P_(Ieypas et al., 1999a, 2006), al-¢ Qarag We computed monthi2arag values on the basis
though some coral reefs exist in waters Withrag< 3 (€.9.,  of monthly fields of dissolved inorganic carbon (DIC), al-
Manzello, 2010; Cohen and Holcomb, 2009). kalinity (ALK), sea surface temperature (SST), sea surface

Corals are also frequently found in the temperate areag,|inity (SSS), phosphate (RPand silicic acid (Si(OH).
of Japan. They normally do not contribute to reef-building, Thg |atter four variables were taken from the World Ocean
though the worltj’s mpst northerly coral reefs are found Atlas, version 2005 (WOAO05). We computed surface ALK
at Iki and Tsushima islands (341, 129.5E) (Yamano  fom monthly mean SST and SSS using the method detailed
et al, 2012). The northernmost coral speci€rilgstrea | ge et al. (2006). We then calculated monthly mean DIC
crispatg around Japan is currently found at Sadogashima ISty monthly mean ALK and monthly mean sea surface

land (38.0 N, 138.2 E), of Niigata Prefectuore (Honma and =0, from Takahashi et al. (2009) using the OCMIP (Ocean
Kitami, 1978), where SST gets as low as*@during the  carmon-Cycle Model Intercomparison Project) carbon-
coldest months. Also, the lowest valuest®dragat these 10- - 16 chemistry routineshitp://www.ipsl.jussieu.frfOCMIP/
cations reach levels of arouizhrag= 2.3, with values calcu- hase3/simulations/NOCES/HOWTO-NOCES-3.htrahd
lated from observed data of SST, sea surface salinity (SSSkgT 555 and the nutrients Pénd Si(OH) from WOA05

and pH from Niigata Prefectural Fisheries and Marine Re-p|| these monthly fields were then used to compute the
search Institute (2007, 2008, 2009 and 2010) and total alkafnonthly climatology 0fQarag Using the same OCMIP rou-

linity from Lee et al. (2006). Thus, Japan's two coral COM- tines The monthly DIC anaragfields correspond to a cli-

munities, i.e., the tropical/subtropical and temperate Coralsmatological year 2000, owing to the use of the surfa€,
have very different tolerance ranges for SST &aghg likely  fig|gs of Takahashi et al. (2009), which were adjusted to this
leading to different responses to future climate change. reference year. All data were interpolated ontd a11° grid

In order to quantify these different responses, we examingq, the western North Pacific (area bounded by-28 N,
the effects of warming (bleaching and poleward range expan, 1 g_157 E).

sion) and ocean acidification until the end of this century for

) o X To project the seasonal climatological distributions for-
a “business as usual” G@mission scenario (SRES A2).

ward in time, we used annual mean SST &Rglag from
four fully coupled global 3-D atmospheric-ocean climate
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models for 1980-2099. The models are the IPSL-CM4-acidification (e.g., Gruber et al., 2012). Although we min-
LOOP model (IPSL; Friedlingstein et al., 2006), the Earth imize this effect through our combining the model anoma-
system model employed at the Max Planck Institute forlies with present-day climatologies, our habitat characteri-
Mathematics (MPIM; Marsland et al., 2003; Maier-Reimer zation should not be viewed as a correct characterization of
et al., 2005; Roeckner et al., 2006), the NCAR CSM1.4-the changes in the near-shokeJ0 km), but rather as reflect-
carbon climate model (Fung et al., 2005; Doney et al., 2006)jng the larger-scale~ 100 km) changes in the area. Thus,
and the NCAR CCSM3 Biogeochemical Elemental Cycling when computing the suitable coral habitats, we do this at the
Model (Moore et al., 2004). All models contain a carbon cy- 1° x 1° resolution of our grid, using also the coastline at this
cle module for both terrestrial and oceanic compounds, andesolution to delineate land from ocean.

three of the four models contributed to the IPCC Fourth As-

sessment Report (IPCC, 2007; Meehl et al., 2007; Solomor?-2  Suitability of coral habitats

et al., 2007). The horizontal resolution of the models is ) ) ) )
2°%2°. 1.5 x 1.5°, 3.6 x 0.8—1.8 and 3.6 x 1°—2° for We de_termln_e the potentlal future habl_tats for corals in terms
IPSL, MPIM, CSM1.4, and CCSM3, respectively. The ex- Of régions with a given annual range in SST d2glag For

the tropical/subtropical (reef-building) coral community, we

perimental setup for the future climate runs is described in . -
Steinacher et al. (2010). Briefly, after a spin-up period of US€ the 18C isotherm during the coldest months of each

more than 1000 yr under pre-industrial conditions, the mod-Y&2r as the northem limit, and the 30 isotherm during the
els were forced with prescribed GGemissions from re- hottest months of each year as a southern limit (Kayanne et

constructions over the 19th and 20th centuries and follow-&-» 1999). For the temperate coral community, the northern

ing the SRES-A2 emission scenario for 2000-2099 (”;,CC,Iimit was set to the 10C isoline during the coldest month
2000). Carbonate ion concentration and the carbonate sat®f €ach year. These thresholds are the same as those used by

ration state were calculated offline from modeled quantities' '@ et al. (2009, 2011) and reflect also today's distributional
imits of coral reefs and corals in Japan, respectively.

using the standard OCMIP carbonate chemistry routines (se ’ ;
Following Kleypas et al. (1999b) and Guinotte et

Steinacher et al., 2009 for details). All model data were in- -
al. (2003), we adopted the isoline Q&rag= 3 at the annual

terpolated on a regular Xk 1° grid to match the spatial res- -

olution of the observational data described in the precedind®est value of each year as the northern limit of the trop-
section. We use the changes in SST @iy relative to the Ical/subtropical coral community. For the temperate coral
present day from the climate models, and add these anom&°mmunity, the isoline of2arag= 2.3 at the annual lowest
lies to the present-day monthly climatological distributions Value of €ach year was chosen as the northern limit. This lat-
to construct a more accurate description of the future pro_terthreshold was chosen because it corresponds to the annual

jections. This method has been applied frequently in ordefMinimum at the current northern limit of coral occurrence at
to remove biases in the model mean-states (e.g., Orr et giSadogashima Island (Niigata Prefectural Fisheries and Ma-
2005: Yara et al., 2009, 2011). ’ rine Research Institute, 2007, 2008, 2009, 2010). The isoline

To produce the final monthly fields for SST afigagfor of Qarag= 1, below which aragonite dissolyes, at the annual
the 21st century, we added the modeled annual mean gglpwest value for each year, was also examined as arefgre_}nce.
andSQaraganomalies for 2000-2099 to the observation-based Ve calculated the percentage of coastal waters within a
monthly climatologies. We thereby assumed cyclostationaryc€t@in range of SST ardaragas an indicator of habitat suit-
seasonal cycles for SST athag during the 21st century, ablllty for the twq different cora}I communltlgs (see Taple 1).
which is generally supported by results from climate mod- Tropical/subtropical coral habitats are defined as “§U|table”
els (Steinacher et al., 2009), although there is a tendency!Nen 18C<=SST<30°C and Qarag> 3.5, “margmoal”
for the seasonal cycle dRaraq to increase with time, due WHeN 3= arag< 3.5, and “unsuitable” when SST30°C
to the decreasing buffer capacity of the ocean (Rodgers ef $arag< 3. The habitats for temperate coral communi-
al., 2008). The modeled anomalies were computed subtractleS Were d(?lflned.as ",‘sunable“ if BC<SST< 18°C and
ing the modeled climatological 20-yr mean SST abg,y  S2arag= 23, ‘marginal” when 1< $2arag< 2.3, and “unsuit-

over the 1980-1999 period from the modeled time serie?Pl€” If Qarag<1. No observational evidence for a SST
of SST andQarag From the seasonal envelope, we deriveq threshold between marginal and unsuitable regimes has been

SST during the hottest/coldest months of each year, andeported for the northernmost boundary of temperate coral
the lowest monthlyarag for each year. Finally, we calcu- occurrence, and the threshold will not be discussed in this
lated the decadal means of the bias-corrected SST of thgtudy. These thresholds defining the suitability of the coral
hottest/coldest and annual lowe3taq for each decade be- habitats are an approximation only, due to the scarcity of ex-

tween 2000 and 2099. perimental evidence, and should be used as guidelines to doc-
One limitation in our approach is the use of models with ?hmenr: tlr:je changes in SST afidrag rather than as absolute
resholds.

a relatively coarse spatial resolution, which are unable to
represent the fine-scale physical and chemical changes in
near coastal areas associated with global warming and ocean
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Table 1.Habitat characterization for the tropical/subtropical and the temperate coral communities.

Tropical/subtropical corals Temperate corals
SST Qarag SST Qarag
Suitable 18C <SST<30°C?2 Qarag> 3.5¢ 10°C<SST< 18°cad Qarag> 2.32
Marginal Undefined % Qarag< 3.5° Undefined < Qarag< 2.3
Unsuitable ~ SST 30°CP Qarag< 3° Undefined Qarag< 12

Sources? Kleypas et al. (1999b}’, Kayanne et al. (1999%, Guinotte et al. (2003)‘1, this study.

An important caveat in our habitat characterization is that  Differences inQaragmay be due to the different temporal
we assume that the present-day distribution of the differ-and spatial resolutions of the WOAOQ5/Takahashi-based data
ent coral communities reflects their realized environmentalwith respect to in situ observations. Recognizing the partially
niche, i.e., that they cannot successfully establish themselvesubstantial discrepancies between the WOAQ5/Takahashi-
outside their current SST arféyragranges. We furthermore  based data and the in situ observations, we nevertheless use
assume that these communities will not be able to adapt to ththe WOAO5/Takahashi-based data for our subsequent analy-
changes, and hence need to change their habitats relative s@s. This is mostly because they permit us to cover all areas,
today’s conditions. We will discuss the implications of these while the in situ data are available from only a highly limited
assumptions in Sect. 3.4. number of places. The uncertainty arising from the model-

data misfits will be discussed in more detail in Sect. 3.4.

3 Results and discussion 3.2 Projected shifts in tropical/subtropical and
temperate coral habitats
3.1 Data evaluation
Over the course of the 21st century, the average isolines of

Given the derived nature of the computed monthly climato-SST =18C and 10°C during the coldest months, i.e., the
logical Qaragdistribution around Japan, it is critical to evalu- isolines that define the northernmost boundaries of the trop-
ate this product with in situ observations. Two datasets werdcal/subtropical and temperate coral communities, respec-
used to this end: first, winter cruise data from the Japanesévely, are projected to shift consistently poleward (Fig. 3).
Meteorological Agency (JMA)/Meteorological Research In- As the coral habitats move northward, the corals are increas-
stitute (MRI) for 1983-1999 (Midorikawa et al., 2010; Ishii ingly immersed in waters with a lo®arag The isolines of
et al., 2011) along the transect at283 N, 137 E (Fig. 1) Qarag= 3 and 2.3, which define the northernmost bound-
and second, monthly station data for Sadogashima Islandries of the two coral communities, are progressively moving
(38.0° N, 138.2 E) for 2005-2009. The latter were measured southward, due to ocean acidification. We investigate these
at a depth of 2.5 m at 04:00 p.m. local time each day (Niigatashifts in the suitable habitats in more detail in the next sec-
Prefectural Fisheries and Marine Research Institute, 2007%jons, and separately for both the tropical/subtropical and the
2008, 2009, 2010; Fig. 1). temperate coral communities. Since the potential of corals

The WOAOQ5/Takahashi-based climatological SST duringto adapt to changes in their biogeochemical environment re-
the coldest months and the annual low&skag for each  mains a topic of active scientific research, and cannot be
year correlate well with those measured in the JIMA/MRI taken into account in a quantitative manner in current model
winter cruise data (Midorikawa et al., 2010; Ishii et al., simulations, we investigate changes in the current habitats of
2011; Fig. 2a, bR? = 0.95 and 0.96 for SST an@arag re-  tropical/subtropical and temperate corals as a worst case sce-
spectively). However, our WOAQ05/Takahashi-based SST andhario, and disregard the possibility of adaptation. However,
Qarag are biased low, on average, by @G and 0.16 units.  we will discuss the implication of this assumption in detail
The WOAOQS5/Takahashi-based SST afglag correlate also  in the sections below.
well with the in situ data at Sadogashima Islai? & 0.98
for SST and 0.79 fof24rag respectively; Fig. 2c, d). Aimost  3.2.1  Tropical/subtropical coral communities
no bias was observed for the WOAOQO5-based SST with re-
spect to these in situ observations (slopes of 1.00 and no offin the 2000s, the calculated northern limit of the trop-
set), butaragis systematically biased low by about 0.9 units. ical/subtropical coral community is located in southwest
This bias is largely due to a slope that is only half as large aslapan (Fig. 3), which agrees with previous observations
the one of the 11 line, leading to high underestimations of (e.g., Veron, 1995; Kleypas et al., 1999a; Buddemeier et
Qaragat highQarag but low underestimations @aragat low al., 2004). All the habitats to the south of this line are
Qarag bathed in waters witarag> 3; i.€., they are all suitable for

www.biogeosciences.net/9/4955/2012/ Biogeosciences, 9, 405R-2012
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(a) JMA/MRI 137°E line (b) JIMA/MRI 137°E line
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Fig. 2. WOAO5-based monthly climatology vs. in situ diagram(aj monthly SST andb) monthly Qarag on the JMA/MRI transect
from 24° N/137 E to 33 N/137 E in winter (January and February), at@ monthly SST andd) monthly Qaragin Sadogashima Is-
land (138.2 E, 38.0 N) for 2005—-2009, respectively. In situ data are based on Midorikawa et al. (2010) and Ishii et al. (20&) afut
(b), and Niigata Prefectural Fisheries and Marine Research Institute (2007, 2008, 2009, and 2@)@nid¢d), respectively. A dotted line
in each figure is a 11 line.

tropical/subtropical corals. With ocean warming, the’@8 old by the 2030s; i.e., we project that within a few decades,
isotherm during the coldest month is moving northward these areas may become “unsuitable” for growth for the trop-
along the eastern coast of Japan. By the end of this centurycal/subtropical coral communities (Fig. 3), if these commu-
the entire eastern coast of Japan south of Tokyo will have benities are unable to adapt to changes in their present bio-
come suitable for the growth of tropical/subtropical corals ongeochemical habitat. The change in the areal extent of habi-
the basis of temperature alone (see also Yara et al., 2011). tats suitable for present coral communities around Japan be-
At the same time, the 3 isotherm in the hottest month comes even more evident in Fig. 4. Figure 4 highlights that,
of each year is moving northward as well. By the 2050s, by the 2030s, all of the areas around Japan that have suitable
the 30°C isoline is projected to enter the domain from the temperatures for tropical/subtropical corals are projected to
south (Fig. 3). By 2070s, large areas on the eastern coast dfe bathed in waters witfarag< 3. Given the immediacy of
West Japan (Kyushu and Shikoku Islands; Fig. 1) will ex- this date, this projection is largely independent of the particu-
perience SSTs above this threshold, implying that these relar emission trajectory. Within the next 20 yr, the atmospheric
gions are expected to experience severe and repeated coi@D, concentration of even substantially smaller emission
bleaching events (Yara et al., 2009). Taken together, habitrajectories will not differ much from that of the A2 scenario
tats suitable for tropical/subtropical corals identified solely (Gruber et al., 2012).
on the basis of the temperature tolerance are moving north- Overall, the tropical/subtropical coral communities around
ward, but increasingly become smaller in area. This is be-Japan are projected to experience conditions far outside
cause the northern limit is moving northward more slowly their present range. By the 2020s, the total area suit-
(by 26+0.6kmyrt) than the southern boundary is (by able for tropical/subtropical coral communities, defined by
7.8+ 0.0 km yr‘l), computed on the basis of one model. 18°C <SST<30°C and Qarag> 3.5 in this study, will
Ocean acidification may worsen this temperature-inducedncrease by only 5% due to the elevated SST, but it will de-
habitat restriction substantially. As the isotherms are movingcrease by 57 % due to the decreas&iglag (Fig. 5). Un-
northward, the isolines &@aragare moving southward, push-  less tropical/subtropical coral communities are able to adapt
ing current habitats around Japan belowdhgg= 3 thresh-  to biogeochemical conditions outside the current range of
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Fig. 3. Projected 10-yr average SST for the coldest months @#@g as the annual lowest value during 2000s-2090s for the mean of
four models. Lines depict the isolines of SST ="T8(green lines) and SST =2C (yellow lines) during the coldest months, and the SST
isoline =30°C (black lines) during the hottest months. Shades denote the annual Ryggvalues.

variability, the effects of global warming and ocean acidi- both tropical/subtropical and temperate coral communities in
fication will decrease the area of suitable habitats for tropi-the future, as projected by Yara et al. (2011).
cal/subtropical corals by 55 % by the 2020s, and in the 2030s However, coral communities in these regions are pro-
this area will have completely disappeared. jected to experience unprecedented low levelRghgdue to

Figure 6 shows the projected SST afidragin the 21st  ocean acidification. Figure 4b shows the projected temporal
century for Kushimoto-Shirahama (3318, 135.7E) and  changes in2aagfor the temperate coral community. For the
Tateyama (35.0N, 139.8 E), where migration of the tropi- present period (in 2010s), the models simulate that 77 % of
cal/subtropical coral community has started and on-site monthe temperate coral community habitats exist in waters with
itoring of the poleward range expansion of coral habitats has2arag> 2.3, i.e., within the limits of suitability. However,
been conducted (Yamano et al., 2011, Yara et al., 2011). Unever the course of the 21st century, areas Withag> 2.3
til the 2030s, both Kushimoto-Shirahama and Tateyama aravill decrease. In the 2080s, 8% of the current temperate
projected to be located within the “suitable” regime in terms coral community is projected to experience undersaturation
of SST, but, in terms of2arag the sites will already have (SQarag< 1). At the end of the 21st century, one-fifth of the
moved out of the “suitable” and into the “marginal” regime current temperate coral habitat is projected to experience un-
in the 2010s. Therefore, we project the negative effects ofdersaturation, indicating that also temperate coral habitats
ocean acidification to precede the positive effect of globalwill become endangered due to ocean acidification, despite
warming on tropical/subtropical coral reef formation at thesetheir substantially higher tolerance for |d@ragconditions.
two sites.

3.3 Speed of coral habitat transitions
3.2.2 Temperate coral communities
We averaged SST an@arag longitudinally and projected

The projected poleward expansion of habitats for temperatehe progression of criticak2arag and SST-isolines onto
coral communities during the 21st century, as indicated bythe north-south (latitudinal) axis to estimate the speed of
the shift in the 10C isotherm, implies a shift of the northern change in these variables. The poleward expansion due to
boundary of the temperate coral habitat from Sadogashima&hanges in SST proceeded with a latitudinal speed ®#2
Island (38.0N, 138.2 E) to the Tsugaru Strait (4128, 0.6 kmyr1 for the 18°C isoline (northern limit of the trop-
140.2 E, Figs. 1 and 3). Thus, the entire mainland of Japanical/subtropical coral community) and at2h 0.8 kmyr—t
will become a potential coral habitat in terms of SST by the for the 10°C isoline (northern limit of temperate coral oc-
end of the 21st century. While the Honshu Island west ofcurrence).
Tokyo, and northern Shikoku and Kyushu Islands are cur- These estimated speeds are similar to those of 1 krhyr
rently habitats for temperate corals, they are projected to hodfor the potential habitat expansion of tropical/subtropical
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o 29% However, the southward progression of the reduction in
B E .l Qaragis likely to limit this expansion for those species sen-

20005 20105 2020s 2030s 2040s 2050s 2060s 20705 2080s 20905 sitive to ocean acidification. The isolines Qrag= 3 and

Qarag= 2.3 move southwards with a latitudinal velocity of

Fig. 4. Projected temporal changes in the surface area of corabq 111 7km yr‘l and 2824116 km yr‘l respectively. The

habitats where the monthly-mean SST in the coldest months folgeeq of these changes is of the order of or even faster than
2000s-2090s i) > 18°C (tropical/subtropical coral community)

and(b) 10-18°C (temperate coral community), respectively. Colors the mlgratlon Sfpee.ds observed by Yam'ano.et al. (2.011)’ Sug-
represent the domain €tarag< 1 (in red), 1< Qarag< 2.3 (in or- gestmg that migration towaro_ls areas with higkggagis not
ange), 2.3 Qarag< 3 (in yellow), and 3< Qarag< 3.4 (in green), Ilkely _to be a supces_sful option for th_e_ affected coral com-
respectively. Black lines show projected ratio of the surface arednunities. The migration could be additionally slowed down

where the SST during the hottest months>i80°C in each do- by the negative impacts of ocean acidification on a range of
main. processes involved in coral reproduction, such as fertiliza-

tion, settlement and growth of early life stagesAafropora
coral communities and 4 kmyt for the poleward migration ~ palmata(Albright et al., 2010), and sperm flagellar motility
of temperate coral habitats, respectively, predicted by Yara ein Acroporidae (Morita et al., 2009), any of which may de-
al. (2011). However, both model results are notably smallercrease future migration speeds. Additionally, coral migration
than the observed speed of the recent expansion of tropicabwards the south will not be favored in parts of the east coast
coral habitats of up to 14 kmyt (Yamano et al., 2011). The of Japan, due to the strong poleward Kuroshio Current.
difference between the observed speed and our projected one
is presumably caused by two factors (see also Yara et al3.4 Limitations of this study
2011): first, our speeds are based on decadal averages of the
potential habitat expansion of an entire community, while There are a number of caveats that need to be considered
Yamano et al. (2011) analyzed the speed of new colony setwhen interpreting our results. First, our projections depend
tlement for specific indicator species. Second, we only con-on the choice of the Cfemission scenario, which assumes
sider here the influence of SST, while the observed migratiorpusiness-as-usual emissions over the 21st century. Second,
speed might have been enhanced due to other factors, such' &€ rely on climate model results combined with simplified
water depth, salinity, nutrient concentration, and Competitionindices that have inherent uncertainties. And third, our def-
with large seaweeds, none of which we considered in thighition of coral habitats considers neither acclimation nor
study. Notwithstanding these differences, we conclude that ifrdaptation, which would permit the corals to expand outside
SST were the only factor, we would project species to keeptheir current ranges and substantially reduce their suscepti-
up with the rate of change, and that entire coral ecosystembility to ocean warming and ocean acidification (Pandolfi et

would migrate poleward without major impediments. al., 2011). These limitations impact our projections of coral
habitat decline and are discussed in detail in the following
subsections.
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20 . ; . ; . . . ; . lines of SST =18C during the coldest months aft}rag= 3

as the lowest annual value were predicted to be located south
of the Kuroshio Current (Yara et al., 2011). In this region, the
latitudinal SST and2arag gradients are both small, so slight

1 differences in the projected SST afid;agamong the mod-

els lead to large differences in the location of the isolines.
Furthermore, the coarse resolution of the models results in a
] poor representation of small-scale features such as enclosed
regions or strong narrow currents.

35 . r ‘ . . , The differences between the models decrease after the
2030s when the monthly-mean isolines of SST =2Q&lur-

T . 4 |ng the COldeSt months have ShlftEd away from the KUrOShiO
u § Current in which the latitudinal SST gradient is relatively
o 25t B 1 large (Yara et al., 2011). SST anomalies are highly consistent
= ¢ among the models for the 8 and 10°C isolines. How-

20 9 1 ever, the models did not simulate the occurrence of high
§ ) SSTs in the southern part of our domain consistently. The
- \ : \ \ - \ - & 30°C isothermal line, one of the thresholds for an increased
2000s 2010s 2020s 2030s 2040s 2050s 2060s 2070s 2080s 2090s risk of coral bleaching (Kayanne et al., 1999), was predicted

Fig. 6. Decadal-meaifa) SST €C) during the coldest months and to reach our dor_naln from the south in the 2030s _by one
(b) annual lowestQarag (2000s-2090s) at Kushimoto-Shirahama MOdel, but only in the 2060s by another model (Fig. 7a).
(135.7 E, 33.5 N) and Tateyama (139, 35.0 N) projected by ~ Hence, the uncertainty in the simulation of the upper SST
the four climate models. Squares denote the projected SST anthreshold by different models is larger than that for the lower
Qarag at Kushimoto-Shirahama. Crosses show the projected SSISST threshold. Similarly, the uncertainty in the simulation of
and Qarag at Tateyama. A dotted line i) and (b) denotes a  Qarag by different models increases with time. The location
SST=18C andQarag= 3 line, respectively. of the northern limit of the tropical/subtropical coral commu-
nity and temperate coral occurrence (defined by the isoline of
Qarag= 3 and 2.3, respectively) is projected differently be-
3.4.1 CQ emission scenario tween models for the period after 2010s and after 2040s, re-
spectively (Fig. 7b).
Both intensity and speed of global warming and ocean acid- The uncertainties associated with the climatologies (see
ification depend strongly on the G@mission scenario. The Sect. 3.1) also directly affect our estimates. While the com-
scenario used in this study is the SRES A2 scenario, whichparisons with the in situ data revealed relatively small biases
assumes “business as usual” emissions throughout the 21&r SST, the biases faRarag are considerable and negative
century and does not include explicit climate change miti- (Fig. 2). This means that our projected transitions to low
gation actions. Mitigation scenarios lead to lower changesQarag OCcur likely too early and that the suitable areas are
in atmospheric C@) to less climate change, and less oceanin reality likely larger than projected. The impact of this bias
acidification (Joos et al., 2011). Consequently, potential fu-on our estimates is difficult to evaluate given the very limited
ture mitigation actions would reduce the impacts of oceandata available for the evaluation of our climatologies, but we
acidification and warming projected in this study, especially consider it to be less than one decade. We consider this un-
in the second half of the century. certainty by expanding the decades when certain transitions
occur to at least two decades (Fig. 5).
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3.4.2 Uncertainty in the SST andQarag projections . _
3.4.3 Biological responses to ocean warming and
Two sources of uncertainty and biases need to be considered acidification

for our SST and2aragprojections. First, uncertainties associ-

ated with our present-day climatologies and, second, uncer>° far, we have not considered the potential for acclimation
tainties associated with the model-based future projections. @"d @daptation to ocean warming and acidification because

For the latter, we use the range of the four model projec-Of t_he very large uncertainties associated with the quantiﬁ-
tions as an indicator of uncertainty. It turns out that the mod-cation of these processes. However, several recent studies
els simulated similar changes in 10-yr mean SST in the seaBCiNted out that such biological responses have the potential
close to Japan (Fig. 7a), whereas tHigag projections de- tp aI_Iewate much of the |m.pact of warming and ocean acidi-
viate more strongly from each other (Fig. 7b). Deviations in fication on corals (Pandolfi et al., 2011).

SST and2aragare largest in the Pacific Ocean south of Tokyo
(85.# N, 139.5 E; Fig. 1), because the monthly-mean iso-
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Fig. 7a. Projected 10-yr mean northern limit of the tropical/subtropical coral community (defined by the isothermal lines of SE€F =18
green lines) and temperate coral occurrence (defined by the isothermal lines of S3T;3&0ow lines) defined by SST during the coldest
months of each decade in seas close to Japan in 2000s—-2090s, obtained by the four climate models. The bl(#) teesta the 10-yr
mean observed monthly-mean isothermal lines of SST*C1&nd 10°C during the coldest months, estimated by NOAA OISST. The black
lines denote isothermal lines of SST =BD during the hottest months.
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Fig. 7b. Same as in Fig. 7a, but for projected 10-yr mean northern limit of tropical/subtropical coral communities (defined by the isolines of
Qarag= 3; green lines) and temperate coral occurrence (defined by the isolifegagf= 2.3; yellow lines), defined bf2aragas the lowest
value in each decade. Red lines denote the isolin€&xpfy= 1 as a criterion for the aragonite undersaturation level.

For example, Cooper et al. (2012) pointed out that ocearution (e.g., Fine and Tchernov, 2007), thus confirming the
warming may not only permit coral communities to migrate naked coral hypothesis (Stanley Jr. and Fautin, 2001). Corals
poleward, but also may have a strong positive effect on coraimay also have a lower susceptibility to thermal stress than
calcification, possibly permitting them to overcome the neg-previously thought thanks to a number of adaptive responses
ative effect of ocean acidification. Corals may be able to(Guest et al., 2012; Howells et al., 2012). Finally Pandolfi et
counter the effect of ocean acidification by upregulating theiral. (2011) emphasized the genetic diversity and the species to
pH (McCulloch et al., 2012a, b). Such mechanisms must bespecies variability in the responses of corals to ocean warm-
active in corals that are capable of thriving healthfully in wa- ing and ocean acidification. This creates, especially when
ters withQarag< 3, implying high interspecific variability in  considering also the spatiotemporal evolution of the stres-
calcification rates or adaptation to |d®4rag(€.9., Manzello,  sors, a complex mosaic of ecosystem response that our sim-
2010; Cohen and Holcomb, 2009). In fact some studies reple SST and2aragbased approach is not able to capture.
ported survival of some coral species upon skeleton disso-
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