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Coral and macroalgal communities are threatened by global stressors.
However, recently reported community shifts from temperate macro-
algae to tropical corals offer conservation potential for corals at the
expense of macroalgae under climate warming. Although such
community shifts are expanding geographically, our understanding
of the driving processes is still limited. Here, we reconstruct long-term
climate-driven range shifts in 45 species of macroalgae, corals, and
herbivorous fishes from over 60 years of records (mainly 1950–2015),
stretching across 3,000 km of the Japanese archipelago from tropical
to subarctic zones. Based on a revised coastal version of climate ve-
locity trajectories, we found that prediction models combining the
effects of climate and ocean currents consistently explained observed
community shifts significantly better than those relying on climate
alone. Corals and herbivorous fishes performed better at exploiting
opportunities offered by this interaction. The contrasting range dy-
namics for these taxa suggest that ocean warming is promoting
macroalgal-to-coral shifts both directly by increased competition from
the expansion of tropical corals into the contracting temperatemacro-
algae, and indirectly via deforestation by the expansion of tropical
herbivorous fish. Beyond individual species’ effects, our results pro-
vide evidence on the important role that the interaction between
climate warming and external forces conditioning the dispersal of
organisms, such as ocean currents, can have in shaping community-
level responses, with concomitant changes to ecosystem structure
and functioning. Furthermore, we found that community shifts from
macroalgae to corals might accelerate with future climate warming,
highlighting the complexity of managing these evolving communities
under future climate change.
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Range shifts in foundation species induced by global warming
(1–4) are likely to have ecosystem-wide implications for

biodiversity, ecological functioning, biogeochemical cycling, and re-
sources used by humans (5–8). Corals and macroalgae are habitat-
forming species in coastal ecosystems that cooccur and compete for
space, which often result in changes in dominance from tropical
corals to macroalgae promoted by climate warming (9–11). How-
ever, recent studies from different geographical locations have
documented community shifts from macroalgae to corals resulting
from the expansion of corals into temperate latitudes as ocean waters
become warmer (Fig. 1A) (12–16). In managing the global resilience
of corals and macroalgal communities, such biogeographical transi-
tion zones between temperate and tropical waters offer potential for
conservation during periods of climate change (1, 17).
Declines of temperate macroalgae have been attributed to

climate-driven thermal stress and associated to an increase in
herbivory (4, 18–21). However, increased temperature and her-
bivory cannot fully explain shifts to coral dominance (11). Indeed,
range-expanding corals can colonize macroalgal communities (12,
22) (Fig. 1A). Tropical herbivorous fishes intruding into the trop-
ical–temperate transition zone can also deforest whole primary

production of macroalgae unlike their temperate counterparts (19,
20), thus having the potential to release space for colonization of
other benthic organisms, including corals (19).
An important but untested factor that could drive these com-

munity shifts is the interaction between a warming ocean and the
transport imposed by ocean currents (23–25). Both macroalgae
and corals disperse passively via planktonic (propagule or larval)
stages (1, 17, 26) and adult drift (26), while fishes also benefit from
current-driven transport (27) (Fig. 1B). Indeed, a recent global
metanalysis found highly dispersive taxa like fish or plankton ex-
pand their range faster when warming and ocean currents match
in direction (25). However, other than the agreement in direction,
current strength is likely to have a key role in driving range ex-
pansions under climate warming. Indeed, expansions of tropical
corals and herbivorous fishes are especially evident where strong
boundary currents flow poleward (1, 17, 27). Moreover, tropical
water brought by such current systems can lead to significantly
faster warming (28), which may also exacerbate range contractions
of temperate macroalgal communities (27). Hence, a community-
level analysis incorporating the joint effect of warming and ocean
currents (strength and direction) in driving compound range shifts
among species can offer important insight.
Japanese coastal marine communities provide a unique op-

portunity for this purpose. Stretching from tropical to subarctic
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waters, these coasts host many species, often including the
leading or trailing edges of their distributions. Furthermore, the
main current systems encircling the Japanese archipelago (SI
Appendix, Fig. S1) flow with a strong latitudinal component, yet
the directional alignment with existing thermal spatial gradients
is contrastingly different between the west and east coasts. This
provides ideal test conditions for disentangling the effect of
currents and climate changes on range shifts.
Here, we hypothesized that where ocean currents match the di-

rection of warming, they should facilitate the successful expansion
(i.e., dispersal and settlement) of tropical corals into temperate
macroalgal communities increasingly stressed from the rising tem-
peratures, inducing an eventual change in dominance; an effect that
should be proportional to the strength of the current (Fig. 1B). This
process should be further exacerbated by the expansion of tropical
fishes (19, 20), often concomitant to that of corals (1). We expect
this process to be largely dependent on species dispersal traits (29),
where higher adult mobility and longer larval/spore duration (from
kelps to herbivorous fish) should further facilitate expansion rates
under current transport (Fig. 1 B and C). In contrast, we expect
range contractions, which are not directly dependent on migration
processes, to be weakly related to currents and mainly driven by the
effects of climate warming and species interactions via the extinc-
tion of local populations (Fig. 1C).
To disentangle the combined effect of climate and currents in

driving climate-mediated range shifts, we used a revised version of
climate-velocity trajectories (30). Our approach couples the speed
and direction of both thermal gradients and ocean currents
(Materials and Methods, Fig. 1C, and SI Appendix, SI Methods),
using a modeling framework that accounts for the relative weight
of both parameters. This model represents a clear improvement
from the simple directional agreement metric used in ref. 25,
which did not take into consideration current strength and is ad-
equate for a global metaanalysis but becomes too simplistic for
regional fine-scale analyses. We tested our hypothesis against
observed range shifts inferred from a unique dataset comprising
long-term (mainly 1950–2015) distribution records for 8 kelp, 22
fucoid, and 12 coral species, as well as existing records doc-
umenting fish-induced deforestation of temperate macroalgal
communities by three herbivorous fish species across Japan (Fig. 2
A–C, SI Appendix, Fig. S2 and Table S1, and Dataset S1).

Results and Discussion
The direction and rate of the observed range shifts calculated for
each species and coast during the study period showed considerable
variation in both distribution centroids and range edges (Fig. 2 A–D
and SI Appendix, Table S2). Expansions were scarcer than con-
tractions in macroalgae, whereas fishes and corals experienced ex-
pansions much more frequently than contractions (Fig. 2 B and C).
Many of these expansions and contractions occurred along south-
eastern to southwestern areas of the Japanese main islands, co-
incident with both the northern range limits for corals (except for
one inconspicuous species: Oulastrea crispata) and herbivorous
fishes, and the southern range limits for many temperate macro-
algae (Fig. 2 B and C and SI Appendix, Fig. S2). Expansions were
fastest in fishes, followed by corals, fucoids, and kelps, whereas
macroalgae contracted their range faster than corals and fishes (Fig.
2 B and C and SI Appendix, Table S2). The speeds and directions of
observed shifts were otherwise comparable to those reported for
similar species in previous studies (1–4). Expansions of fucoids and
corals were 2.6 and 10 times faster, respectively, than their con-
tractions (SI Appendix, Table S2), highlighting the differential pro-
cesses governing range dynamics at distribution edges (31). Centroid
shift rates and occupancy changes were significantly different among
taxa and between coasts (Fig. 2D) (two-way multivariate ANOVA,
coast, taxa, and interaction: P < 0.01), with centroid shifts in kelps
and fucoids driven mainly by local extinctions (range contractions)
and those in corals and herbivorous fishes by colonization (expan-
sions), as expected based on the regional biogeography of the spe-
cies. Corals colonized into three types of communities with equal
frequency (Fig. 2E): existing coral community, currently macroalgal-
dominated community, and areas from which macroalgae have re-
cently contracted. Despite previous evidence emphasizing the role
of herbivory in clearing macroalgal beds and facilitating the colo-
nization of corals through competition release (16, 19), this pattern
indicates that direct competition resulting from the expansion of
corals into existing macroalgal communities is also a possible im-
portant process facilitating macroalgal-to-coral shifts.
Our prediction of range shifts used a climate-velocity trajec-

tory model based on a least-cost path algorithm that determined
the minimum-cost route linking the past and current locations of
isotherms corresponding to the temperatures found at the initial
sites from which each of the observed shift had been detected
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Fig. 1. Underwater photographs, hypothesized ef-
fects, and prediction models for range shifts. (A)
Kelps and fucoids are dominant in Japanese coastal
communities, but are gradually being replaced by
expanding tropical corals with which they compete.
(B) We expect that temperate macroalgal community
will be more susceptible to deforestation by herbiv-
orous fishes and be replaced by tropical corals (line
colors indicate taxa) under strong ocean current
flowing poleward (warm currents), because differ-
ences among taxa in adult mobility and larval/spore
duration (from hours for kelps to a month for fishes)
will influence shift rates that will be amplified under
increasing strength of current transport. (C) Predic-
tions of species range shifts are based on finding the
least-cost path connecting past and present coastal
locations of the isotherms corresponding to the
temperature found at the initial location for each
shift. These trajectories are based on conductance
matrices constructed via weight optimization of the
magnitude and direction of spatial thermal gradients
(climate effect on dispersal) and ocean currents
(current effect on dispersal) (see Materials and
Methods for details). (Photos courtesy of N.H.K.)
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(Materials and Methods and Fig. 1C). The algorithm was in-
formed by a conductance layer built on two components: the
spatial thermal gradient (climate-based movement expectations)
and ocean currents (flow-based movement expectations). Opti-
mization of the model was made via the relative weights given to
each of these two components when constructing the conduc-
tance matrix. Therefore, our reported climate-velocity estimates
varied depending on both the temperature parameter [annual
mean, minimum or maximum monthly sea surface temperature
(SST)] and the model used (SI Appendix, Fig. S3). Although
overall differences between a model built only on a conductance
matrix informed by the spatial thermal gradient (i.e., the custom
approach for calculating climate velocities), and our compound
model were small, differences were still large at some locations,
particularly around the southern coast (SI Appendix, Fig. S3 G–

I), matching the location of many of the observed range expan-
sions and contractions (Fig. 2 B and C).
As expected, we found ocean currents to have a much higher

relative weight than thermal gradient in explaining observed shift
responses for range centroids (0.927) (Fig. 3A) and expansions
(0.999) (Fig. 3B), but the relative weight was much more balanced
for contractions (0.637) (Fig. 3C). These results were akin to those
derived from traditional statistics (SI Appendix, SI Results and Fig.
S4). This weight pattern indicated that climate-related range shifts
involving dispersal process (i.e., expansion and centroid) would
explicitly follow ocean currents rather than thermal gradients.
Predicted centroid shifts and leading-edge expansions were fastest
in herbivorous fishes and slowest in kelps (Fig. 3 D and E and SI
Appendix, Fig. S4 G and H). Importantly, however, all taxa lagged
behind climate velocity on average: slope of regression lines were
more gradual than the 1:1 line (Fig. 3E). Predicted trailing-edge
contractions were slowest in corals and fastest in kelps and fucoids
(Fig. 3F and SI Appendix, Fig. S4I). No corresponding analysis was

possible for fish as we only have one trailing-edge observation that
remained stationary (i.e., no contraction). The proportion of
variance in shift response explained by the model predictions was
larger for range centroids (52.8%) and expansions (65.0%) than
for contractions (26.6%). As initially expected, these results sug-
gest that ocean currents strongly facilitate centroid and expansion
shifts, but only weakly contractions.
Based on the Bayesian posterior distributions of the species

range-shift responses predicted by the optimized coupled climate
and current model (SI Appendix, Fig. S5), we estimated proba-
bilities of potential community shifts frommacroalgae to corals for
historical (1970–2009) and near-future (2009–2035) climates
(Materials and Methods and Fig. 4). The mean probability of
contemporary community shift across the Japanese coast was 0.58,
with the largest values along the southwestern to southeastern
coasts (Fig. 4A), where the warm Kuroshio and Tsushima currents
flow nearby and vigorously (Fig. 1A). The mean probability of
community shift is predicted to increase to 0.8 in the near future
(Fig. 4D), with high probabilities becoming widespread apart from
the southern-middle coasts around Shikoku, where coral com-
munity have already expanded (13). In both periods, community
shifts are estimated to be driven more by herbivorous de-
forestation by fishes (Fig. 4 C and F) than through competition
displacement by the colonizing corals (Fig. 4 B and E), although the
relative importance of the latter is predicted to increase significantly
under future warming (difference between mean probabilities of
both processes of 0.59 and 0.24 for historical and future periods).
Our results reveal a clear mechanistic pattern for the media-

tion of ocean currents and climate change to shifts from mac-
roalgae to coral dominance over the warm temperate coast of
Japan. As expected, the range expansion of herbivorous fishes
was fastest and most influenced by current transport among
the study species. This is generating increased grazing pressure
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on macroalgae communities already under direct pressure from
warming, as indicated by their high contraction and slow ex-
pansion rates. Whereas the rapidly expanding tropical corals can
colonize into existing temperate macroalgae communities (12,
22), this mechanism can create a cascading effect, facilitating
coral recruitment and accelerating the change in dominance
between both taxa. The outcome of the combination of all these
factors is the shifts from macroalgae- to coral-dominated

communities that are being currently reported across the
Japanese warm temperate zone (12–16).
Our results highlight the complexity of managing for climate-

driven range shifts and anticipating transient dynamics where
species are currently expanding faster than they are contracting,
thus increasing their distribution range. For example, tropical
macroalgal species have expanded their range into a warm tem-
perate zone at the expense of temperate species (32), a process that
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Fig. 4. Probability of potential community shift from macroalgae to corals based on predicted shift rates and climate velocity. (A and D) Total probability of
macroalgae-to-corals shifts, probability of the community shift being driven by (B and E) competition with corals, and (C and F) deforestation by herbivorous
fishes. (A–C) Prediction based on historical (1970–2009) and (D–F) near-future climates (2009–2035). Inset histograms represent frequency distribution of
probabilities with their mean value. Probabilities of shifts were obtained from the Bayesian posterior distributions of the relative difference in the predicted
shift rates among taxa with the coupled climate–current model (SI Appendix, Fig. S5). The darkened area in the north coast in A–C covers the region where no
observed macroalgal–coral shift was detected. Calculations were restricted to coastal grids, since the study species inhabit coastal environments. Figures were
spatially interpolated to 50 km from the coast using an inverse distance-weighted method to aid visualization.
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is intimately related to their differences in physiology (33). Simi-
larly, despite degradation of coral communities in tropical regions
(7), endangered tropical reef-forming coral species are migrating
into Japanese temperate waters (as in the case of Acropora mur-
icata in our study) (1), supporting the role of the temperate zone as
a potential refuge for coral from the effects of global warming (1,
17). However, coral expansions may still be limited by nonclimatic
factors, such as availabilities of carbonate (34), food (35), and light
(16, 35). Nevertheless, and although expansion rates are faster than
contraction rates overall, we found that not only macroalgae but
even corals might be unable to keep pace with climate change. This
may suggest that the apparent expansion in overall range might be
a transient effect potentially masking risk of metapopulation col-
lapse with decreasing connectivity among local populations (ex-
tinction debts) and future range collapses (36). Furthermore, such
range expansions often entail the replacement of temperate
macroalgae (12–16), and these range shifts are accompanied by those
of coral-associated organisms, such as tropical reef fishes (37) and
obligate-dwelling crabs (38). On the other hand, expansion of coral-
eating species is equally likely. The starfish (Acanthaster planci), for
example, is suspected to have expanded its reproduction range into
Japanese temperate waters over the last decade (39). Indeed, not
only coral communities (1, 12–16, 22) but also deforested barrens are
expanding along temperate marine coasts (4, 18–20, 32). Thus, future
management for corals and macroalgae might need to consider
proactive species conservation strategies, including artificial assis-
tance for thermal adaptation through selection of thermal-tolerant
lineages (40) or relocation and translocation into cooler areas (17).
Our study provides evidence of how the combination of cli-

mate warming and external directional drivers can elicit differ-
ential rates of shift response by habitat-competing and higher
trophic species. Consideration of such interacting effects is
necessary for anticipating the ecosystem-wide implications of
species shifts under future climate warming.

Materials and Methods
Environmental Variables. We used bias-corrected (41, 42) SST (1950–2035)
extracted from the MIROC4h model (43) and surface current (1985–2015;
longitudinal and latitudinal velocity) sourced from assimilation data of the
MOVE/MRI.COM (44) because the study species mainly inhabit the infra-littoral
zone (see SI Appendix, SI Methods for a detailed description of data). The data
were downscaled to 0.05° × 0.05° using bilinear interpolation. We chose this
resolution to adequately reproduce coastal outlines in the climate-velocity
trajectory models. To account for interannual variation and the possibility of
lagged response to environmental change, we used 5-y means of SST and
current values instead of just the values at the year of the species record.

Species Occurrence Data. We used a long-term (mainly 1950–2015; 2.4% of
the records were made before 1950) database of habitat-forming macro-
algae, corals, and herbivorous fishes (22,253 survey records) compiled from
439 literature sources. The dataset thus provides good spatial coverage of
most of the Japanese coastline. The occurrence data for macroalgae are
publicly available (45). Coral data consisted of the dataset used in ref. 1
updated with 65 records for 3 new species from the literature sources. From
the database, we selected 8 kelp, 22 fucoid macroalgae, and 12 coral species
that are representative of the macroalgal flora and coral fauna in the Jap-
anese temperate zone (see SI Appendix, Table S1 for a description of the
species). The records used for this study are shown in Dataset S1.

Shifts of herbivorous fishes were inferred from records on deforestation of
temperate macroalgal communities due to overgrazing by three herbivorous
(omnivorous) fish species that have been associated with increases in sea tem-
perature (Dataset S1). We therefore excluded records linked to other factors,
such as increases in pollution levels or turbidity. Such herbivorous fishes have
long been found in the Japanese temperate zone as individuals or small schools
of possibly nonbreeding populations (46). However, rising sea temperature is
speculated to have facilitated their overwintering survival and reproduction,
resulting in increased school size (19), and subsequent overgrazing of macro-
algal beds (47, 48). Although using information on fish density data would have
been desirable, such records are quite limited across Japan. Therefore, given the
available data, we believe our records on deforestation of macroalgae provide
an adequate indicator of the direct effects of herbivorous impacts.

We then identified the reported geographical locations for 85% of all
survey sites with an accuracy of 1 km. There were no apparent spatial or
temporal gaps in survey data: at least two decades of replications were
available in most locations, except for coral data in Okinawa Prefecture
(approximately lower than 27°N) before the 1970s (SI Appendix, Fig. S2).

Detection and Prediction of Range Shifts. We estimated centroid shifts using
multiresponse linear models on longitudinal and latitudinal locations as a
function of time for each study species and Japanese coast (SI Appendix, SI
Methods). Range-edge shifts consisted of either documented shifts or shifts
estimated from two or more occurrence records separated by more than 5 y
(SI Appendix, SI Methods and Dataset S1). We then calculated the distance
shifted as the least-cost distance between the cell locations corresponding to
the historical and present records. Distances were restricted to coastal wa-
ters and took into account the coastline configuration. Finally, shift rates
were calculated by dividing the distance shifted (kilometers) by the number
of years elapsed between the historical and present records.

Range-edge shifts were predicted using a coastal adaptation of climate-
velocity trajectories (30), which consisted of finding the least-cost path an iso-
therm will move over a specific time period from a starting fixed location (Fig.
1C). We first located those target coastal cells intersected by the future location
of the isotherm corresponding to the temperature existing at the historical lo-
cation (focal cell) using the “contourLines” function of the “maptools” R pack-
age (49). We then identified the target cell providing minimum accumulated
movement cost from the focal cell using a least-cost path analysis with con-
ductance matrices, representing the ease of movement across the seascape and
created using spatial thermal gradients in combination with ocean current speed
and direction using combinations of weights between 0 and 1 at 0.001 intervals
(see the next section and SI Appendix, SI Methods). Two leading and 12 trailing
edges were lost because no coastline was available along isotherm trajectory (e.
g., southern archipelago). Predicted shift rates were then calculated by dividing
the resulting least-cost distance by the number of years between periods. For
contractions and expansions, this was a single cell-to-cell estimate (i.e., localized
shifts), while for the calculation of shift rates for range centroids (i.e., whole-
distribution shifts) we used the mean distance from all of the least-cost path
estimates for the historical occurrence points for each species grouped by coast
(i.e., two shift estimates per species). Accumulated costs were calculated using
the “accCost” function of the “gdistance” R package (50).

Statistical Analysis and Prediction. To account for the observed shift rates, the
statistical analysis included: (i) the estimations of the relative weight of ocean
current against thermal gradient in the climate-velocity trajectory model, (ii)
the selection of the optimum SST index (see SI Appendix, SI Methods for a
detailed description of the index) for each species and range edge, and (iii) the
relationship between the observed shift rates and the climate velocities, per-
formed each at a time under a common Bayesian inference. Briefly, we
assigned a uniform prior distribution from 0 to 1 for the relative weight of
ocean currents, and a uniform categorical prior for the SST index. Then, we
calculated the estimates (posterior distributions) of these parameters by
Markov chain Monte Carlo simulations (MCMC). Analyses of range shifts were
conducted by fitting linear models including as covariates climate velocity and
differences of taxonomic group (kelps, fucoids, corals, and herbivorous fishes),
both in intercept and slope (i.e., analysis of covariance model) (51). For edge
shifts, but not centroid shifts, sample size varied among species. This is because
multiple shifts are often reported in the literature at different locations within
a species’ distribution range, which is usually filled discontinuously by local
populations due to the complicated configuration of the coast line along the
Japanese archipelago. Therefore, we included species as a random effect on
the intercept (i.e., the linear mixed-effects model) (51) for edge shifts, to es-
timate the response of each taxon equally by reducing bias of uneven sample
size among species. The climate velocities were fitted after standardization
(i.e., with a mean of 0 and a SD of 1) to obtain standardized coefficients. We
also calculated indices of explained variance by the model using ordinal R2 for
centroids, but marginal R2 (explained by fixed effects) (52) for edge shifts.

The probability of potential macroalgal–coral shift and its driving processes
were estimated for each cell over historical (1970–2009) and near-future (2009–
2035) climates. We first assumed that both contraction rates of macroalgae (Mc)
and expansion rates of corals (Ce) must be positive for a dominance shift from
macroalgae to corals to occur: that is, Mc > 0 and Ce > 0. Next, we assumed that
the relative difference between range expansions and contractions is indicative
of the temporal order with which the events take place at each cell (local scale):
that is, faster expansions rates of corals or herbivorous fishes (Fe) than macro-
algae indicate potential causality between the earlier arrival of corals/fishes and
the latter extirpation of macroalgae from that cell. We then identified four
types of processes underpinning macroalgal–coral shifts: (i) coral expansions
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after macroalgal contractions (e.g., contractions caused directly by warming), sat-
isfying the condition Mc > 0 and Ce > 0 and Fe –Mc < 0 and Ce –Mc < 0; (ii) coral
expansions after deforestation of macroalgae by herbivorous fishes (Mc > 0 and
Ce > 0 and Fe – Mc > 0 and Ce – Mc < 0); (iii) macroalgae outcompeted by ex-
panded corals (Mc> 0 and Ce> 0 and Fe –Mc< 0 and Ce –Mc> 0 and Fe –Ce< 0);
and (iv) combined displacement by herbivorous deforestation and competition
with corals (Mc> 0 and Ce > 0 and Ce –Mc> 0 and Fe –Mc> 0), where the relative
importance of each process is specified by a weighting ratio of shift rates between
expansion rates of corals and herbivorous fishes.

For the analyses, we obtained Bayesian posterior distributions of parameter
estimates for the linear mixed-effects models on expansion and contraction
shift rates using the optimized combination of conductance weights for
thermal gradients and ocean currents, under nearly noninformative normal
prior distributions. Using the estimated intercept and slope, and the climate
velocity (monthly minimum SST for expansions and maximum SST for con-
tractions) from the climate–current model, we predicted macroalgae (average
of kelps and fucoids), expansion rates of corals, and expansion rates of her-
bivorous fishes for each cell along the Japanese coast. The predicted shift rate
was multiplied by the sign of the climate velocity at the cell to keep shifts in
the same direction of the climate velocity positive. We then calculated
Bayesian probabilities (the number of posterior estimates over all estimates)

meeting each of the four processes, and summarized them into the total
probability of the macroalgae–coral shift, and the probability of each process
driving the community shift. Note that these probabilities represent the like-
lihood for each process in terms of time-order rather than causal relationships.

Bayesian inferences were performed in WinBUGS 1.4.3 (53) specifying
nearly noninformative normal prior distributions for coefficients. We
obtained 500 estimates per parameter from 70,000 MCMC iterations after a
20,000-iteration burn-in by thinning at intervals of 100, using three chains.
Convergence was verified by checking that the R-hat values ranged between
1 and 1.01 (54). All of the other analyses were performed in R (55).
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