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Figure 1. Conceptual model of fish control of macroalgal biomass on coral reefs, unimpacted and ‘tropicalized’ temperate reefs. Proposed mechanisms shifting
macroalgal-dominated temperate reefs to ‘tropicalized” systems are in italics. Black arrows of different widths symbolize dissimilar levels of herbivory. Faded macro-
algae represent their decline in tropicalized systems owing to: (i) direct overgrazing by browsers, or (ii) prevention of recovery by grazers and scrapers when other

sources of stress first initiate macroalgal decline.

1. Introduction

Understanding and predicting the impacts of climate change
is now a central theme in ecology. Climate-related changes in
temperature, rainfall patterns, frequency of extreme weather
events and, in marine systems, altered ocean circulation and
acidification, can all affect the physiology, distribution and
phenology of organisms [1]. Such direct effects of climate
change are well documented in both terrestrial and marine
systems [2,3].

Climate change can also indirectly affect organisms
by altering biotic interactions, which can have profound
consequences for populations, community composition and
ecosystem functions [4]. Indirect effects may occur: (i) via
generation of new biotic interactions, as range-shifted species
appear for the first time in naive communities [5]; (ii) by
removing existing interactions when species shift out of
their existing range [6]; or (iii) by modulating key behaviour-
al, physiological or other traits that mediate species
interactions [3]. When climate-driven changes in biotic inter-
actions involve keystone or foundation species, impacts can
cascade through the associated community [4].

Marine communities are thought to be more strongly
regulated by top-down forces (consumers) than terrestrial
communities [7], and climate-driven modulation of biotic inter-
actions between consumers and their prey could therefore
strongly impact marine systems. Herbivory is especially intense
in marine environments, with approximately 70% of benthic
primary production being consumed by herbivores globally
[8]. Changes in herbivory in marine systems can cause com-
munity phase shifts in which the dominant habitat-forming
organisms are eliminated, or replaced by a completely different
group. Classic examples are found in tropical coral reefs, where
a decrease in herbivory leads to a shift from coral- to algal-domi-
nated reefs [9], and in temperate algal forests, where an increase
in herbivory by sea urchins leads to deforested barrens [10].
Ocean warming has been implicated as a factor for both of
these phase shifts [5,10].

Here, we propose a novel phase shift in coastal marine
systems, driven by changes to herbivory linked to worldwide
ocean warming;: the potential deforestation of temperate algal
forests and decline in temperate seagrass beds as tropical her-
bivores expand their ranges polewards (figure 1). This
expansion exposes temperate macrophytes to high densities
and diversity of tropical vertebrate herbivores that are
capable of removing 100% of algal primary production on
tropical coral reefs [11]. We first consider the oceanographic
conditions that create ocean warming hotspots around the
globe, highlighting the role of western boundary currents
(WBCs) that transport warm tropical water into temperate
regions. We then review range shifts of tropical herbivorous
fishes and their effects on temperate macroalgal forests and
seagrass meadows at these hotspots. Potential mechanisms
for this novel herbivore-mediated phase shift are discussed,
focusing on the functional diversity of consumers and pri-
mary producers, novelty effects and chemical defences. We
then consider how changes in marine herbivory interact
with other climate-mediated stressors to facilitate macrophyte
declines and the tropicalization of temperate communities.
Finally, the broader implications and societal impacts of this
novel phase shift are examined in relation to food security,
conservation and management.

2. Poleward boundary currents, other ocean
warming hotspots and their consequences
to species distribution and abundance

A large portion of the ocean has undergone significant
warming over the past century that has been attributed to
anthropogenic climate change [12]. There are however consider-
able regional differences in the rate of warming, with localized
areas of enhanced warming commonly referred to as hotspots
[13]. A common feature across many ocean temperature
datasets is that during the twentieth century, temperate regions
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Figure 2. World map showing schematic of large-scale circulation, shifts in herbivorous fishes and ecological impacts in broad regions where emerging signs of the
tropicalization of temperate marine communities have been recorded. Panels (a,b) and (e—g) highlight western (and eastern; d) boundary currents (depicted as
arrows) that have been associated with ocean warming hotspots. Panel (c) shows the eastern Mediterranean region and the Suez Canal (dashed arrow). Loss of
macrophytes is depicted with crosses symbolizing overgrazing of Ecklonia spp. by Kyphosus spp., Siganus spp. and C. japonicus in Japan (a); decline of Ecklonia
radiata and potential overgrazing by Kyphosus spp. and Siganus spp. in western (d) and eastern (e) Australia, and loss of Cystoseira spp. in the Mediterranean owing
to overgrazing by Siganus spp. (c). Increased herbivory by range-shifting parrotfish in the Gulf of Mexico is symbolized with a ‘plus” symbol and a dashed black arrow
(b). Tropical herbivorous fishes have been observed shifting their distribution in southeastern America (f) and southeastern Africa (g). See the electronic supplementary
material, table S1 for a full list of range-shifting species and documented impacts. (Online version in colour.)

along poleward-flowing WBCs (figure 2) have warmed two to
three times faster than the global mean (figure 3a) [14]. Regions
with continuous tropical-temperate coastlines that are strongly
influenced by WBCs—]Japan, eastern USA, eastern Australia,
northern Brazil and southeastern Africa—are thus potential
hotspots for biological change as organisms respond to the
warming of these coastal waters (electronic supplementary
material, table S1).

Enhanced warming of temperate coastlines by WBCs is
associated with a stronger poleward transport of warm
low-latitude water driven by changes in the basin-wide
wind field. In the Southern Hemisphere in particular, these
wind changes have been tied to stratospheric ozone depletion
and increased greenhouse gas concentrations [15]. Most state-
of-the-art climate models incorporating these drivers (which
form the Coupled Model Intercomparison Project v. 5,
CMIP5; [16]) are able to reproduce many of the observed fea-
tures for these trends in sea surface temperature (figure 3b).
Model projections for the twenty-first century suggest that
certain western boundary regions will continue to warm faster
than the global average (figure 3c) probably forcing significant
biological change.

In addition to WBCs, other oceanographic features also
transport tropical water towards temperate regions. The pole-
ward-flowing Leeuwin current along the coast of western
Australia is a prime example (figure 2d). In 2011, a strength-
ening of this current caused a marine ‘heat wave” in which
the coastal waters along much of west Australia increased
by 2-4°C for approximately two months [17]. Connectivity
can also be altered substantially by humans, as with the
opening of the Suez Canal that now allows connections
between the previously isolated tropical Indo-Pacific waters
and the Mediterranean Sea.

Changes in ocean circulation influence the distribution of
marine species not only by shifting thermal zones [13], but
also by affecting dispersal patterns [5]. Most coastal species
have pelagic life-history stages (e.g. larvae, spores), whose abun-
dance and distribution patterns are strongly influenced by
coastal boundary currents such as WBCs [18]. This strongly
influences recruitment and connectivity of fishes, macroalgae
and other organisms [18]. Given the relatively low (or no) moti-
lity of many benthic organisms as adults and the restricted home
ranges of most coastal fishes [19], the effects of altered circulation
on larval dispersal can be considerable. There is now strong
evidence for enhanced dispersal and range expansions of species
from several intensifying WBCs, such as the East Australian
Current and the Kuroshio Current (electronic supplementary
material, table S1) [5,20]. Nevertheless, other factors such as
warmer background temperatures may also affect growth rates
and settlement times of tropical larvae, and consequently may
also modulate future dispersal trajectories.

3. Intrusion of tropical herbivorous fishes into
temperate systems and impacts on temperate
algal and seagrass beds

The distributions of many marine fishes are shifting poleward
[2,20], impacting world fisheries and causing a global ‘tropica-
lization” of catch [21]. An increase in seawater temperatures
and/or the poleward intensification of ocean currents has
been linked to the intrusion of tropical fishes into temperate
waters in all regions influenced by poleward boundary cur-
rents (electronic supplementary material, table S1): Japan
(figure 2a; [22,23]), southeastern USA (figure 2b; [24,25]),
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