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Climate change and coral reef connectivity
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Abstract This review assesses and predicts the impacts
that rapid climate change will have on population connec-
tivity in coral reef ecosystems, using fishes as a model
group. Increased ocean temperatures are expected to
accelerate larval development, potentially leading to
reduced pelagic durations and earlier reef-seeking behav-
iour. Depending on the spatial arrangement of reefs, the
expectation would be a reduction in dispersal distances
and the spatial scale of connectivity. Small increase in
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temperature might enhance the number of larvae surviving
the pelagic phase, but larger increases are likely to reduce
reproductive output and increase larval mortality. Changes
to ocean currents could alter the dynamics of larval supply
and changes to planktonic productivity could affect how
many larvae survive the pelagic stage and their condition at
settlement; however, these patterns are likely to vary greatly
from place-to-place and projections of how oceanographic
features will change in the future lack sufficient certainty
and resolution to make robust predictions. Connectivity
could also be compromised by the increased fragmentation
of reef habitat due to the effects of coral bleaching and
ocean acidification. Changes to the spatial and temporal
scales of connectivity have implications for the manage-
ment of coral reef ecosystems, especially the design and
placement of marine-protected areas. The size and spacing
of protected areas may need to be strategically adjusted if
reserve networks are to retain their efficacy in the future.

Keywords Climate change - Population connectivity -
Global warming - Larval dispersal - Habitat fragmentation -
Marine-protected areas

Introduction

Most coral reef animals have a complex life cycle with a
demersal adult stage that is relatively site attached and a
pelagic larval stage that is subject to dispersal. For such
species, connectivity between populations inhabiting dif-
ferent patches of reef is expected to be maintained
primarily by the dispersive larvae (Sale 1991). The scale of
larval dispersal can vary greatly both within and among
taxa (Sale and Kritzer 2003; Kinlan and Gaines 2003;
Shanks et al. 2003); some larvae may disperse just a few
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metres from where they were spawned, others may disperse
10s—100s km to populations on distant reefs (Gaines et al.
2007). Several factors are known or expected to influence
the scale of dispersal and the magnitude of settlement
resulting from dispersal. These factors include the pelagic
larval duration (PLD), water currents that the eggs and
larvae experience, behaviour of the larvae, the number of
reproductive propagules produced and the proportion that
survive to settlement, and the availability of suitable hab-
itat for the settling larvae (Cowen 2002; James et al. 2002;
Cowen et al. 2007; Gerlach et al. 2007; Leis 2007). Climate
change has the potential to affect all these factors and, thus,
significantly alter patterns of biological connectivity in
coral reef ecosystems (Munday et al. 2008a).

Population connectivity is a whole-of-life process that
depends on adults producing eggs and larvae that disperse
between patchily distributed populations and the survival
of those offspring in the new population until they breed
and reproduce (Pineda et al. 2007). The length of the larval
phase and the current regime experienced by larvae could
obviously influence the dispersal pattern of a small, pelagic
animal. Behavioural attributes of the larvae, such as ver-
tical migration, swimming ability and orientation towards
reefs or other important cues, could also influence dispersal
patterns. These behaviours, and the timing of their devel-
opment during the pelagic stage, appear to be critically
important in determining dispersal outcomes and the spa-
tial scales over which dispersal takes place (Armsworth
2000; Paris and Cowen 2004; Cowen et al. 2006; Leis
2007).

In most marine organisms, cumulative mortality during
the pelagic stage is extremely high, and therefore, small
changes in mortality rates have a large effect on the
numbers of individuals surviving to settlement (Caley et al.
1996). Furthermore, any spatial variation in mortality pat-
terns would have a substantial influence on the spatial
pattern of dispersal. Due to the high mortality expected in
marine larval stages, dispersal of demographic significance
can only be expected over a limited distance (Cowen et al.
2000), although long distance dispersal by small numbers
of larvae can still be important in maintaining genetic
connectivity between populations (Planes 2002). Finally, to
make the transition to a reef-based existence, those larvae
that survive the pelagic stage must find appropriate settle-
ment habitat, and often their settlement requirements are
very specific (Ohman et al. 1998; Holbrook et al. 2000,
Leis and Carson-Ewart 2002).

Human activities since the late 18th century have
changed the composition of the atmosphere, causing the
global temperature to warm rapidly (Trenberth et al. 2007).
Coral reef ecosystems, although located in the world’s
naturally warmest marine waters, are considered to be
particularly vulnerable to rapid climate change (Hughes
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et al. 2003; Hoegh-Guldberg et al. 2007). Key environ-
mental variables for coral reef ecosystems include water
temperature, circulation patterns, water chemistry (e.g. pH,
salinity and nutrient supply), sea level, occurrence of
tropical cyclones and sources of climatic anomalies such as
El Nifo-Southern Oscillation (ENSO) events. All of these
variables are likely to be affected by climate change, which
in turn will affect the distribution of coral reef organisms,
the structure of reef communities, and the function of key
ecological processes, such as population connectivity.

Predicting how climate change will affect connectivity
in coral reef ecosystems is important because dispersal of
larvae between reefs is a key component of population
dynamics for most coral reef organisms (Caley et al. 1996;
Armsworth 2002). The number of reproductive propagules
produced by adults, the spatial scale of dispersal during the
pelagic phase, the number of larvae surviving to settlement
and their success in recruiting to the benthic populations
could all be affected by climate change, with potentially
far-reaching implications for the dynamics and sustain-
ability of adult populations. Understanding the scale of
connectivity is also an important consideration for
designing effective networks of marine-protected areas
(MPAs) (Jones et al. 2007; Almany et al. 2009) and
managing coral reef fisheries. The scale of population
connectivity helps determine the optimal size and spacing
of reserves for the conservation of biodiversity and the
potential for larval dispersal and recruitment to non-reserve
areas (Botsford et al. 2001; Shanks et al. 2003). Finally, the
degree of connectivity between populations will influence
the ability of populations of coral reef organisms to adapt
to rapid climate change through the exchange of favourable
genotypes between populations (Munday et al. 2008a).

This review assesses the likely effects that rapid climate
change will have on connectivity of reef fish populations.
Fishes are used as model organisms because connectivity
of fish populations has been an area of intense research
over the past decade (Cowen et al. 2007) and much more is
known about the ecological patterns of connectivity in
fishes than most other coral reef organisms. First, the
environmental changes that rapid climate change will bring
to coral reef ecosystems are outlined, particularly those
changes that are likely to have significant impacts on
population connectivity. The effects that these environ-
mental changes will have on adult reproduction, larval
dispersal and recruitment patterns are then considered in
detail, as well as the effects that climate-induced habitat
fragmentation could have on population connectivity. The
benefits and utility of biophysical models for predicting the
effects of climate change on coral reef connectivity are
discussed and, finally, the implications of changes in con-
nectivity patterns for the design and placement of MPAs
are considered.
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Many of the predictions made in this review are highly
speculative because of uncertainty about how environ-
mental conditions will change in tropical waters over the
next 50-100 years and even greater uncertainty about how
coral reef organisms will respond to these changes. Nev-
ertheless, climate change could have important effects on
coral reef connectivity, and this review highlights areas of
concern and identifies key areas for further research.

Projected climate changes for coral reef ecosystems
Sea surface temperatures

Over the instrumental record period, 1871-2007, global
average land and sea temperatures have warmed ~ 0.70°C,
at a rate of 0.05°C/decade (Fig. 1a) (Brohan et al. 2006).
Over the same time period, average tropical sea surface
temperatures (SSTs) (30°N-30°S) have warmed ~0.51°C
(Rayner et al. 2003), at a rate of 0.04°C/decade (Fig. 1b).
The global and tropical SST instrumental records are
significantly correlated (r = 0.92, n = 137), with the
observed warming of the tropical ocean surface being
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R?=0.52

Temperature Anomaly (C)
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Year

Fig. 1 Annual average a global land and sea temperatures (data from
Climate Research Unit http://www.cru.uea.ac.uk/cru/info/warming/),
b tropical sea surface temperatures, 30°N-30°S, 1871-2007 (data
from British Atmospheric Data Centre http://badc.nerc.ac.uk/home/
index.html). Both series expressed as anomalies from 1961 to 1990
average. Thick line is 10-year Gaussian filter to emphasize decadal
variability and dashed line is the linear trend

~T70% of the global average. This correlation is useful for
considering what future global temperature projections
might mean for tropical oceans. Current projections of
average global warming by the end of the 21st century
(2090-2099 relative to 1980-1999) range from 1.8°C
(range 1.1-2.9°C) for the most optimistic (SRES B1) sce-
nario to 4.0°C (range 2.4-6.4°C) for the most pessimistic
(SRES A1F1) scenario (Meehl et al. 2007). If the observed
relationship between global average and tropical SST is
maintained, this would translate to average warming of
tropical ocean temperatures of between 1.3°C (range 0.8-
2.0°C) and 2.8°C (range 1.7-4.5°C).

The rate of global warming appears to have increased in
recent decades (Trenberth et al. 2007). For the period
1950-2007, global average land and sea temperatures
(Fig. 1a) have increased at 0.12°C/decade and tropical
SSTs by 0.08°C/decade (Fig. 1b). These averages disguise
considerable spatial variation in the magnitude and sig-
nificance of observed warming (Fig. 2) (Lough 2008). The
entire Indian Ocean, western and southern Pacific and
south Atlantic are all significantly warmer than they were
in the period 1950-1969, but there is no significant increase
in temperature in the central, eastern and northern Pacific
and central Caribbean. Indeed, some parts of the north
Pacific have significantly cooled over this time period.
Nevertheless, the general trend is one of warming, with
90% of the tropical ocean area warming, 68% warming
significantly and only 2% showing significant cooling. If
continued into the future, these spatial patterns of SST
changes imply that there will be regional differences in the
amount of warming to coral reef waters. Recent studies
highlight, for example, the relatively lower rate of warming
in the Western Pacific Warm Pool as a consequence of the
ocean thermostat (Kleypas et al. 2008).

Although surface waters are warming in most tropical
regions, there is considerable variation in patterns of
warming at spatial scales relevant to the dispersal of coral
reef organisms. For example, the magnitude of thermal
anomalies near coral reefs can vary at scales of 100s m—
100s km (e.g. Skirving and Guinotte 2001) and reefs that
experience more warming in one year may experience less
warming in other years (Berkelmans et al. 2004). Such
differences mean that there will be considerable spatial and
temporal variation in how warmer SSTs affect coral reef
organisms.

Ocean circulation

Little is yet known about how ocean currents will change
as global warming continues. Nevertheless, there is some
evidence that poleward-flowing currents are strengthening
and extending further into high latitudes, as observed for
the East Australian Current (Cai et al. 2005; Hobday et al.
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Fig. 2 Annual sea surface
temperature difference (from
1988 to 2007)—(from 1950 to
1969) showing a 0.3°C contour
interval and b significant
difference in means (red
warmer, blue colder). Data from
British Atmospheric Data
Centre
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2006). There are also suggestions that surface currents may
tend to increase as a result of increased thermal stratifica-
tion of the ocean surface layer (Steinberg 2007). On the
other hand, models indicate that climate change is likely to
weaken the Atlantic Meridional Overturning Circulation
(AMOC) (Meehl et al. 2007). A decrease in the AMOC
could change the eddy activity in the Caribbean Ocean,
causing more North Brazil Current Rings (NBCR) to
impinge the eastern Caribbean (Goni and Johns 2001).
Increased frequency of NBCRs could increase low-salinity
intrusions into the Caribbean as most of these eddies
entrain water from the Amazon River (Paris et al. 2002;
Cowen et al. 2003). Such large-scale changes to circulation
patterns clearly have the potential to influence the dispersal
and survival patterns of marine larvae, but there is still the
need to downscale such information to spatial scales rele-
vant to the complex water movement that occur within and
between reefs before it would be possible to adequately
predict the effects on population connectivity.

To illustrate the potential influence that changes in
major ocean currents could have on the dispersal of marine
larvae, we modelled the dispersion of passive particles
around Lizard Island (14° 40’S) on the northern Great
Barrier Reef (GBR) in response to a shift in the position of
the South Equatorial Current’s (SEC) inflow to the GBR.
We applied this model because global warming is expected
to cause a southerly shift in the average position of the SEC
inflow (Cai et al. 2005; Steinberg 2007). The model
included tides and Coral Sea circulation, but not wind
forcing, in order to isolate the potential influence of large-
scale ocean circulation patterns on local hydrodynamic
patterns. When the model had the SEC inflow situated
between 13°S and 19°S, particles were slowly advected
towards the south of Lizard Island (Fig. 3a). A simulated
2° southerly shift in the position of the SEC inflow caused
significant changes to current patterns, resulting in particles
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being advected towards the north-west (Fig. 3b). This
indicates that changes to major current systems could
potentially have substantial and unexpected impacts to
local current patterns.

Changes to ocean circulation could also influence
population connectivity through impacts on ocean pro-
ductivity. Increased thermal stratification of the ocean
surface layer is expected to reduce the mixing of cool
nutrient-rich waters from below the thermocline into war-
mer surface waters (Bindoff et al. 2007; Poloczanska et al.
2007), with consequences for the productivity and structure
of plankton communities (Hays et al. 2005; Richardson
2008) that are food for the larvae of most coral reef
organisms. Changes to the strength of major ocean currents
and the locations where they intercept shallow tropical seas
could also affect the location, intensity and duration of
upwelling, with further implications for planktonic pro-
ductivity near coral reefs (McKinnon et al. 2007; Steinberg
2007). As with other prediction related to ocean circula-
tion, the effects of climate change on planktonic
productivity near coral reefs remains highly uncertain.

Ocean chemistry

An insidious effect of enhanced greenhouse gas concen-
trations is a progressive change in ocean chemistry. About
30% of the excess carbon dioxide (CO,) released into the
atmosphere in the past 250 years has been absorbed by the
oceans (Sabine et al. 2004). Increasing the amount of CO,
dissolved in the oceans lowers ocean pH and decreases the
availability of carbonate ions used by calcifying organisms
to form shells and skeletons (Kleypas et al. 1999, 2006;
Hoegh-Guldberg et al. 2007). Global ocean pH is estimated
to have already dropped by 0.1 and is projected to fall
another 0.3-0.4 units by the end of this century (Royal
Society 2005).
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Fig. 3 Simulated advection of passive particles around Lizard
Island, Great Barrier Reef (GBR) in relation to the position of the
South Equitorial Current (SEC) inflow and bifurcation point. a
Corresponds to oceanographic conditions on 5 Dec 1995 with the
SEC bifurcation between 13°S and 19°S. b Models a 2° shift of the
SEC bifurcation point, with the inflow zone situated from 14°30’S to
22°S. In both cases, 80,000 simulated particles were released at time 0
from the northern (light grey dots), southern (dark grey dots), eastern
(white dots) and western (black dots) extremities of Lizard Island. The

Experiments have also shown that growth and skeletal
calcification of some invertebrate larvae is reduced at CO,
concentrations predicted to exist by 2100 (Shirayama and
Thornton 2005). Disrupted skeletal development has the
potential to affect the survival and dispersal patterns of
larvae of susceptible species. In addition to affecting cal-
cification rates, increased levels of dissolved CO, and
reduced pH could potentially affect the reproductive suc-
cess or physiological performance of some marine larvae
(Ishimatsu et al. 2004; Portner et al. 2004; Havenhand et al.
2008), especially at the higher water temperatures that will
be experienced in the future (Portner et al. 2005). Another
concern for coral reef organisms is that changes to ocean
chemistry may affect the development of sensory capabil-
ities that help larvae locate coral reefs when they are ready
to settle (Munday et al. 2008a, 2009). Understanding the
full range of consequences that changing ocean chemistry
is likely to have on coral reef organisms is extremely
limited at present and this is a serious knowledge gap.

Tropical cyclones

Warming oceans might be expected to increase the inten-
sity and frequency of tropical cyclones; however, their
formation depends on factors other than just water tem-
perature. There is increasing evidence that the destructive
potential of tropical cyclones has increased in recent dec-
ades (Emanuel 2005; Webster et al. 2005; Trenberth et al.

particles were allowed to diffuse for 7 days at 0.1 m/s> and with a
mortality rate of 0.1 day™'. Simulations used the SLIM model applied
to the GBR (Lambrechts et al. 2008). This model captures hydrody-
namic features from scales of a few hundred metres near the coast,
islands and reefs to large-scale circulation over the whole GBR. Wind
forcing was not included in the simulation in order to investigate the
potential effect of a shift in the position of the SEC alone. The
simulations are not intended to represent real dispersal patterns
around Lizard Island for any particular time

2007). Although there is no clear indication as to whether
climate change will affect the preferred locations of
cyclones, several studies now suggest that there could be
fewer tropical cyclones in a warmer world, but those that
do occur are likely to be more intense (Meehl et al. 2007,
Gutowski et al. 2008).

Cyclones are short-duration events that could affect the
localized dispersal patterns and survival probability of
coral reef larvae, but which are unlikely to affect dispersal
at most other times or places. Tropical storms have been
linked to strong recruitments pulses of some marine
organisms (Shenker et al. 1993; Eggleston et al. 1998), but
whether severe cyclones have the same positive effects as
weaker tropical storms and cyclones is unknown. A more
likely consequence of stronger tropical cyclones is
increased physical disturbance to coral reefs (Dollar 1982;
Massel and Done 1993), which could compound the
impacts of bleaching and ocean acidification, leading to
greater habitat loss and fragmentation of coral reef
communities.

Rainfall and freshwater runoff

Coral reefs exist in a range of environments with some
regularly influenced by low salinity and turbid waters from
adjacent land masses. For most tropical locations, projec-
tions of changes in average rainfall and river flow are not
well defined. There is, however, a general consensus that
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the intensity of extreme flood and drought events are likely
to increase (Meehl et al. 2007). Although little is known
about the effects of floods on reef fish recruitment, more
extreme floods and droughts could potentially influence
temporal patterns of coral reef connectivity on nearshore
reefs, especially if such events differentially affect the
survival and dispersal pattern of larvae, or the production
of the planktonic food that larvae need during their pelagic
phase. For example, changes in nutrient availability asso-
ciated with runoff can change the composition of plankton
communities that are food for larvae (McKinnon et al.
2007) and changes in salinity can alter the direction of
currents or cause larvae to modify their vertical position in
the water column (Paris et al. 2002; Cowen et al. 2003).

Sea level

Average sea level has risen ~20 cm over the past century,
due to thermal expansion and melting of land-based ice
(Trenberth et al. 2007), and is projected to be another
~ 60 cm higher by 2100 (Meehl et al. 2007). This may be a
conservative estimate because as it does not allow for
changes in the loss rate of the vast Greenland and Antarctic
ice sheets (e.g. Howat et al. 2007). Gradual sea-level rise
may not be a major source of stress to coral reefs; never-
theless, flooding of shallow reef flats may affect local
current patterns, especially around enclosed or semi-
enclosed lagoons. Changes to local current patterns could
influence the likelihood that newly hatched larvae are
retrained in or near lagoons.

Inter-annual (ENSO events) and multi-decadal climate
variability

The ENSO is the major source of short-term climate var-
iability relevant to coral reefs. The two phases of ENSO, El
Nifio and La Nifna are typically associated with distinct
anomalies of the tropical atmospheric and oceanic climate
(McPhaden 2004). Maximum SSTs are likely to be sig-
nificantly warmer than usual during an El Nifio event and

significantly cooler during a La Nifia event (Fig. 4). There
is currently no consistent picture as to how ENSO ampli-
tude and frequency will be affected by global warming,
although there is some suggestion amongst global climate
models of a more El Nifio-like Pacific climate in a warmer
world (Meehl et al. 2007). It should be assumed, therefore,
that these events will continue to be a source of short-term
climate variability superimposed on the overall warming of
the tropical oceans.

There are also internal decadal to multi-decadal oscil-
lations that modify tropical climates. For example, the
strength of ENSO teleconnections in the Pacific is modu-
lated by the Pacific Decadal Oscillation and SST gradients
and rainfall in the Indian Ocean are modulated by the
Indian Ocean Dipole (Trenberth et al. 2007). Exactly how
these longer-term sources of climate variability may alter
in a warming world is still unclear but they are likely to
continue to operate and may well make it difficult to dis-
cern, for example, changes in ENSO activity (Christensen
et al. 2007; Meehl et al. 2007).

Effects of climate change on adult and larval biology

Like most coral reef organisms, fishes are ectotherms and
temperature changes of a few degrees celsius can influence
key physiological processes, such as developmental rate,
growth rate, swimming ability and reproductive perfor-
mance (Munday et al. 2008a) (Table 1). Physiological
responses to temperature typically exhibit a dome-shaped
relationship, where rates increase with temperature up to an
optimum level (thermal optimum) and then decrease rap-
idly as further temperature increase become deleterious.
The thermal optimum for any particular physiological
process can differ between species. It may also differ
within a species as a result of acclimation or adaptation to
local temperature regimes (Hawkins 1996). Fishes appear
to be particularly sensitive to temperature variation while
breeding and during their early life history (eggs and lar-
vae) (Wood and McDonald 1997), which are also the key

Fig. 4 Tropical regions with a
significantly warmer (red) or |
significantly cooler (blue) 20N
maximum SSTs during typical 0
El Nifio (a) and La Nifa (b)
events. Data from British 208
Atmospheric Data Centre 2
=}
T b
|
20N —
0
20S .
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Table 1 Predicted changes in the global climate and potential effects on coral reef organisms that might affect population connectivity

Variable

Consequences

Likely impact on population connectivity

Warmer waters

Changes to ocean currents

Ocean acidification

More intense tropical
cyclones

More extreme floods
and droughts

Shifts to the timing of reproduction (HC)
Reduced reproductive output (MC)
Shorter pelagic larval duration (HC)

Earlier reef-seeking behaviour by larvae (MC)
Increased swimming efficiency for larvae (MC)

More variable larval survival (MC)

Coral bleaching causing habitat loss and
fragmentation (HC)

Altered patterns of larval advection (MC)
Changes to planktonic food resources (LC)

Reduced coral calcification causing habitat loss
and fragmentation (HC)

Possible consequences for formation of calcareous
structures in larvae (LC)

Possible effects on sensory capacity (MC)

Increased physical disturbance to reefs contributing
to habitat loss and fragmentation (HC)

Short-duration changes to currents, vertical mixing,
salinity and water temperature (HC)

Temporal shifts in coastal plankton communities 1
eading to more variability in larval survival (MC)

Changed temporal connectivity patterns (MI)
Reduced magnitude of connectivity (HI)

Reduced spatial scale of connectivity, but increased
magnitude of recruitment (MI)

Reduced spatial scale of connectivity (MI)
Increased or decreased scale of connectivity (LI)

Greater variability in recruitment and connectivity
patterns (HI)

Reduced connectivity between populations (HI)

Changes to spatial scale and patterns of connectivity (HI)

More recruitment variability and possible changes to
connectivity patterns (HI)

Reduced connectivity between populations (HI)
Reduced survival and disrupted orientation (HI)

Reduced recruitment and connectivity (HI)

Localized reduction in connectivity in affected areas (MI)

Localized changes to connectivity patterns and
possible favourable effects on recruitment (LI)

More variability in connectivity patterns (MI)

Rising sea level

Changes to currents in some lagoonal areas leading to Possible changes to local connectivity patterns (LI)

changes in patterns of larval dispersal (HC)

The level of certainty associated with the prediction (low LC; moderate MC; high HC) and the likely importance of the impact for coral reef

connectivity (low LI; moderate MI; high HI)

life stages involved in population connectivity. Therefore,
we consider the consequences that the projected 1-3°C
increase in SST over the next 50-100 years is likely to have
on adult and larval life stages.

Adult performance and reproduction

Increased sea temperature could have either a positive or
negative effect on individual performance, depending on
the current temperatures experienced by individuals rela-
tive to their thermal optimum for physiological activities
and the availability of additional food to fuel higher met-
abolic rates. Since basal metabolic rate increases with
increasing temperature (Wood and McDonald 1997),
individuals must consume more food to maintain the same
level of growth and reproduction at higher temperatures.
Some reef fish populations appear to be food limited (Jones
and McCormick 2002), which suggests that they may not
be able to compensate for increased temperatures by con-
suming more food and, thus, may have less surplus energy
available for growth or reproduction at higher sea
temperatures.

Even where additional food is available, higher temper-
atures may have a negative effect on growth and
reproduction if they exceed thermal optimums. For example,
adults of the spiny damselfish, Acanthochromis polyacan-
thus, lost weight when reared at 3°C above average summer
temperatures regardless of the amount of food they con-
sumed (Munday et al. 2008b). This indicates that populations
of this species are living close to their thermal optimum and
even relatively small temperature increases could have a
deleterious effect on adult body condition, which will ulti-
mately lead to fewer and smaller offspring being produced
(Donelson et al. 2008). Determining the proportion of spe-
cies that appear to be living close to their thermal optimums
and, thus, might be expected to exhibit similar responses
to A. polyacanthus will be important for assessing the
broader consequences of increases temperatures for reef fish
communities. Such data are scarce, however, a recent com-
parative analysis by Nilsson et al. (2009) found that although
some other species of damselfish were less temperature
sensitive than A. polyacanthus, several cardinalfish species
exhibit even stronger declines in performance with increas-
ing temperature. At Lizard Island on the Great Barrier Reef,
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the capacity for aerobic activity by two cardinalfishes,
Ostorhinchus cyanosoma and Ostorhinchus doederleini,
was nearly halved with just a 2° increase in sea surface
temperature above the summer average (Nilsson et al. 2009).
These results indicate that thermal sensitivity differs sig-
nificantly among species and, perhaps, even families of reef
fishes.

Reproduction in marine fishes typically occurs within a
narrow temperature range (Van der Kraak and Pankhurst
1997) and an increase of 2-3°C can be sufficient to reduce
reproductive activity (Ruttenberg et al. 2005) or increase
egg mortality (Gagliano et al. 2007). Consequently, war-
mer sea temperatures are likely to have a negative effect on
reproductive success, unless populations shift the timing of
breeding to match favourable temperatures. At higher lat-
itudes, shifts in reproductive timing could easily be
achieved by commencing the breeding season earlier, when
temperatures are still increasing from winter minima.
Shifting the breeding season might not be effective in
equatorial regions, where temperatures are generally more
stable and may be favourable for reproduction nearly your-
round (Srinivasan and Jones 2006). Elevated temperatures
at these low latitude locations could cause an overall
decline in reproductive output if water temperature rises
above the optimum for reproduction for large parts of the
year (Munday et al. 2008a). A reduction in reproductive
effort would clearly have implications for population
connectivity by reducing the number of offspring available
to disperse to neighbouring reefs. In contrast, shifts in the
timing of reproduction might alter the timing of dispersal,
but not the absolute numbers of larvae produced. Popula-
tion connectivity would be seriously affected, however, if a
shift in the breeding season caused a mismatch between the
timing of reproduction and the optimal conditions for
survival of larvae in the plankton (Edwards and Richardson
2004).

Although the effects of elevated water temperature on
adult reproduction are likely to have significant conse-
quences for the population connectivity, very little is
known about how reproductive performance of most coral
reef organisms responds to elevated temperature, and even
less is known about the potential for acclimation or adap-
tation of reproductive processes to increased temperatures.

Larval biology and performance

Increased water temperature is expected to accelerate
physiological processes in larvae, provided temperatures
do not exceed thermal optima for this life stage (Munday
et al. 2008a). Studies of growth and developmental rates of
larval coral reef fishes in relation to existing natural vari-
ation in water temperature, or experimental manipulations
of rearing temperature, have generally found more rapid
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development and faster growth in warmer water (McCor-
mick and Molony 1995; Wilson and Meekan 2002; Meekan
et al. 2003; Green and Fisher 2004; Sponaugle et al. 2006),
both of which could have important implications for larval
dispersal and connectivity between populations.

Increased developmental rate at higher temperatures will
mean that larvae reach ontogenetic milestones earlier, and
thus will be competent to settle earlier. Using the rela-
tionship between PLD and temperature derived by
O’Connor et al. (2007), based on 69 species of inverte-
brates and fish of mostly temperate distribution, an increase
of 1°C from 30 to 31°C should decrease PLD by ~1.5%
and a 3°C temperature increase from 30 to 33°C should
decrease PLD by 4.2-15.5%. The few studies that have
examined the relationship between PLD and temperature
for coral reef fishes indicate that there is considerable
variation in the relationship, and that values extrapolated
from temperate species tend to underestimate the effects on
tropical species. For example, PLD of Thalassoma bifas-
ciatum decreased by ~4% for every 1°C increase in
temperature between 23 and 29°C (Fig. 5) (Sponaugle
et al. 2006). PLD of Upeneus tragula decreased by 25%
between 25 and 30°C (5% per 1°C) (McCormick and
Molony 1995) and PLD of Amphiprion melanopus
decreased by 25% between 25 and 28°C (8.3% per 1°C)
(Green and Fisher 2004). Overall, the limited evidence
suggests that PLD of larval reef fishes is likely to decrease
by between 12 and 25% if sea temperature increases 3°C.

A decrease in PLD is expected to decrease the spatial
scale of larval dispersal and, thus, decrease the scale of
connectivity. Model simulations support the hypothesis
that reduced PLD tends to decrease the scale of dispersal
and increase the level of self-recruitment (Fig. 6). A 20%
reduction in PLD of T. bifasciatum changed the modal
dispersal distance predicted by simulations from ~50 km
to mostly self-recruitment (10 s km) and also reduced the
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Fig. 5 Relationship between average PLD and the sea temperature
experienced by different cohorts of Thalassoma bifasciatum (from
data in Sponaugle et al. 2006)
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Fig. 6 The influence of reduced PLD on dispersal kernels. Mean
probability of successful dispersal distances for Thalassoma bifasci-
atum populations (each occupying a 10-km reef patch) at current-day
temperature and PLD (green line), with a 10% reduction in PLD (red
line) and a 20% reduction in PLD (blue line). The simulations were
based on an area of barrier reef with 667 reef patches and where
recruitment frequency was calculated in 10 km bins. Simulations
were produced with a coupled biophysical individual-based model
using the 3D Hybrid Coordinate Ocean Model (HYCOM 1/12°)
forced by daily winds for the years 2003-2004 and with a monthly
release frequency of 100 particles per reef patch. Ontogenetic vertical
behaviour, reef-seeking behaviour (5 km sensory zone at compe-
tence), and plasticity of pelagic duration of larval T. bifasciatum were
simulated in the particle-tracking scheme as described by Paris et al.
(2007)

number of larvae dispersing long distances. However, the
effect of reduced PLD on connectivity patterns was also
strongly affected by the dispersion of habitat patches
(Fig. 7). In areas of high-reef density, simulations pre-
dicted that local connectivity networks would strengthen
with decreased PLD because more larvae would be
exchanged between nearby reefs (Fig. 7a, b). In contrast,
connections between reefs were weakened and lost in areas
of low reef density (Fig. 7c, d). Therefore, the precise
effect of reduced PLD on connectivity patterns is likely to
differ between locations with contiguous tracks of reef,
such as barrier reefs, and locations with a more fragmented
distribution of reefs.

A corollary of accelerated development is that behav-
ioural milestones will be reached sooner at higher
temperatures. It is well established that fish larvae have
behavioural capabilities that are sufficient to influence
dispersal outcomes (Stobutzki and Bellwood 1997;
Kingsford et al. 2002; Leis 2006). Behavioural ability
increases with development (e.g. Fisher and Bellwood
2000), so it would be expected that the gradual transition
from relatively passive plankton to very active nekton
would take place sooner at higher temperatures. It is
unclear to what extent larval fishes use their behavioural
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Fig. 7 Simulated larval fluxes of Thalassoma bifasciatum between
population patches using current-day PLD (a, ¢) and with a 20%
reduction in PLD (b, d) in a location with high reef density (a, b) and
a location with much lower reef density (c, d). In the location with a
dense distribution of reefs, more larvae are exchanged and more links
are made when PLD is reduced (b). In contrast, connections are lost
when PLD decreases where reefs are less densely distributed (d). The
coupled biophysical IBM has the same characteristics described in
Fig. 6

capabilities to alter passive dispersal trajectories, however,
recent evidence of very local self-recruitment in reef fishes
(Swearer et al. 2002; Jones et al. 2005; Almany et al. 2007)
suggests that larval behaviour often restricts dispersal,
rather than enhances it. Importantly, larval fishes have the
capacity to orient towards reefs near the end of their
pelagic phase (e.g. Simpson et al. 2005; Gerlach et al.
2007) and the ontogenetic timing of such behaviour is
expected to significantly affect dispersal outcomes
(Armsworth 2000). Model simulations also suggest that an
earlier onset of reef-seeking behaviour at higher tempera-
tures should greatly reduce the modal scale of dispersal
(Fig. 8).

Fish muscle operates more efficiently at higher tem-
peratures, therefore, warmer waters might enable larvae to
swim faster or more efficiently (Wieser and Kaufman
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Fig. 8 Effect of earlier seeking behaviour on dispersal patterns of
marine larvae in the Caribbean. The probabilities of successful
dispersal distances are simulated for a generic coral reef organism
with a 30-day PLD. Larvae (particles) are transported passively in the
currents until they are capable of actively searching for suitable
settlement habitat. The onset of reef-seeking behaviour was varied
from 4 to 30 days. Red = 4 days, blue = 10 days, green = 15 days,
yellow = 30 days. The simulation uses the mixed-layer currents of
the Miami Isopycnal Coordinates Ocean Model forced by daily winds
for the year 1984 and with a monthly release frequency of 500
particles from 260 spawning locations around the Caribbean. The
model assumes larvae could sense reefs up to 9 km away and would
be attracted by the first reef detected after active reef-seeking
behaviour had developed. Each point is an estimated mean number of
larvae settling from the 260 locations at 12 times

1998). Unfortunately, little research has been done on
muscle physiology of larval coral reef fishes, so it is not yet
possible to quantify the direct effect that increased tem-
peratures might have on swimming efficiency. Water also
becomes less viscous as it warms, thus enabling larvae to
move into a more efficient inertial hydrodynamic envi-
ronment at a smaller size (Fuiman and Batty 1997; Leis
2006). Although the effect would be relatively small for the
temperature increases predicted in tropical areas (~2%
decrease in both kinematic and dynamic viscosity per 1°C
increase between 20 and 30°C) it would lead to more
efficient swimming sooner during the PLD and, thus, more
behavioural influence on dispersal by larvae earlier in their
development. Viscosity is more important for small, slow
swimming larvae than for larger, faster larvae such as the
late-stage larvae of many coral reef fishes (Fuiman and
Batty 1997). Nevertheless, larvae may have a lower net
cost of swimming at higher temperatures due to increased
muscle efficiency and decreased viscosity, and this might
partly compensate for increased energy demands from
temperature-induced increase in metabolic rates.
Although there is evidence that larval swimming speed
and temperature are positively correlated in temperate
fishes (Wieser and Kaufman 1998; Batty et al. 1991), only
one study has examined this in coral reef fishes. Contrary to
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expectations, larvae of A. melanopus did not swim faster at
28°C than at 25°C (Green and Fisher 2004). They did,
however, reach the same speed at an earlier age in the
warmer temperature, thus supporting the expectation that
behaviours capable of influencing dispersal develop sooner
at higher temperatures.

It is clear from the rather limited information available
that much more research is needed into the effects of ele-
vated temperature on larval ontogeny, physiology and
behaviour to reliably predict the effects of climate change
on larval dispersal. However, the balance of evidence
suggests that these factors will act to decrease the spatial
scale of dispersal and connectivity in coral reef systems.

Larval supply and recruitment dynamics

The effects of climate change on adult reproduction and the
performance and survival of larvae described above will
flow-on to influence the spatial and temporal patterns of
recruitment to benthic populations of coral reef organisms.
Within the temperature range currently experienced by reef
fishes, warmer years generally appear to favour good
recruitment events for a variety of coral reef fishes (Meekan
et al. 2001; Wilson and Meekan 2002; Cheal et al. 2007).
Numerous studies have found a positive correlation between
water temperature and larval growth rate (McCormick and
Molony 1995; Wilson and Meekan 2002; Meekan et al.
2003; Sponaugle et al. 2006) and there is increasing evi-
dence that the survival of larval fishes is often positively
correlated with faster growth (Searcy and Sponaugle 2000;
Bergenius et al. 2002; Wilson and Meekan 2002; Meekan
et al. 2003). Together, these observations suggest that small
increase in temperature might tend to have a favourable
influence on larval survival and recruitment, provided
optimal thermal conditions are not exceeded. Furthermore,
reduced PLD at higher temperatures might increase larval
survivorship, because mortality rates are usually very high
during the larval phase. Even a small reduction in larval
duration could have a positive influence on the number of
larvae surviving to settlement (Houde 1989; O’Connor et al.
2007). Higher survival rates would increase the magnitude
of settlement and might be expected to increase the spatial
scales over which dispersal of demographic significance
takes place. Such an increase in the scale of demographic
connectivity due to increased survivorship might tend to
offset some to the reductions in the scale of connectivity that
come from accelerated larval development and earlier reef-
seeking behaviours.

Faster metabolic rates at higher temperatures, which are
responsible for increased growth rates and accelerated
developmental schedules, also require larvae to increase
their energy intake at higher temperatures (Pepin 1991).
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Higher energetic demands mean that larvae have a greater
chance of starving before encountering favourable patches
of food. Furthermore, climate change is expected to cause
greater fluctuations in the quality and quantity of planktonic
communities that are food for larval fishes (Hays et al.
2005; Richardson 2008). Consequently, warmer tempera-
tures could increase the spatial and temporal variation in
larval mortality, and thus cause greater variability in
recruitment to reef-based populations. Larval survival and
recruitment at higher temperatures may generally be
improved when food supply is abundant, but may be less
successful at higher temperatures when food supply is
limited (Munday et al. 2008a). In an example of this effect,
Sponaugle et al. (2006) found that average size of recruit-
ment pulses of 7. bifasciatum increased with increasing
temperature, but also became more variable at higher
temperatures (Fig. 9). In this case, recruitment was not
enhanced by increased water temperature when larvae were
exposed to different oceanographic conditions that could
affect either their dispersal patterns or mortality rates.

More variation in patterns of larval survival and
recruitment will mean more variation in patterns of con-
nectivity between reefs. Furthermore, while small increase
in water temperature might tend to favour recruitment in
many instances, larger increases in water temperature could
lead to widespread recruitment failure due to reproductive
failure of adults and this would clearly have severe con-
sequences for population connectivity.

Habitat degradation and fragmentation

Corals, whose larvae are subject to many of the same
effects as those described above for fish, are the primary

builders of the physical habitat upon which of the most
other reef organisms depend. Mass coral bleaching, ocean
acidification and more intense cyclones due to climate
change will cause fundamental changes to the reef habitat,
including reduced coral cover, changes to the composition
of coral assemblages and reduced structural complexity
(Hughes et al. 2003, Aronson and Precht 2006; Hoegh-
Guldberg et al. 2007). All the available evidence suggests
that widespread and persistent degradation of coral com-
munities is likely to lead significant reductions in the
abundances of many reef fishes (Wilson et al. 2006;
Pratchett et al. 2008). Coral-dependent species will be most
seriously affected (Munday 2004), but many other species
could suffer long-term population declines due loss of
settlement habitat (Jones et al. 2004) and loss of essential
habitat structure for post-settlement survival (Syms and
Jones 2000; Gratwicke and Speight 2005; Graham et al.
2006). While the exact patterns of habitat fragmentation
that might occur are unknown, reef fish populations are
expected to become more fragmented as patches of suitable
habitat become more degraded and isolated due to the
continuing impacts of bleaching and acidification. Popu-
lation connectivity is expected to decline if population
sizes decrease and the metapopulation becomes more
fragmented.

Habitat degradation could also affect the number of
larvae produced by some species. For example, changes in
resource availability similar to that caused by coral
bleaching have been shown to decrease the body condition
of adults that are dependent on corals for food (Pratchett
et al. 2004; Berumen et al. 2005). Reduced maternal body
condition can lead to the production of fewer, smaller
offspring with a reduced chance of survival (e.g. Donelson
et al. 2008). Therefore, habitat degradation may have
additional effects on population connectivity through
impacts on the number and quality of larvae produced by
adults in poorer physical condition.

Whilst habitat degradation is expected to have negative
effects on the populations of many reef fish, some gener-
alist species and rubble dwellers may become more
abundant as their preferred habitats become more common
(Bellwood et al. 2006). For these species, population con-
nectivity may increase in the future.

Connectivity and adaptation to climate change

Climate change will alter patterns of population connec-
tivity on coral reefs; at the same time the patterns of
connectivity between populations will influence the ability
of coral reef organisms to adapt to rapid climate change
(Munday et al. 2008a). Many coral reef fishes have geo-
graphic ranges that span a large latitudinal extent (Jones
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et al. 2002) and the temperature gradient across this
latitudinal range can be considerable. For example, popu-
lations in equatorial zones may experience maximum
summer SST at least 3—4°C higher than population on
high-latitude reefs (Lough 2000). This indicates that there
should be some potential for acclimation or adaptation to
climate change by fish populations, either by existing
phenotypic plasticity within populations (promoted by
existing high levels of gene flow) or by exchange of
favourable genotypes from populations already living at
higher temperatures. The scales of larval dispersal relevant
to demographic connectivity are likely to be different to
those that could be relevant for genetic adaptation; popu-
lation connectivity of demographic significance will mostly
depend on the modal scale of dispersal, whereas the tail of
the dispersal pattern might also be relevant to connectivity
of genetic significance.

High levels of gene flow have been reported among
populations living on essentially contiguous tracks of reef
such as the GBR (e.g. Doherty et al. 1995; Bay et al. 2006).
Gene flow from low- to high-latitude populations should
favour some degree of adaptation to increasing SST among
populations living in these highly connected habitats. More
isolated populations, such as those on island groups in the
central Pacific or Indian Oceans, or separated by unfa-
vourable habitat, have less opportunity to receive
favourable genotypes from other populations (Planes 2002,
Rocha et al. 2007). Reef fish populations on isolated
islands are at greater risk of adverse effects from rapid
climate change because they are more likely to be adapted
to local environmental conditions than are genetically
connected populations along latitudinal gradients. The
problem for these species is that, in the absence of gene
flow from low latitude populations, they may not be able to
adapt quickly enough to rapid climate change, especially if
existing local adaptation has removed genetic variants that
would be favoured under changed environmental condi-
tions (Visser 2008). Determining the potential for
acclimation and adaptation to rapid climate change is
critical for understanding the long-term impacts of climate
change on coral reef connectivity.

Utility of models for predicting effects of climate change
on connectivity

Given the difficulties of directly observing small pelagic
larvae, several indirect methods (e.g. plankton surveys,
otolith tagging and genetic analyses) have been developed
to estimate dispersal patterns. Although these empirical
methods can provide dispersal information relevant to
specific populations, there are limitations to the spatial and
temporal scales at which they can be applied. Numerical
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modelling approaches are unique in being able to generate
a spectrum of estimated dispersal and connectivity patterns
(Botsford et al. 2009). Importantly, numerical models can
be applied at spatial and temporal scales not possible in
empirical studies and can be used to forecast future dis-
persal patterns given predicted effects of climate change on
specific biological or physical features.

Coupled biological-physical models have the greatest
relevance to climate change questions because connectivity
patterns of marine organisms are usually determined by
both physical and biological processes (Werner et al.
2007). Assimilation of near-real time ocean remote sensing
observations together with increased computational abili-
ties has greatly contributed to a better understanding of
ocean processes and improved 3D dynamical ocean mod-
els. On the biological side, the computation of individual-
based trajectories is the best-recommended practice as it
permits simulating natural ranges of life history parameters
(Paris et al. 2007). These methods enable a suite of dif-
ferent physical and biological variations to be compared to
better understand the relative importance of predicted cli-
mate impacts on dispersal and connectivity.

The coupling of ocean general circulation models
(OGCM) with stochastic particle-tracking tools (including
biological traits of larvae) allows preliminary biophysical
models to be conducted rapidly for a range of spatial and
temporal scales. However, nested shelf-scale models that
better resolve the local topography of individual reefs and
the initial dispersion patterns of larvae are needed to ade-
quately model the scales of larval exchange which may be
in the order of just a few kilometres for some populations
(e.g. Jones et al. 2005, Almany et al. 2007). Furthermore,
assessing climate change impacts can require extensive
computing power and sophisticated models. For example,
coupled climate-OGCM models are necessary to forecast
the effect of temperature change on the stratification of the
oceans. The capacity to run these coupled climate-OGCM
models at the high spatial resolution required to adequately
assess effects on larval dispersal patterns, and to incorpo-
rate relevant biological processes, is currently lacking.

The dispersal kernels estimated earlier (Figs. 6, 7, 8)
demonstrate some of the utility of numerical models for
assessing the impact of climate change on population
connectivity. The projected decrease in PLD and earlier
reef-seeking behaviour as a result of increased water tem-
perature caused a general trend towards increased self-
recruitment and higher total recruitment. However, these
simulations do not consider potential changes in mortality
rates with could significantly affect recruitment levels and
possibly change connectivity patterns (Paris et al. 2007).
The simulations also suggested that reduced PLD might
have a greater impact on connectivity where reefs are less
densely distributed. This has two implications: first, a loss
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of reef habitat will cause isolation and conceivably local
extinction in places where subsidies from distant sources
are significant. Secondly, conservation efforts may need to
consider the level of habitat fragmentation because regions
that are naturally fragmented might be at higher risk
according to relatively simple models used here.

Implications for the management of coral reef
ecosystems

Marine-protected areas are increasingly being used as a
fisheries management tool and in efforts to conserve mar-
ine biodiversity. The optimal size and spacing of protected
areas should differ between networks established for fish-
eries purposes (where the goal is to maximize recruitment
into non-reserve areas) versus biodiversity conservation
(where the goal is to maximize recruitment of many species
within and between reserve areas) (Hastings and Botsford
2003). Nevertheless, in both cases, designing an effective
MPA network depends on some understanding of the dis-
persal patterns of the organisms being managed (Botsford
et al. 2001, 2003, 2009). Although the effects of climate
change on the dispersal patterns of coral reef fishes are far
from certain, most of the evidence suggests that average
dispersal distances are likely to be reduced, rather than
increased, and this could have implications for the efficacy
of MPA networks in the future.

Most existing MPAs have been designed on the premise
that the ecosystem we see today will not change markedly,
and considerable emphasis is placed on protecting iconic
sites and achieving a high representation of biodiversity.
However, biodiversity is not static and rapid climate
change is causing populations and communities to change
in unexpected ways (Pressey et al. 2007). Given that coral
reef communities will be strongly affected by climate
change, it is difficult to predict which sites will remain
iconic or representative in the future. We do know, how-
ever, that population connectivity will continue to be a key
process in effective reserve networks and this strengthens
the case for including connectivity as an important element
in designing MPAs for the future.

The reduced scales of dispersal for coral reef organisms
predicted due to climate change might tend to increase
population self-recruitment and, therefore, decrease the
minimum size of protected areas needed to sustain a pop-
ulation of any particular target species. At the same time,
reduced dispersal would tend to reduce the spatial scale of
larval connectivity between protected areas, or between
protected areas and fished areas. Consequently, protected
areas may need to be spaced more closely together in the
future to retain connectivity patterns between the different
components of the network similar to that experienced

today. Increasing habitat degradation and fragmentation
will complicate the effectiveness of MPA networks in the
future (Jones et al. 2007). As populations become smaller
and more isolated due to habitat loss and fragmentation, it
may be necessary to both increase the size of reserves to
ensure they maintain viable populations within their
boundaries and adjust the placement of reserves to ensure
that populations remain connected by sufficient dispersal.
Connectivity does not just involve populations within
MPAs; maintaining larger populations of key species out-
side of MPAs would also be effective in sustaining
connectivity among populations as the climate changes.

Whether changes to the scale of dispersal brought about
by climate change are critical to the optimal design of
reserves will depend, to a large degree, on the relative
importance of these changes, compared to the existing
spatial and temporal variation in dispersal kernels. Esti-
mating dispersal kernels and their variances remains an
important challenge for marine ecology (Sale et al. 2005),
but now, we also need to consider how dispersal kernels
will be affected by a rapidly changing climate.

Another issue for the management of coral reef fishes is
the potential that already variable recruitment might
become more variable in the future, especially in locations
where dispersal patterns and planktonic food supply change
substantially in response to oceanographic features. More
extremes of recruitment would make reef fisheries inher-
ently more difficult to manage and increase the risk of
overfishing during periods of poor recruitment, especially
for short lived species. Future management strategies for
reef fisheries and biodiversity conservation may need to
incorporate additional safeguards to account for greater
fluctuations in adult numbers. Fisheries may also need to
adjust to changes in the suite of species available for
capture, because it is almost certain that the composition of
local reef-fish communities will change as the climate
changes (Munday et al. 2008a; Nilsson et al. 2009).

Knowledge gaps and conclusions

It is clear that climate change could alter patterns of pop-
ulation connectivity of coral reef organisms through a
range of effects on adult and larval life stages. All the
available evidence suggests that the spatial scales of pop-
ulation connectivity might tend to be reduced in the future
due to the effects of climate change on adult reproduction,
larval dispersal and habitat fragmentation. However, we
are still a long way from predicting the significance of
these effects for the sustainability of reef fish populations.
There are major gaps in our knowledge about how the
tropical marine climate will change, how fishes and other
organisms will respond to these changes and the relative
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magnitude of these changes in comparison to existing
variation in patterns of population connectivity. Further-
more, the effects of a rapidly changing climate on
population connectivity are likely to vary greatly among
locations due to regional differences in the physical effects
of climate change and differences in the responses of
populations, depending on such things as geographic iso-
lation, latitudinal position and community composition.
Numerical simulation and sensitivity models can generate
hypotheses and predictions about climate change impacts,
but these models are simplifications of the real world and
rely on relevant empirical data for parameterizing vari-
ables. To further understand and predict the likely impacts
of climate change on marine population connectivity, a
range of additional information is needed, including:

e Reliable estimates of how major oceanic currents and
patterns of productivity will respond to global warming
across a range of climate mitigation scenarios.

e Reliable downscaling of changes in major oceano-
graphic features to spatial scales relevant to larval
dispersal.

e Spatial and temporal integration of climatic parameters
relevant to connectivity of marine organisms (e.g. SST,
ocean circulation and ocean chemistry) to provide
holistic predictions about climate change in marine
systems as scales relevant to coral reef organisms.

e A greater understanding of the relative importance of
different environmental and biological variables to the
survival and dispersal of coral reef organisms. For
example, predictions about how ocean circulation
might change are highly speculative, especially at the
scales relevant to coral reef connectivity, however,
establishing the relative importance of local current
patterns on dispersal compared to other factors, such as
reef-seeking behaviour, will help determine how much
effort should focus on predicting localized circulation
patterns for the future.

e A much better understanding of how increased
temperature will affect adult reproduction and the
development, survival and behaviour of larvae because
extrapolations from temperate water species are
unlikely to be reliable.

e Investigations of how ocean acidification will affect the
development, survival and behaviour of larvae of coral
reef organism.

e Much more research is needed on the capacity for coral
reef organisms to adapt to rapid climate change because
the potential for adaptation will ultimately determine
the consequences of climate change for all ecological
communities. Our rudimentary understanding of the
potential for rapid adaptation by coral reef organisms
to novel environmental variation is one of the most
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serious gaps in our knowledge and must be a priority
area for future research.

Addressing these knowledge gaps will help to generate
more reliable predictions about the different effects of
climate change on coral reef connectivity. The improved
predictions can then be used to assess the relative
importance of climate change impacts compared to other
threats faced by coral reefs and how these various stressors
will interact with the effects of climate change into the
future.
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