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Global warming decreases connectivity among
coral populations

1285 Christopher J. Thomas ©378, Eric Deleersnijder ©3#4, Jonathan Lambrechts ©3,
2, Sean R. Connolly®3% and Emmanuel Hanert®34

Joana Figueiredo
Andrew H. Baird

Global warming is killing corals; however, the effects of warming on population connectivity, a process fundamental to reef
recovery, are largely unexplored. Using a high-resolution (as high as 200 m), empirically calibrated biophysical model of coral
larval dispersal for the southern Great Barrier Reef, we show that the increased larval mortality and reduced competency dura-
tion under a 2°C warming alter dispersal patterns, whereas projected changes in large-scale currents have limited effects.
Overall, there was on average a 7% decrease in the distance larvae disperse (among-reef interquartile range (IQR), —10% to
—4%), an 8% decrease in the number of connections into each reef (IQR, —11% to —3%) and a 20% increase in local retention
(IQR, 0% to +49%). Collectively, these shifts imply that 2 °C of warming will reduce inter-reef connectivity, hampering recov-
ery after disturbances and reducing the spread of warm-adapted genes. Such changes make protections more effective locally,

but may require reducing spacing between protected areas.

human impacts'?, with ocean warming accelerating these

declines in recent decades™. Warmer temperatures cause
corals to bleach (that is, lose their algal symbionts, and thus a major
source of carbon), become less fertile and more likely to die**. The
ability of coral populations to recover after disturbance is highly
dependent on patterns of reef connectivity’. The interchange of
larvae among reefs allows and accelerates the (re)colonization of
distant habitats. Previous research demonstrates that warmer tem-
peratures increase early larval mortality and reduce the time it takes
larvae to settle®’, causing an increase in the proportion of larvae
retained on their natal reef (that is, local retention'’). However,
the effect of higher temperatures on long-term larval survival and
settlement, and how such changes will affect connectivity, remains
unexplored. Additionally, projected changes in ocean circulation in
response to global warming have the potential to affect patterns of
connectivity worldwide'"'%.

In this article we combine experimental calibration of biologi-
cal models of larval survival and competency for the stony coral
Acropora millepora with a high-resolution (as high as 200 m) hydro-
dynamic model of physical transport on the southern Great Barrier
Reef to test for the effects of a 2 °C increase in temperature (estimated
for 2080-2100 under the Representative Concentration Pathway
4.5 scenario or for 2050 under the Representative Concentration
Pathway 8.5 scenario’’) on patterns of connectivity (Appendix 1).
Specifically, we first measure long-term larval survival and compe-
tency dynamics of A. millepora under current and future temper-
ature conditions in laboratory conditions. We use A. millepora as
our model species because it has a similar egg size and competence
curve (ability to settle over time) as other Acropora species®”'*'>'6,
because it has qualitatively similar responses to temperature in
survival and competence to many other coral species®”'*'”'%, and

( :oral reefs have been in decline for centuries due to local

because Acropora is by far the most abundant genus in the Great
Barrier Reef and across much of the Indo-Pacific region. We then
simulate water currents through the Great Barrier Reef using the
Second-generation Louvain-la-neuve Ice-ocean Model (SLIM)
during three recent successive spawning seasons for which good
observational data were available (2008-2010), and use biophysi-
cal particle tracking to estimate the dispersal of A. millepora larvae
and the resultant inter-reef connectivity network. Averaging over
all larvae released and over all three spawning seasons, we estimate
that temperature-induced changes in larval survival and settlement
competence will reduce larval dispersal distance by 6.6% (with an
among-reef interquartile range (IQR) of —10.0% to —4.2%; Fig. 1a)
and the number of outgoing connections by 8.1% (among-reef
IQR, —10.8% to —3.0%; Fig. 1c), that is, larvae will reach fewer reefs
(Appendix 1 and Supplementary Table 9). We find that 75% of the
reefs in this region will experience a decrease in both connectiv-
ity metrics, with some experiencing a very large decrease (>15%,
Fig. 1a,c; Appendix 1). In addition, we estimate that a 2°C warming
will increase the proportion of larvae produced by a reef that settles
back onto that reef (local retention) by 19.5% (among-reef IQR,
0.0% to +49.2%). Similarly, the proportion of settlers on a reef that
originated from larvae released by that reef (self-recruitment) will
increase on average by 15.0% (among-reef IQR, -0.2% to +43.5%).
That is, recruitment back to the natal reef increases both relative to
the larval production by each reef, and relative to the number of lar-
vae arriving at that reef from the metapopulation as a whole". This
means that reefs will become more isolated and more dependent on
locally produced larvae for replenishment after disturbances.
While on average warming decreases larval dispersal distances
and the number of inter-reef connections, and increases local reten-
tion of larvae, there is substantial inter-reef variability in these pro-
jected changes, as is evident in Fig. 1. Some reefs are likely to see
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Fig. 1| Maps showing the effects of a 2 °C increase in water temperature across the southern Great Barrier Reef, Australia, by reef. a, Average
source-to-destination reef distance (connection length). b, Local retention (proportion of larvae produced on a reef that settle back on that reef).

¢, Number of incoming connections from other reefs. d, Current best source reefs, as measured by a source index defined as the number of outgoing
connections multiplied by the number of outgoing larvae per reef. e, The relative change in the source index for the 2 °C increase scenario. Inset histograms
in a-c and e show normalized distributions of the relative changes shown in the maps; values outside the range of the x axis are included in final bar for
readability. f, Average water current speeds from the hydrodynamic model for the present-day simulations. All quantities are averaged over the three

spawning seasons (2008-2010) modelled.

much larger swings than the average in terms of how isolated from
or connected to they are with respect their neighbours, and a small
proportion are projected to experience changes opposite in direc-
tion to the average. This high spatial heterogeneity is caused by the
way that changes in the time taken by larvae to acquire and lose the
ability to settle, and changes to their mortality rate, interact with the
strength and direction of local currents (Fig. 1f) and the geographic
distribution of neighbouring reefs, both of which are highly vari-
able in space. In some areas weakening of inter-reef connectivity
occurs much more strongly than the average, for instance, around
the reef-dense Whitsunday Islands (>15% decrease in dispersal dis-
tance and number of connections; Fig. 1a,c). Conversely, warmer
waters can also lead to stronger inter-reef connections where the
conditions are right, although this is rare. For example, in areas
where strong currents rapidly transport larvae away from their natal
reefs, over neighbouring reefs, and then out to reef-sparse areas of

open sea, hastening the onset of competence can allow more larvae
to settle onto these neighbouring reefs before being lost at sea; this
may be the case for the small group of reefs off Cape Palmerston,
which see an increase in average dispersal distances (Fig. 1a).

The net weakening of inter-reef connectivity is driven by changes
in larval development dynamics. Warmer temperatures increase
larval mortality (Appendix 1, Supplementary Tables 1 and 2, and
Supplementary Fig. 1a). This effect was especially marked during
embryogenesis, after which mortality rates were similar between
temperatures, consistent with accelerated rates of cell division dur-
ing embryogenesis at higher temperatures increasing the frequency
of errors that lead to fatal malformations®. Warmer temperatures also
alter competence dynamics: how quickly larvae acquire the capac-
ity to settle and metamorphose on a reef habitat (that is, become
competent), and how long they retain that capacity (Appendix 1).
Specifically, under elevated temperatures, the minimum time for
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Fig. 2 | Relative change in recovery times in the 29 °C scenario (2050-2100) compared to the 27 °C scenario (current) following disturbance.
a, Single-reef disturbances. b, Multiple-reef disturbances. Inset histograms show normalized distributions for the changes in recovery times.

larvae to settle is reduced from 4.89 to 3.87 days; however, larvae tend
tolose competence much more quickly, halving from peak competence
after about 7 weeks at +2 °C compared to 14 weeks at current tempera-
tures (Appendix 1, Supplementary Tables 3 and 4, and Supplementary
Fig. 1b). One potential explanation for this is the combination of
higher rates of metabolism at warmer temperatures*' leading to faster
depletion of energy reserves (coral larvae are non-feeding) and thus
a shorter time-window during which sufficient energy remains avail-
able for successful settlement and metamorphosis.

In contrast to temperature effects on survival and development,
projected changes in large-scale water circulation in the Great
Barrier Reef (Appendix 1 and Supplementary Fig. 8) have a small
effect on connectivity patterns, with average changes to all connec-
tivity indicators being <2.2% (Appendix 1 and Supplementary Table
8). Changes in large-scale circulation through the Coral Sea pre-
dicted by the Coupled Model Intercomparison Project 5 (CMIP5)
global climate models may affect water flow onto the Great Barrier
Reef, with most CMIP5 models projecting increased flow towards
the Great Barrier Reef driven by an increase in the strength of the
South Pacific subtropical gyre (Appendix 1 and Supplementary
Fig 8). The effects of this change on the Great Barrier Reef itself
are modelled by modulating the large-scale currents entering the
lagoon (Appendix 1, part 3). However, this change is found to have a
small effect on current speeds through the Great Barrier Reef (aver-
age changes of under 1cms™ over the vast majority of the domain,
which is very low compared with typical current speeds; Fig. 1f),
and the effect on coral connectivity is roughly an order of magnitude
smaller than the biological changes caused by the ocean warming
that we document (Appendix 1 and Supplementary Table 9). Other
changes to environmental conditions in the region are also possible,
such as modulation in the strength of local wind stress during coral
spawning seasons, but we have no strong evidence quantifying how
they will evolve over the coming decades and hence they are not
accounted for here.

Local retention is estimated to increase on average by 19.5%
(among-reef IQR, 0.0% to +49.2%) at higher temperature (4+2°C)

because a reduction in the time to settlement overcompensates for
an increase in mortality. Seventy-four percent of the reefs in the
region are predicted to experience an increase in local retention,
with 26% experiencing increases greater than 50% (Fig. 1b). This
spatial variability in projected changes in local retention reflects the
high degree of geographic variability in water currents (Fig. 1f) and
thus residence times in the Great Barrier Reef””. The increased local
retention will be more prevalent on reefs with mean water residence
times lower than 4 days, such as reefs offshore from Mackay and
in the Whitsundays (Fig. 1b), due to the decrease in the minimum
time to acquire competence to under 4 days. Therefore, some coral
populations are likely to become more vulnerable to local distur-
bances, but also more responsive to local management, such as con-
trol of sedimentation or prohibitions on anchoring'’.

To determine the contribution of warming-driven changes in
coral connectivity patterns to recovery rates after disturbances,
we developed a simple metapopulation model (Appendix 2).
The model projects the time taken for each reef to recover from
localized and regional disturbances in both the present day and
under the 2°C warming scenario; the change in recovery time
was then calculated as the percentage change between the two.
Temperature-driven changes in larval dispersal are projected to
cause a marginal decrease in average recovery times across all reefs
(—1.8% +5.9% (mean +s.d.) for localized, single-reef disturbances,
and —1.7% +4.7% for regional, multiple-reef disturbances); how-
ever, at the reef-scale there are some important changes (Fig. 2a,b).
For example, on isolated reefs, which already receive few larvae
from other reefs, reduced long-distance connectivity will further
diminish recovery rate (~10% increase in recovery time). At the
same time, increased local retention on other reefs, such as those
in the reef-dense areas off Mackay, will promote enhanced recovery
(~10% decrease in recovery time) primarily because this increased
local retention more than offsets the decrease in the strength and
number of inter-reef connections. These projected changes in
recovery times due to the shifts in connectivity indicated by our
study are likely to be underestimates because the changes will be
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compounded by warming-induced decreases in the spawning stock,
including increased mortality, decreased fertility and fecundity, and
density-dependent reduction in fertilization rates.

This model projects how coral larval dispersal patterns and
connectivity will be altered by climate change. In the process, the
potential for each reef to act as a source of larvae to the region and
the extent to which warming would alter this were also projected.
Previous work on the Great Barrier Reef has focused on identifying
‘robust source reefs’ based on present-day connectivity and history
of disturbance?**. Comparing the outputs of the various models, it
is evident that as resolution increases, from 4km (ref. *) to 1.6km
(ref. **) to 200m in our model, the potential role of nearshore reefs
as sources for the system becomes more evident*** (Fig. 1d). The
high resolution around reefs (200m) of our model resolves hydro-
dynamics at the reef scale more effectively, particularly nearshore,
and therefore enhances our capacity to anticipate the potential
impacts of local-scale management interventions. We opted for a
depth-integrated model, without waves, to simulate flow through
the mainly shallow, well-mixed waters of the Great Barrier Reef
to achieve a combination of high spatial resolution around reefs
(needed to capture reef-scale retention processes such as lee reef
eddies) and a relatively large model domain (needed to capture the
inter-reef dispersal that drives metapopulation dynamics).

From a management perspective, reduced connectivity and
increased local retention suggest that a greater number of reefs,
particularly reefs contributing most to the overall supply of larvae
(source reefs), will require greater levels of protection, and pro-
tected areas will have to be closer together, to increase the ability of
the system to replenish itself following natural and anthropogenic
disturbances. Concomitantly, the stronger local retention might
benefit persistence as more larvae recruit to favourable habitats®>*,
and stronger stock-recruitment relations will enhance the poten-
tial impacts of local management interventions'®”. The recovery of
disturbed areas can be achieved by reducing local anthropogenic
stressors (through reduction/elimination of overfishing of her-
bivores, regulated sewage discharge or elimination of mechanical
damage such as dredging) or protecting surrounding undisturbed
reefs to maximize the supply of larvae to the disturbed reefs and thus
facilitate colonization. In the southern Great Barrier Reef, many of
the best source reefs lie in the outer/easternmost portion of the con-
tinental shelf (Fig. 1d), due to the high reef density and strong cur-
rents facilitating inter-reef connections. These reefs are projected
to be weaker sources of larvae in the future (Fig. 1a,c). However, in
most cases, they are projected to remain the best sources in the sys-
tem (Fig. le). While our model projects that changes in connectivity
would allow some reefs to recover more rapidly following distur-
bance, this would only be true if the growth rates, post-settlement
survival, fertility and fecundity of corals were not compromised by
warming, whereas prior work indicates that such adverse effects are
likely?””=*. Additionally, isolated reefs with very low mean water resi-
dence times (that is, high self-recruitment but low local retention)
will become more vulnerable to local extinction and therefore need
greater protection from localized disturbances, and would have to
be actively restored (larval seeding and/or outplanting) if disturbed.

The changes in inter-reef connectivity projected here for A. mille-
pora in the southern Great Barrier Reef could diminish the capacity
of these coral populations to adapt and are likely not to be exclu-
sive to this species or region®'***-**, A reduction in long-distance
dispersal is likely to reduce the migration of temperature-tolerant
genes from lower latitudes. Our results are also likely to be robust
for most reefs on a global scale because the great majority of reefs
worldwide have similar mean water residence times*~*?, Acropora
is the most abundant coral genus in the Indo-Pacific (and was once
the most abundant in the Atlantic) and the response to warming
of the early-life-history stages of all other coral species studied to
date is similar to that of Acropora®'**>. Most reefs of the future will

be less connected and this reduction in connectivity needs to be
considered when choosing how best to respond to global warming,
and in evaluating the extent to which the dispersal of warm-adapted
genotypes will be sufficient to allow coral populations to cope with
increasing temperatures.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
s41558-021-01248-7.

Received: 3 November 2020; Accepted: 10 November 2021;
Published online: 30 December 2021

References

1. Cesar, H., Burke, L. & Pet-Soede L. The Economics of Worldwide Coral Reef
Degradation (Cesar Environmental Economics Consulting, 2003).

2. Pandolfi, J. M. et al. Global trajectories of the long-term decline of coral reef
ecosystems. Science 301, 955-958 (2003).

3. Hoegh-Guldberg, O., Poloczanska, E. S., Skirving, W. & Dove, S. Coral reef
ecosystems under climate change and ocean acidification. Front. Mar. Sci. 4,
158 (2017).

4. Hughes, T. P. et al. Global warming transforms coral reef assemblages. Science
359, 80-83 (2018).

5. Grottoli, A. G., Rodrigues, L. J. & Juarez, C. Lipids and stable carbon isotopes
in two species of Hawaiian corals, Porites compressa and Montipora verrucosa,
following a bleaching event. Mar. Biol. 145, 621-631 (2004).

6. Grottoli, A. G. et al. The cumulative impact of annual coral bleaching can
turn some coral species winners into losers. Glob. Change Biol. 20,
3823-3833 (2014).

7. Underwood, J. N., Smith, L. D., van Oppen, M. J. H. & Gilmour, J. P.
Ecologically relevant dispersal of corals on isolated reefs: implications for
managing resilience. Ecol. Appl. 19, 18-29 (2009).

8. Nozawa, Y. & Harrison, P. L. Effects of elevated temperature on larval
settlement and post-settlement survival in scleractinian corals, Acropora
solitaryensis and Favites chinensis. Mar. Biol. 152, 1181-1185 (2007).

9. Heyward, A. J. & Negri, A. P. Plasticity of larval pre-competency in response
to temperature: observations on multiple broadcast spawning coral species.
Coral Reefs 29, 631-636 (2010).

10. Figueiredo, J., Baird, A. H., Harii, S. & Connolly, S. R. Increased local
retention of reef coral larvae as a result of ocean warming. Nat. Clim. Change
4, 498-502 (2014).

11. Munday, P. L. et al. Climate change and coral reef connectivity. Coral Reefs
28, 379-395 (2009).

12. van Gennip, S. J. et al. Going with the flow: the role of ocean circulation in
global marine ecosystems under a changing climate. Glob. Change Biol. 23,
2602-2617 (2017).

13. IPCC Climate Change 2014: Impacts, Adaptation, and Vulnerability (eds Field,
C. B. et al.) (Cambridge Univ. Press, 2014).

14. Nishikawa, A. & Sakai, K. Settlement-competency period of planulae and
genetic differentiation of the scleractinian coral Acropora digitifera. Zool. Sci.
22, 391-399 (2005).

15. Connolly, S. R. & Baird, A. H. Estimating dispersal potential for marine
larvae: dynamic models applied to scleractinian corals. Ecology 91,
3572-3583 (2010).

16. Figueiredo, J., Baird, A. H. & Connolly, S. R. Synthesizing larval competence
dynamics and reef-scale retention reveals a high potential for self-recruitment
in corals. Ecology 94, 650-659 (2013).

17. Randall, C. J. & Szmant, A. M. Elevated temperature affects development,
survivorship, and settlement of the elkhorn coral, Acropora palmata (Lamarck
1816). Biol. Bull. 217, 269-282 (2009).

18. Randall, C. J. & Szmant, A. M. Elevated temperature reduces survivorship
and settlement of the larvae of the Caribbean scleractinian coral, Favia
fragum (Esper). Coral Reefs 28, 537-545 (2009).

19. Burgess, S. C. et al. Beyond connectivity: how empirical methods can
quantify population persistence to improve marine protected-area design.
Ecol. Appl. 24, 257-270 (2014).

20. Woolsey, E. S., Keith, S. A., Byrne, M., Schmidt-Roach, S. & Baird, A. H.
Latitudinal variation in thermal tolerance thresholds of early life stages of
corals. Coral Reefs 34, 471-478 (2015).

21. Rodriguez-Lanetty, M., Harii, S. & Hoegh-Guldberg, O. Early molecular
responses of coral larvae to hyperthermal stress. Mol. Ecol. 18,

5101-5114 (2009).

86 NATURE CLIMATE CHANGE | VOL 12 | JANUARY 2022 | 83-87 | www.nature.com/natureclimatechange


https://doi.org/10.1038/s41558-021-01248-7
https://doi.org/10.1038/s41558-021-01248-7
http://www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE

ARTICLES

22.

23.

24.

25.

26.
27.

28.

NATURE CLIMATE CHANGE | VOL 12 | JANUARY 2022 | 83-87 | www.nature.com/natureclimatechange

Andutta, F. P, Kingsford, M. J. & Wolanski, E. ‘Sticky water” enables

the retention of larvae in a reef mosaic. Estuar. Coast. Shelf Sci. 54,

655-668 (2012).

Hock, K. et al. Connectivity and systemic resilience of the Great Barrier Reef.
PLoS Biol. 15, €2003355 (2017).

Bode, M., Bode, L., Choukroun, S., James, M. K. & Mason, L. B. Resilient
reefs may exist, but can larval dispersal models find them? PLoS Biol. 16,
€2005964 (2018).

Baird, A. H. & Marshall, P. A. Mortality, growth and reproduction in
scleractinian corals following bleaching on the Great Barrier Reef. Mar. Ecol.
Prog. Ser. 237, 133-141 (2002).

Hughes, T. P. et al. Global warming transforms coral reef assemblages. Nature
556, 492-496 (2018).

Strathmann, R. R. et al. Evolution of local recruitment and its consequences
for marine populations. Bull. Mar. Sci. 70, 377-396 (2002).

Marshall, D. J., Monro, K., Bode, M., Keough, M. J. & Swearer, S. Phenotype-
environment mismatches reduce connectivity in the sea. Ecol. Lett. 13,
128-140 (2010).

29.

30.

3

—_

32

33.

Szmant, A. M. & Gassman, N. ]. The effects of prolonged “bleaching” on the
tissue biomass and reproduction of the reef coral Montastrea annularis. Coral
Reefs 8, 217-224 (1990).

Leis, J. M. Nearshore distributional gradients of larval fish (15 taxa) and
planktonic crustaceans (6 taxa) in Hawaii. Mar. Biol. 72, 89-97 (1982).

. Kraines, S. B., Yanagi, T, Isobe, M. & Komiyama, H. Wind-wave driven

circulation on the coral reef at Bora Bay, Miyako Island. Coral Reefs 17,
133-143 (1998).

Paris, C. B. & Cowen, R. K. Direct evidence of a biophysical retention
mechanism for coral reef fish larvae. Limnol. Oceanogr. 49, 1964-1979 (2004).
Keshavmurthy, S., Fontana, S., Mezaki, T., Gonzalez, L. C. & Chen, C. A.
Doors are closing on early development in corals facing climate change.

Sci. Rep. 4, 5633 (2014).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021

87


http://www.nature.com/natureclimatechange

ARTICLES

NATURE CLIMATE CHANGE

Methods

We first measured long-term larval survival and competency dynamics of the
coral A. millepora under current and future temperature conditions in laboratory
conditions (Appendix 1, part 1). This species was used because Acropora species
are the most abundant in the Great Barrier Reef and the rest of the Indo-Pacific,
and have similar egg size and larval development rates (~532-604 um mean egg
diameter; 4-6 days to larval competency). Eggs and sperm of six A. millepora
colonies were mixed to allow fertilization. To obtain the survival curve, four
replicates of 50 embryos per temperature treatment (ambient temperature (27 °C)
and 42°C (29°C)) were stocked in 200 ml glass jars. Every day for 134 days,
embryos/larvae were counted and water was renewed. The survival data were
fitted to alternative models to determine whether mortality rates were constant
over time (exponential model), increased or decreased monotonically over time
(Weibull model), or whether they first decreased, then increased, or vice versa
(generalized Weibull: see Appendix 1 for details). To obtain the competency curve,
embryos were reared at 27 °C (ambient temperature) and 29°C (+2°C), and each
day from days 3 to 9 postfertilization, and then on days 11, 13, 16, 23, 30, 37, 44,
58, 72 and 99, three replicates of 20 larvae from each of the temperature treatments
were placed in 200 ml glass jars with a preconditioned settlement tile at the same
temperature. A day later, the number of larvae that had settled and metamorphosed
was recorded. As with survival, we considered exponential, Weibull and
generalized Weibull functional forms for the loss of competence (see Appendix 1
for details). We then integrated the estimated survival and competency parameters
for each temperature into a stochastic model that estimates the probability that a
larva is alive and competent at any given time for each temperature.

The flow of ocean currents through the Great Barrier Reef was simulated using
an unstructured mesh, depth-integrated hydrodynamic model (SLIM) forced by
tides, wind and large-scale oceanographic currents* during the spawning season
in three successive recent years (2008-2010). The mesh resolution was very high
around reefs (200 m), and coarser in deeper areas with more uniform bathymetry
(up to 5km). The use of a depth-integrated model necessarily omits any variation
in flow with depth, which can be relevant for larval dispersal when flow changes
markedly with depth, and depth distributions change due to swimming behaviour
or shifts in buoyancy with development™. However, observational and modelling
studies over the past four decades have consistently found Great Barrier Reef
waters to be vertically well-mixed throughout most of the shelf for most of the
year, with upwelling events and stratification being relatively limited in space and
time (Appendix 1, part 2). In addition, coral larval swimming speeds are orders of
magnitude lower than measurements of water flow both on and off reefs (vertical
and horizontal currents), and thus cannot swim against currents®. Although
our model may therefore be missing some relevant three-dimensional effects,
for example, localized upwelling at the shelf break which may affect flow near
some outer barrier reefs, focusing finite computational resources on resolving
reef-scale horizontal flow allows us to better resolve flow features that are crucial
to circulation throughout the shelf, such as eddies that form behind reefs which
can trap larvae in their vicinity, while still being able to characterize dynamics over
a spatial scale appropriate to the inter-reef connectivity patterns of corals. The
present-day hydrodynamics were validated using local measurements of current
strength and direction from mooring locations on the shelf, and the model was
found to reproduce realistic currents (Appendix 1, part 2).

To obtain estimates of connectivity between reefs, an individual based model
was then used to simulate particle transport using currents from three recent years
(2008-2010) in the weeks immediately following spawning in the Great Barrier
Reef (November) and larval survival and competency dynamics for present and
future sea temperature scenarios. The model assumes that when a larva is alive
and competent, if it passes on top of a reef it will detect the presence of the reef
(through chemical and physical cues”), settle and metamorphose (Appendix 1,
general methods). Particle transport was modelled separately for each spawning
season using currents simulated for that specific period (Appendix 1, part
2). To simulate the impact of changing large-scale ocean circulation on larval
connectivity, the biophysical model was also forced with modified low-frequency
currents at the model boundaries to mimic the changes predicted to ocean
circulation in the Coral Sea by CMIP5 climate models (see Appendix 1, part 3).
Connectivity metrics for the three years were averaged to make the results more
robust to annual variations (Appendix 1, part 4). The estimated connectivity
matrices for each year are available at https://doi.org/10.5061/dryad.4f4qrfjbk.

To determine the contribution of warming-driven changes in coral
connectivity patterns to recovery rates after disturbances, we developed a simple
metapopulation model of coral cover accounting for density-dependent growth
(budding) and recruitment, using the connectivity matrices from the biophysical
dispersal model (Appendix 2). Previously reported biological data on fecundity and
post-settlement survival of coral recruits are used to set realistic model parameters,

and all corals are assumed to have equal fecundity and post-settlement mortality.
Fecundity, initial abundance and growth and mortality rates were set to be equal
at 27°C and 29°C because the aim was to predict changes in recovery times
following disturbances due exclusively to the impact of changes in connectivity.
We simulated two different types of disturbance: single-reef disturbances, where
initial coral cover was reduced by 85% over one reef at a time, mimicking events
such as crown-of-thorns outbreaks, and regional disturbances, where initial coral
cover was reduced by 75% over a 30-km-wide cross-shore strip, and by 40% in
30-km-wide strips to either side, mimicking the passage of a severe tropical cyclone
across the Great Barrier Reef. The model was run, in turn, using the connectivity
matrices obtained from the 27 °C and 29 °C biophysical model runs. The model
projects the time taken for each reef to recover from localized and regional
disturbances for both the present day and under the 2°C warming scenario,

and the change in recovery time was then calculated as the percentage change
between the two.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Yearly connectivity matrices and the processed data used to construct Figs. la—e
and 2 are available at https://doi.org/10.5061/dryad.4f4qrfjbk. Larval survival and
competency is provided in the Appendix 1 (Supplementary Fig. 1) and can be
obtained from the authors on request.

Code availability

The SLIM model source code can be found at https://git.immc.ucl.ac.be/dg/dg.
Larval dynamics modelling is provided in the Appendix 1, and references therein,
and can be obtained from the authors on request.
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Study description Projection of the connectivity in the Southern region of the Great Barrier Reef using a empirically calibrated bio-physical dispersal model.
Research sample Coral larvae survival had 4 replicates of 50 embryos per treatment. Competency was measured using 3 replicates of 20 larvae daily.
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Appendix 1: Methods and Results for Connectivity

General Methods

We first measured long-term larval survival and competency dynamics of the coral
Acropora millepora under current and future temperature conditions in laboratory conditions
(Part 1). Acropora species are the most abundant in the Great Barrier Reef (GBR) and the rest of

the Indo-Pacific, and were formerly dominant in the Caribbean (Veron 2000).

The flow of ocean currents through the GBR was simulated using an unstructured mesh,
depth-integrated hydrodynamic model (SLIM) forced by tides, wind and large-scale
oceanographic currents (Thomas et al. 2014) during 3 successive years’ spawning seasons (2008-
2010). The mesh resolution was very high around reefs (200m), and coarser in deeper areas with
more uniform bathymetry (up to 5km) (Part 2). The very high spatial resolution around reefs
allowed the model to capture small scale circulation dynamics, such as eddies that form behind
reefs which can trap larvae in their vicinity. Failure to resolve reef-scale dynamics would lead to
underestimates of local retention and overestimates of long-distance dispersal; this is particularly
pertinent where the bathymetry is very complex and reef-dense such as in the southern GBR. The
present-day hydrodynamics were validated for each spawning season using local measurements
(Part 2). To obtain estimates of connectivity between reefs, an individual based model was then
used to simulate particle transport using currents from 3 recent years in the weeks immediately
following spawning in the GBR (Table S11) and larval survival and competency dynamics for
present and future sea temperature scenarios. Particle transport was modelled separately for each
spawning season using currents simulated for that specific period, and the connectivity measures
calculated for each season were averaged to obtain the values reported in Table S9. Full by-year

connectivity measures are also reported in Table S10.

The model assumes that when a larva is alive and competent, if it passes on top of a reef
it will detect its presence (through chemical and physical cues, Gleason and Hoffman 2011),
settle and metamorphose, consistent with previous work on coral larval dispersal. By definition,
a competent larva is defined as a larva that once exposed to a good settlement cue (reef), it will
settle and undergo metamorphosis. That is, model parameters were estimated by measuring the

proportion of larvae that commenced metamorphosis after being exposed to a settlement cue.



Given that clay tiles pre-conditioned by deployment on reefs generally developed communities
sufficient to induce settlement within a matter of weeks, we believe that it is reasonable to expect
that competent larvae encountered by a reef would seek to settle and metamorphose.
Additionally, to simulate the impact of changing large-scale ocean circulation on larval
connectivity, the biophysical model was also forced with modified low-frequency currents at the
model boundaries to mimic the changes predicted to ocean circulation in the Coral Sea by
CMIP5 climate models (see Part 3, below for details and justification). The estimated dispersal
patterns and connectivity matrices are presented in Part 4.



Part 1: Larval survival and competency dynamics

Data collection

Six colonies of Acropora millepora were collected from the reef at Orpheus Island, Great Barrier
Reef, on the full moon of November 2011. The colonies were transported to James Cook
University where spawning occurred. The eggs and sperm from all colonies were mixed to allow
fertilization. Two hours after spawning, the embryos were washed to remove the sperm and split
into three temperature treatments: 25°C (2°C below ambient), 27°C (ambient temperature at
Orpheus Island during spawning season) and 29°C (2°C above ambient temperature).
Embryos/larvae were raised under a natural photoperiod in 2L plastic bowls at a density <1
larvae.mL. Ceramic tiles that had been left for 2 months on the reef at the depth adult corals
occur were used as settlement cues. Note: for the biophysical dispersal model we only used the
27 and 29°C temperatures (ambient, and ambient + 2°C, respectively), as these were the two
realistic scenarios.

Survival

After fertilisation (2h after spawning), four replicates of fifty embryos per temperature treatment
were stocked in 200ml glass jars. Every day for 134 days (nearly 5 months), embryos/larvae
were counted and water was renewed. The experiment stopped on day 134, because the
remaining larvae settled on the glass jar in the absence of a settlement cue.

Competency

Each day from days 3 to 9 post-fertilization, and then on days 11, 13, 16, 23, 30, 37, 44, 58, 72
and 99, three replicates of twenty larvae (that had been maintained in the absence of any
settlement cue) were collected from each of the temperature treatments, placed in 200mL glass
jars with a pre-conditioned settlement tile, and kept at the same temperature. A day later, the
number of larvae that had settled and metamorphosed was recorded.

Model

In our model, larvae suffer mortality at stochastic rate ur (t), where t denotes time after spawning
and T denotes temperature dependence. Larvae acquire competence at stochastic rate ar(t) and
lose competence at stochastic rate fSr(t). Since the survival and competence data sets were
collected separately, survival and competence modelling was also performed separately.



Survival

We used a standard likelihood formulation for our survival analysis. Since no larvae were
removed during the study, and larvae were censused at fixed points in time, our design was
interval-censored. Thus, the log-likelihood is:

g L= 3 (At -1)- AOog [P, t-1)- P, )]+ Al, Jog [P, )]

t=0

where t is time (days since fertilization), t; is the last day larvae were censused, A(t) is the
number of individuals alive at time t, A(t-1)-A(t) is the number of larvae that died from one day
to the next (i.e. between time t-1 and t), Pa(t) is the probability of being alive at time t, and Pa(t-
1)-Pa(t) is the probability to dying from one day to next (i.e. between time t-1 and t). The
probability of being alive at time t is given by:

P,(t)=¢e"
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For mortality, our most general model is the “generalized Weibull”, according to which
the mortality rate is:

Aove (Aet)" N

() = -0, (//Lrt)VT

This model allows for “bathtub-shaped” mortality curves, where mortality is high initially,
decreases as larvae age, and then increases again as larvae become very old. Such mortality
patterns are plausible a priori: we might expect high mortality as larvae develop, low mortality
once development is complete but energy stores are plentiful, and then high mortality as energy
reserves become depleted. Moreover, bathtub-shaped mortality patterns have been observed in
previous work on corals. We also consider special cases of the generalized Weibull. For instance,
the standard Weibull survival model, which allows monotonic increases or decreases in mortality
rate over time, is the limiting case of the generalized Weibull as o—>0:

1 (1) = Av(A)"

and the exponential model, according to which mortality rate is constant over time, is the special
case of the Weibull model when v=1:

() =4

To assess which distribution (exponential, Weibull or Generalised Weibull) best described the
survival dynamics, we fitted the survival data at different temperatures to all three possible
distributions, estimating the parameters with maximum likelihood methods and using AICc



(Akaike’s Information Criterion with the small-sample bias-correction term) to select the model
that best described the survival dynamics. After selecting the functional form for survival, we
assessed whether there was support for temperature-dependent mortality rates by comparing a
model where all parameters were independent of temperature with models where different
combinations of survival parameters were dependent on temperature, using AlCc. Further, we
estimate model selection uncertainty by calculating Akaike weights for each model. These terms
can be understood as an estimate of the probability that the given model is actually the best one
for the population from which the sample was taken (or, more strictly, the probability that a
given model would end up as the best-performing model if the experiment were repeated with an
independent sample from the same study population).

We found that there was very strong support for modelling survival data with a generalised
Weibull distribution (Table S1), and for modelling all parameters as explicit functions of
temperature, as evidenced by the very high Akaike weights associated with these models (Tables
S1 and S2, see best fit model in Fig. S1).

Table S1. Selection of the functional form of the survival model and temperature dependence of
its parameters. Maximum log-likelihoods (MLL) and Akaike Information Criteria (AIC) were
used to select the models.

FUNCTIONAL FORM OF THE SURVIVAL TEMPERATURE DEPENDENCE
MODEL

Model NromLL alge Akaike | Model Nf ML alce Akaike

par. weights | parameters par. weights

A1, V1, 6T 9 -2151.4 43208 >0.999

AT, V, G 5 -2163.7 43374 <0.001

A1, VT, © 7 -2161.8 4337.6 <0.001

Generalised A, v, OT 7 -2163.2 43405 <0.001

- . 8 >0.

Weibull 9 21514 43208 >0.999 AV, o7 5 -2167.4 43448 <0.001

A, v, o1 7 -2165.9 43459 <0.001

A, V1,0 5 -2168.0 43459 <0.001

AV, 0 3 -2170.2 43465 <0.001
Weibull 6 -2173.9 4359.8 <0.001
Exponential 3  -2484.0 49739 <0.001




Table S2. Estimates of the survival model parameters. Between parentheses are the 95%
confidence intervals of the parameters calculated using profile likelihood.

Temperature
Parameters 25°C 97°C 29°C
1 0.02954 1.38x10* 1.25x10°
r(d) [0.02117 — 0.04098] [2.0x10° —2.31x10¥] [0 —1.85x107]

0.4612 0. 2069 0.1386

Y [0.3789 - 0.508] [0.134 - 0.307] [0.0892 - 0.2019]
1.275x10”7 2.1545 2.3833

® [0- 0.3617] [1.6623 — 2.1634] [2.2419 — 2.3557]

Competence dynamics

For the acquisition of competence, since there is a minimum period of time required for
individuals to complete embryogenesis and develop the structures needed for settlement, we
assume that ar(t) = 0 when t < t; 7 and afterwards larvae acquire competence at a constant
stochastic rate ar (14). After acquiring competence, larvae lose competence at a stochastic rate
Sr(t). The competence likelihood is given by the probability of being competent at each of the
sampling days (t), which is given by the probability density of having acquired competence
between time tcr and t, and remained competent until at least time t:

=ter
For the loss of competence, our most general model is the “generalized Weibull”,
according to which the loss of competence rate is:

_ by (th)nT B

Br(t) = T

1-a; (o, t)"

This model allows for “bathtub-shaped” loss of competence curves, where the rate of loss of
competence is high initially, decreases as larvae age, and then increases again as larvae become
very old. However, we might expect instead that loss of competence increases over time as
larvae become very old and eventually deplete their energy reserves. Therefore, we also consider
special cases of the generalized Weibull. For instance, the standard Weibull model, which allows
monotonic increases or decreases in mortality rate over time, is the limiting case of the
generalized Weibull as &= 0:

B (©) =bn(bt)"



and the exponential model, according to which rate of loss of competence is constant over time,
is the special case of the Weibull model when 7=1:

B (t) =b

To assess which distribution (exponential, Weibull or Generalised Weibull) best described the
loss of competence, we fitted the competence data to models assuming all three possible
distributions. For each one of them, the parameters were estimated using maximum likelihood,
and then we used AIC to select the model that best described the loss of competence dynamics.
After selecting the functional form for the loss of competence, we assessed whether there was
support for temperature-dependent competence rates by comparing a model where all parameters
were independent of temperature with models where different combinations of competence
parameters were dependent on temperature, using the AIC.

The loss of competence was best characterised by a Weibull distribution (Table S3, see
best fit model in Fig. S1b). In our best-fitting model, temperature decreases the minimum time to
competence (tc) and increases the per capita rate of loss of competence (b) (Tables 3 and 4),
meaning larvae develop (acquire competence) faster at higher temperatures and lose the ability to
settle earlier on. The per capita rate of acquisition of competence (a) and the shape parameter of
the loss of competence (1) do not differ among temperatures (Tables S3 and S4). Akaike weights
indicated strong support for the Weibull functional form, especially relative to the simpler
exponential form. In the model selection for temperature dependence, there was some model
selection uncertainty, with the model including only temperature effects on t¢, and the model
including temperature effects on tc and a but not b, receiving some support in the model
selection. However, overall evidence for temperature-dependent competence dynamics was very
strong: the model with no temperature-dependent parameters had essentially zero support in the
model selection (Table S3).



Table S3. Selection of the functional form of the loss of competence model and temperature
dependence of its parameters. Maximum log-likelihoods (MLL) and Akaike Information Criteria
(AIC) were used to select the best fitting model. 1 signifies that the parameter varies with
temperature (i.e. temperature dependence); when absent, the parameter is constrained to be equal
for all temperatures (i.e. independent of temperature), e.g. tct, @, br, nr signify that a is
independent of temperature, while tcr, br and nr are dependent of temperature.

FUNCTIONAL FORM OF THE LOSS OF
COMPETENCE IN THE COMPETENCE

TEMPERATURE DEPENDENCE OF ALL
COMPETENCE PARAMETERS

MODEL
i Akaike
Model gla?. MLL  AICc VAV‘;""Q':]‘:’S F'\)’;‘igﬁieters F’)\;rr'_ MLL  AICC  yeights
Generalised
Weibull 15 -285.0 605.6 0.017
ter,ar, br,mr 12 -285.0 5975 0.029
te, ar, br, nr 10 -296.5 6154 <0.001
tet, @, br, nr 10 -2855 593.3 0.234
ter,ar, bnr 10 -288.1 598.7 0.016
ter.ar,brn 10 -286.6 5955  0.078
tc,a, br, nt 8 -304.3 626.2 <0.001
t.ar,b,nr 8 -299.6 6167  <0.001
: tear,br,m 8 -2969 6114  <0.001
Weibull 12 -285.0 5975 0.983 ter.a b, 1y 8 289.0 5955 0.078
tet, @, b, m 8 -287.4 592.3 0.386
terar,bn 8 -290.2 5979  0.023
t.a, b, nr 6 -309.7 6324 <0.001
tc, a, b, n 6 -312.3 637.6 <0.001
te,ar, b, n 6 -302.1 617.2 <0.001
ter @, b, m 6 -290.6 594.1 0.157
t;a, b, 1 4 3123 6327 <0.001
Exponential 9 -339.2 698.4 <0.001

Table S4. Estimates of the competence model parameters. Between parentheses are the 95%
confidence intervals of the parameters calculated using profile likelihood. The mean time to
competence (mtc) was calculated as tc + 1/a. * denotes that this parameter was dependent on
temperature in the best-fitting model selected by AIC.

Parameters 25°C 27°C 29°C
* 5.38 4.89 3.87
te ™ (d) (5.04—5.74) (4.77 -5.01) (3.74-4.01)
a( d‘l) 0.4497 0.4497 0.4497
(0.3672 — 0.5497) (0.3672 — 0.5497) (0.3672 — 0.5497)
* D) 0.01623 0.02669 0.02996
b™ (d (0.01047 - 0.02559) (0.01847 — 0.03770) (0.02126 — 0.04094)
0.3981 0.3981 0.3981
n (0.3236 - 4988) (0.3236 - 4988) (0.3236 - 4988)
mtc (d) 7.60 7.12 6.10
(7.19 — 8.05) (6.73- 7.61) (5.70- 6.57)
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Part 2: Hydrodynamic model and validation of present-day hydrodynamics

Hydrodynamic model

Larval dispersal was modelled using the depth-averaged version of the ocean model
SLIM? and its particle-tracking module, following the same approach as Thomas et al. (2015).
SLIM is a finite element, unstructured mesh ocean model. SLIM’s use of an unstructured mesh
allows the model resolution to be varied in space (Legrand et al. 2006). The mesh was generated
with the Gmsh software package (Geuzaine and Remacle 2009), and was made very fine close to
reefs and coastlines, where small-scale flow features are known to be important, whilst being
kept coarser in open-sea areas, where the flow is more uniform and high resolution is not
essential. The mesh resolution ranged from 200 m to 5 km, the time step used was 44 seconds,
and the model was able to explicitly resolve small-scale features such as tidal eddies forming in
the wakes of reefs. Given the topographic complexity of the region, resolving these features is
essential to accurately model larval dispersal, as they are known to have a significant impact on
retaining larvae close to their natal reef (Burgess et al. 2007). Details of the model equations and
the paramaterisations used can be found in Thomas et al. (2014).The depth-averaged SLIM
model has previously been shown to be able to realistically reproduce large-scale flow through
different regions in the GBR (Andutta et al. 2012; Thomas et al. 2014; Thomas et al. 2015;
Wolanski et al. 2013), as well as propagation of tides (Lambrechts et al. 2008; Thomas et al.
2014), salinity concentration (Andutta et al. 2011), suspended sediment concentration
(Lambrechts et al. 2010) and small-scale features in the wakes of islands (Lambrechts et al.
2008). The use of a depth-integrated model for our study region is justified by the fact that
waters in the GBR are generally vertically well-mixed throughout the year and over most of the
shelf where observations exist (e.g. see Middleton and Cunningham 1984; Wolanski 1983, Luick
et al. 2007; Dimassa et al., 2010; Mao and Luick, 2014), especially over reefs, where larval
dispersal is concentrated, and where bottom roughness is at least an order of magnitude greater
than elsewhere (this is accounted for in the model), further facilitating rapid vertical mixing
(Lugo-Fernéandez et al. 1998).

Stratification of the water column is known to occur under specific conditions on the
GBR shelf, for example due to episodic river plumes, or due to local upwelling at the shelf break
(Mao and Luick, 2014), and whilst a full 3D model would be necessary to simulate flow during
these specific episodes, such conditions would not be expected to encompass any significant
number of reefs in our domain. As currents at the water surface can be different to lower water
layers during periods of sustained winds, it is possible that omitting this detail could lead to
underestimating the “noise” in particle dispersal for larvae that spend significant amounts of time
at the surface; whilst this effect can be paramaterised in a 2D model, the range of uncertainty in

1 SLIM is the Second-generation Louvain-la-neuve Ice-ocean Model; see http://www.slim-ocean.be for
more information.
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parameters such as the length of time spent at the surface, is so great that it is impossible to do so
with any useful certainty without risking artificially biasing the results. Furthermore, it is not
clear that omitting this effect would systematically bias the modelled relative difference between
different temperature scenarios.

Depth-integrated models have been shown to compare favourably with full 3D models on
the GBR shelf (Black et al. 1991; Luick et al. 2007). Using a depth-integrated model therefore
allowed us to focus finite computing resources to resolving reef-scale horizontal flow dynamics
which strongly affect larval dispersal throughout the GBR, as well as capturing their effect on
large-scale flow through the GBR, rather than on resolving 3D effects, which would generally be
expected to affect dispersal dynamics in our domain on a more local level. Finally, whilst
accounting for fine-scale 3D effects around reefs could yield more accurate estimates of
connectivity metrics such as local retention (as long as reef-scale horizontal resolution is
maintained), we have no reason to believe that the modelled effect of a temperature change, or
modulation in low-frequency currents, would be substantially different with a 3D model.

External forcings were applied to the hydrodynamic model to account for the effects of
the tides (OSU TOPEX/Poseidon Global Inverse Solution 7.2 dataset; Egbert and Erofeeva
(2002)) and the wind (NCEP Climate Forecast System Reanalysis [CFSR] v2; Saha et al. (2014))
as described in Appendix S1 of Thomas et al. (2015). Water exchange with the neighbouring
Coral Sea was accounted for by applying an additional water inflow along the central section of
the open sea boundary (between 15°S and 17.6°S), with a corresponding outflow through the
southern sections, resulting in the creation of a southward residual circulation (in the absence of
other forcings). During periods of intense northward wind-driven currents, the direction of the
net residual current was found to reverse and flow northward, in line with observations
(Wolanski and Pickard 1985). The exact strength and position of the inflowing and outflowing
currents were calibrated using current meter data from moorings of the Great Barrier Reef Ocean
Observing System (GBROOS; IMOS (2013)) located close to the domain boundaries.
Simulations were carried out for the 35 days following coral mass spawning in 3 successive
years (2008, 2009, 2010), and calibration was carried out separately for each spawning season
simulated, as the strength of the inflow from the Coral Sea can exhibit inter-annual variability
(Burrage et al. 1997); total inflow applied for the 3 spawning years was 0.7 Sverdrups (2008),
1.1 Sv (2009) and 1.6 Sv (2010). These three forcings (tides, winds and low-frequency
exchanges with the Coral Sea) are known to be the main drivers of water circulation on the GBR
shelf (Wolanski and Pickard 1985, Thomas 2015). The model was validated for each spawning
season simulated (shown below) and was found to realistically reproduce flow through the
domain under present-day conditions.

Averaged simulated current speeds across all 3 simulations are shown in Figure 1f, which
illustrates the complexity of the currents in the region, with currents increasing greatly in
strength towards the large Herbert Creek estuary located roughly halfway along the coastline in
the figure, which contains many nearshore reefs, and strong water speed gradients are visible
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around a large number of offshore reefs, particularly in the more northerly half of the domain. It
should be noted this map does not directly show transient features such as tidal reef-wake eddies
as they would be visible in a given snapshot in time, though these would still contribute to
increasing average current speeds.

Particle-tracking Module

The dispersal of larvae through the region was modelled using a Lagrangian particle tracking
module integrated into SLIM. Details of the model equations and parameterisations can be found
in Thomas et al. (2014); particles were released into the domain gradually over 2 days following
coral mass spawning dates, simultaneously over all reef locations, with particle density
proportional to the reef surface area, and their transport was modelled using a random walk
formulation of the 2D advection-diffusion equation (Spagnol et al., 2002). The horizontal
diffusivity coefficient used for the random walk was calculated using the formulation in de Brye
et al. (2010), which contains a dependence on the local element size of the hydrodynamic mesh
using the formula of Okubo (1971), reflecting the fact that larger mesh elements contain a greater
range of unresolved water motion than smaller elements. This approach has been applied in
numerous studies of coastal seas using multi-scale modelling (e.g. see Andutta et al. 2011; de
Brauwere et al. 2011; Pham Van et al. 2016). Details of particle release and the diffusivity
coefficient used can be found in Table S11. The particle tracking model used a time step of 120
seconds, and outputs from the hydrodynamic model were read in at a time interval of 25 minutes.
The positions of reefs are taken from the Great Barrier Reef Marine Park Authority
Features shapefile layer (GBRMPA 2013). Only reef areas shallower than 10 m were considered
in the present study, as reefs at greater depths in the domain are not yet consistently included in
this map, and selective exclusion of deeper reefs can lead to a significant misrepresentation of
connectivity patterns (Thomas et al. 2015). The number of reefs over which larvae were released
was 1,223. Data on larval mortality and development rates at different water temperatures are
presented in Appendix 1. The virtual larvae released in the model were considered to acquire and
lose competency at the (temperature-dependent) rates give in Part 1. Additionally, temperature-
dependent mortality was applied using the data given in the same appendix. Because our main
conclusions concern how warming alters early larval development, a piecewise approach in
which different survival parameters are applied to early (embryogenesis) vs. late development
(Moneghetti et al. 2019) was not needed. Present-day water temperatures in the region focused
on in this study (i.e. the southern GBR) are typically in the range of 26°— 28°C during the coral
mass spawning period in Nov—Dec (McLeod et al. 2015); in the model the water temperature
was considered to be uniform at 27°C in the present day, and at 29°C for the future scenario. A
larva was considered to settle onto the first reef it passed over once it was competent. By the end
of the particle-tracking simulations (30 days) the number of remaining particles still alive and
competent to settle was of small enough demographic significance — 10-15 times smaller than the
total number of settled particles — that they could no longer have any materially significant effect
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on the connectivity metrics we report. Whilst such low levels of larval exchange would be
unlikely to affect local rates of population growth or decline on reefs with extant populations,
they could nevertheless be relevant over long-time scales (e.g., facilitating colonization after
local extinction and allowing gene flow, which might for example be relevant for the spread of
warm-adapted genes).

The domain-wide connectivity measures calculated from the output of the simulations are
reported in Tables S9 and S10. In particular, Table S9 reports the values of key connectivity
measures for the 2 temperature scenarios (27°C and 29°C) averaged over the 3 spawning seasons
simulated (2007, 2008 and 2009), as well as the relative change in these values across the 2
temperature scenarios. Alongside this, Table S9 also reports inter-reef interquartile ranges of
these changes, as a measure of inter-reef variability. Table S10 reports the values of the same
connectivity measures by spawning season simulated (2007, 2008 and 2009), and by temperature
scenario (27°C and 29°C), as well as the relative change in these measures between the 2
temperature scenarios by year, in order to show the inter-annual variability in these measures for
the 3 seasons simulated. As can be seen, the changes reported in the connectivity measures
between the 2 temperature scenarios were qualitatively consistent across all 3 years, with some
variability in the size of the changes between years.

Validation of present-day hydrodynamics

Validation data for the hydrodynamic model are presented in this section. Specifically, we
evaluated whether the model’s hydrodynamics under present-day conditions reproduced realistic
circulation patterns in the modelled domain. Tables S5-S7 report observed and predicted depth-
averaged current speeds and directions at different mooring sites in the GBR for each spawning
season simulated. Observed data were obtained from the Great Barrier Reef Ocean Observing
System (GBROOS; IMOS (2013)).

Each table reports unfiltered values averaged over the length of the 35-day simulation
indicated in the caption. These data showed good overall model performance in recreating
realistic net residual currents at the mooring locations, which included one site in an open-sea
area (Capricorn Channel), where flow is relatively spatially uniform, and 2 others close to an
island (Heron Island North and South), where smaller-scale flow features become more
important. In all cases the predicted average current speeds and directions were close to the
observed values, and within their standard deviations. Looking specifically at the standard
deviations, the open-water Capricorn Channel site exhibits less modelled variability than
observations, likely due to the coarse spatial resolution of the wind forcing data missing smaller-
scale features, whilst at the two Heron Island sites where flow has higher spatial gradients and is
more strongly influenced by local topography, the modelled variability is closer to observations.
There is a slight eastward bias in the current direction estimated at the Heron Island South site,
which is very likely due to localized inaccuracies in the local bathymetry dataset used: given the
close proximity of the site to Heron Island, even a small misrepresentation of the topography
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could result in the current direction diverging from the observed values. Whilst such mismatches
may be expected to occur at various locations throughout the GBR, we would not expect this to
introduce systemic biases in the reported connectivity metrics at the domain-scale, given it
contains well over 1,000 reefs.

Table S5: Observed (lUﬂ-bsl) and simulated (|U5u,w|) depth-averaged absolute current speeds
averaged in time over the length of the simulation for 2008, reported in ms™* with their standard

deviations, at GBROOS mooring sites in the southern GBR. Average observed (laobsl) and

simulated (|ﬂsuM |) current directions are also reported, in degrees relative to North, along with
their standard deviations. Time-series plots of these data are shown in Figures S2-S7 (with tides
filtered out). CCH: Capricorn Channel; HIN: Heron Island North; HIS: Heron Island South.

Site Lat (°S) Lon (°E) U gpsl \Uspral |t ons ] l@spral

CCH 22.408 151.993 027+011 026+0.16 1743+71.1 186.4+91.7
HIN 23.380 151.987 0.36+0.17 034+£0.18 167.3+90.2 167.9+95.1
HIS 23.513 151.955 025+0.13 021+£0.12 209.2+81.2 170.2+94.6

Table S6. Validation data for the 2009 simulation. Observed data for HIN were unavailable. See
Table S5 caption for legend.

Site Lat (°S) Lon(°E)  |Ugpel \Usprnl et sl l@spral
CCH 22.408 151.993 0.26£0.09 0.25+0.16 184.6 £68.7 1904+
94.3
HIN 23.380 151.987 n/a n/a n/a n/a
HIS 23.513 151.955 0.23+0.12 0.21+0.12 186.1+88.5 162.3+105.4

Table S7. Validation data for the 2010 simulation. See Table S5 caption for legend.

Site Lat (°S) Lon(°E)  |U,p.sl U spral l@ops] l@srra
CCH 22.408 151.993 0.25+0.10 0.26+0.16 1909+77.3 184.3+91.6
HIN 23.380 151.987 0.34+£0.15 0.35%+0.20 175.4+£108.1 168.0+96.6
HIS 23.513 151.955 0.23+0.11 0.22+0.12 188.2+97.7 162.7 £104.7
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In order to assess the ability of the model to reproduce realistic flow over time-scales

longer than the semi-diurnal tidal component (which dominates the variability at most locations
on the shelf), time-series plots of observed and predicted depth-averaged current speeds and
directions, averaged over a 24-hour period, are shown in Figures S2-S4 (speed) and S5-S7
(direction). Additionally, we calculated several error metrics to quantify model performance:

Bias: For Speed, model biases are small (at most +3cm/s, and under +1cm/s for 5 out of 8
plots, compared with average speeds on the order of 20-35cm/s), and generally neither
very strongly positive or negative (2 sites out of 3 have equal numbers of positive and
negative years, whereas Heron Island South exhibits a slight negative bias every year).

For Angle, likewise 2 out of 3 sites have a very small bias (single digits, which as a
proportion of 360° is <5%), which varies between positive and negative depending on the
year, whilst Heron Island South exhibits a larger bias consistently to the East, which
suggests there is a systemic issue introducing this error. This phenomenon appears very
localised around this site, since the nearby Heron Island North doesn't exhibit the same
systemic bias, and is likely to be caused by inaccuracies in the bathymetry, or under-
resolved coastal processes at this specific location.

Mean Absolute Error & RMSE: MAE is included as a guide to the average size of
model divergence from observations, and RMSE is included as a standard measure to
allow comparison with other models. RMSE is more prone to be affected by short
durations of very large discrepancies between the 2 datasets. For Speed, both metrics
show that model error does vary between years, with MAE at Capricorn Channel varying
from 2cm/s in 2008 to 4cm/s in 2009 and 2010. Whilst these values are small relative to
the size of the mean observed current speeds (~25cm/s at Capricorn Channel), confirming
that modelled current speeds are well within the bounds of typical observations, some
years and sites show absolute errors which can nonetheless approach ~15-20% of
observed currents at these specific locations. In particular, the time series plots show
some model-observation divergence events lasting ~ 2-3 days at a time, which is mainly
driving these MAE values, particularly at the Capricorn Channel site.

Index of agreement (d) from Willmott (1981): This dimensionless index reflects the
degree to which the observed data are accurately estimated by the modelled data, and is
defined as:

?rzl(Pi - 01’)
- s 112
Lall 2] + 0]

where Pi and i are respectively the predicted and observed data points, Pi=p—P
and 0i =0:— 0 with P and O being respectively the means of the predicted and
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observed data. d therefore is a measure for the quality of the model predictions, varying
from 0 to 1, with 0 indicating no relationship between observed and predicted values, and
1 indicating a perfect reproduction of observations.

For Speed, this index exhibits most inter-annual variability at the Capricorn Channel site,
ranging from 0.92 in 2008 to 0.71 in 2010. Indeed 2008 is the year with highest d values
across all 3 sites. In both 2009 and 2010, the Capricorn Channel site has a lower d value,
reflecting the more prolonged departures from the tidal cycle which are evident in the
observed line, but not well reproduced in the modelled line; these mismatches remain
generally fairly contained in size (typically < ~5cm/s in magnitude) and well distributed
both above and below the observed values, resulting in net biases of only 0 cm/s and +2
cm/s in 2009 and 2010 respectively, whilst MAE for both these years is at 4cm/s,
corresponding to 15-16% of the mean observed speeds. Given the location of the
Capricorn Channel site, in open waters away from islands or reefs, the departures
between modelled and observed currents are likely due to a combination of unresolved
features in the wind forcing, and potentially unresolved multi-day features in water
exchanges with the nearby Coral Sea.

As can be seen from the plots at the Heron Island sites, the model accuracy as measured
by d in open water (at Capricorn Channel) does not appear very strongly correlated with
model performance at the more bathymetrically complex sites close to Heron Island,
where local topographic features are likely to be important in influencing the speed and
direction of flow in a non-linear way with respect to the flow in open waters. Whilst
modelled speed at Heron Island North does match observations better in 2008, when
Capricorn Channel also had a high d value, than in 2010, when modelled overshoots in
speed in the spring phase of the spring-neap tidal cycle at both sites led to lower d values,
the same cannot be said for Heron Island South, which instead matched observations
better in 2009 and 2010 than in 2008.

The plots of flow Angle show less variability generally at the Capricorn Channel site in
open water, whereas at the Heron Island sites we see small-scale observed departures
from the mean value (< ~1-2 days and < ~25° from the mean) which are not well
reproduced by the model - again the most likely explanations are unresolved small-scale
processes in the forcing data, in combination with likely small-scale inaccuracies in
bathymetry data and potentially flow features (particularly at Heron Island South)
affecting flow at these complex, high-gradient sites.

Taken together, the departures between model and observations would reasonably be
expected to affect modelled dispersal of larvae to the extent that we should use care in not over-
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interpreting the model estimated connectivity on the spatial scale of individual reefs and
temporal scale of a few days, since the validation shows the model cannot be expected to
consistently reproduce flow speed and direction at these scales, all of the time. This is both due
to errors introduced by inaccuracies in the forcing data, and unresolved features and inaccuracies
in the model bathymetry; this is an inevitable issue when modelling flow in a region as
topographically complex as the GBR. However, these same validation data also show that on the
temporal scale of typical larval dispersal processes - roughly a month - departures between
modelled and observed flow tend to even out, such that the net bias is close to zero, and on the
temporal scale of multiple spawning seasons, in our case 3, net biases in modelled larval
dispersal will be driven even lower.

Furthermore, these results also underline the importance of modelling larval dispersal at
large spatial scales, in our case encompassing well over a thousand reefs distributed over
hundreds of kilometres, in order to make the overall conclusions robust to small-scale
inaccuracies in modelled flow. Whilst observational data was obtained for only 3 locations, it is
reasonable to assume that on the spatial scale of the entire southern GBR region included in our
domain, net biases and errors will be driven vastly lower to the point where the larval dispersal
metrics and connectivity matrices obtained from these simulations can be considered as robust.
Whilst this doesn't exclude that systemic domain-wide sources of error in modelled flow could
and inevitably will still be present, the validation plots and metrics show these should be
contained to reasonable levels.

Further validation of the SLIM-based biophysical model applied to other parts of the
Great Barrier Reef can be found in Thomas et al. (2014) and Thomas et al. (2015).
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Figure S2. Time-series plot of observed (blue) and predicted (orange) depth-averaged current
speed at different mooring sites for the 2008 simulation. A running boxcar filter is applied with a
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Part 3: Estimating projected changes in water flows into the GBR

Context

Many large-scale climate models predict a strengthening of the South Pacific sub-tropical gyre,
of which the westward-flowing South Equatorial Current (SEC) is the northern branch. The SEC
crosses the Coral Sea and approaches the Great Barrier Reef (GBR) continental shelf roughly
between 11° and 20°S (Kessler and Cravatte 2013), causing a flow onto the shelf which has been
observed between 14°and 20°S (Andrews and Clegg 1989; Brinkman et al. 2001; Church 1987),
and which in turn drives a southward residual flow on the shelf known as the Coastal Sea
Lagoonal Current (CSLC; Wolanski et al. (2013)). A strengthening of the SEC would be
expected to cause a corresponding increase in the strength of the poleward-flowing East
Australian Current (EAC), which flows parallel to the Australian coastline (Sen Gupta et al.
2012, 2016; Sun et al. 2012). Whilst the effects of the strengthening EAC along its central area
and southern extension have been extensively studied (e.g. Oliver and Holbrook 2014), such
studies rarely extend to include the nascent EAC off the GBR. Furthermore, the model resolution
used in global climate models is generally much too coarse to be able to study coastal processes
such as those tackled in this article.

An increase in the flow onto the GBR continental shelf would not necessarily lead to
stronger currents through the whole shelf, as the net water circulation through the GBR is
governed by a complex interplay between the tidal currents, which vary in strength along the
shelf and which can significantly modulate the strength of longshore residual currents through
the mechanism of tidal friction, wind-driven currents which can overpower the CSLC during
periods of prolonged south-easterly trade winds, and the CSLC itself (Wolanski et al. 2003;
Wolanski and Spagnol 2000). The relative importance of these three factors is not constant and
can change significantly in time and space; for example tidal currents often dominate over scales
of minutes to hours in the Southern GBR (SGBR), whereas wind-driven and low-frequency
currents dominate over time scales of days to weeks (Wolanski and Pickard, 1985). There can
also be variability in the strength and relative dominance of wind-driven currents from one
spawning season to the next. The timescales of larval dispersal — hours to weeks — is such that all
three factors play important roles, with their relative importance changing depending on the
connectivity metric being observed. In the SGBR specifically, the relatively strong tides can be
expected to affect local retention most significantly by driving the flushing of larvae from their
natal reefs, with peak tidal currents generally being much larger than residual currents (e.g. see
Andutta et al., 2012), while wind-driven and low-frequency currents would be expected to more
strongly drive longer-distance dispersal and connectivity, particularly between clusters of
disparate reefs.

Considering how the main drivers of circulation in the GBR may change in future
decades, tidal forcing can reasonably be expected to remain unchanged, whilst changes to bottom
roughness and sea level can reasonably be expected to not significantly alter currents on a large
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scale, though reef degradation may locally have an impact where it leads to reduction in bottom
roughness. In the case of large-scale flow in the South Pacific affecting circulation in the GBR,
the scale of the flow features involved is such that they can be modelled by global climate
models, and as outlined above many models suggest a strengthening of the SEC in the coming
decades; here we model how these changes may influence flow on the GBR.

This is, of course, not to deny that other small-or large-scale environmental changes not
accounted for in these climate models could potentially affect the low-frequency circulation
through the GBR. Of the 3 drivers of water circulation outlined above, changes to wind stress
also have the potential to affect currents through the region and thus larval dispersal, in particular
for larvae that mainly inhabit the upper water layers. However, the uncertainty around any future
changes to the wind field on the scale of the southern GBR’s continental shelf, which is
relatively small compared to the scales resolved by global climate models, and specifically
during the limited annual time window of coral larval dispersal, mean we currently lack robust,
quantitative, regional-scale projections of future wind stress at sufficient resolution, and as such
it is not currently possible to estimate if and how any such changes could affect larval dispersal
with any useful degree of confidence. Thus, the results presented in this study represent our best
estimate of future changes at the current time.

Method

Estimates for the change in water fluxes entering the GBR shelf were obtained by analysing the
output of 27 CMIP5 global climate model versions? (Taylor et al. 2012). Zonal water currents
were obtained for the top 200 m of the transect between 10° and 20°S (roughly corresponding to
the known range of the SEC liable to impinge on the GBR shelf [Thomas 2015]) at a longitude
of 155°E for a) present-day simulated circulation, and b) projected circulation for 2080-2100
assuming a “business as usual” global climate scenario (corresponding to the Representative
Concentration Pathway [RCP]8.5), in order to assess the greatest possible impact of climate
change on water circulation on the shelf. Whilst the bulk of the impinging water does not enter
the GBR shelf, we assume that the change in water transport onto the shelf is proportional to the
change in transport impinging on the shelf.

The relative change in net westward zonal water velocity was calculated for each model,
and a multi-model median of the relative change was calculated, as well as upper and lower
quartiles of the distribution. Simulations were then run of the hydrodynamics on the GBR shelf
using SLIM for future scenarios using the approach outlined in Appendix Part 2, but with the
following modification: the residual currents entering the shelf at the open sea boundaries (i.e.
representing water exchange with the neighbouring Coral Sea) were modulated by the multi-

2 CMIP5 model versions: ACCESS1.0, ACCESSL1.3, CanESM2, CCSM4, CESM1-CAM5, CMCC-CESM, CMCC-
CM, CMCC-CMS, CNRM-CM5, CSIRO MK3.6, FIO-ESM, GFDL-ESM2G, GFDL-ESM2M, GISS-E2-H, GISS-
E2-R, HadGEM2-CC, HadGEM2-ES, IPSL-CM5A-LR, IPSL-CM5A-MR, MIROC5, MIROC-ESM, MPI-ESM-
LR, MPI-ESM-MR, MRI-CGCM3, MRI-ESM1, NorESM1-ME, NorESM1-M
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model median relative change, as well as the lower and upper quartiles, to obtain a set of 3
simulations which are representative of the range of relative changes predicted by the models;
this was done to account for the significant inter-model variation. All other model parameters
were not modified compared with the present-day simulations, either because they are not
expected to change in a way significant enough to affect large-scale water circulation (such as
tidal forcing or bottom roughness), or because the uncertainty is too great to currently estimate
potential changes with any confidence (such as local wind stress over the GBR during the
specific time windows of coral spawning periods). The aim was to quantify the impact of
changes in water circulation alone on larval connectivity. For each present-day simulation (i.e.
2008, 2009 and 2010), a set of three future scenario simulations was run. Larval dispersal
simulations were then carried out using these “future scenario” hydrodynamic simulations, and
connectivity matrices were obtained. Connectivity indicators were calculated separately for each
of these future scenario simulations and were then compared with the equivalent indicators in the
corresponding “present day” scenario to obtain a value for relative change in the indicator. These
values were averaged over the 3 years simulated for each of the 3 types of simulation (i.e. a)
those forced by the multi-model-median change, b) those forced by the upper gquartile change
and c) those forced by the lower quartile change) to obtain a single set of 3 change indicators
representing change due to median, upper and lower quartile predictions.

Results

Analysis of the output of 27 CMIP5 climate models showed that the net zonal flow towards the
GBR shelf was expected to exhibit strengthened westward transport, although variability in
predictions between models was significant, as shown in Figure S8. The multi-model median
was a westward increase in current strength of 10%, and the upper and lower quartiles were an
increase of 28% and a decrease of 3%, respectively.

Simulations of the hydrodynamics on the GBR shelf were run with the residual currents
at the boundaries modified by these three values to obtain three sets of modelled water
circulations (accounting for inter-model variation), and the outputs from these simulations were
used to drive the larval dispersal model at a water temperature of 27°C. The change in the main
connectivity indicators caused by the change in circulation patterns are shown in Table S8, along
with respective standard errors that provide a measure of uncertainty around these changes due to
present-day levels of inter-annual variability. The results show that changing the water in- and
outflow at the boundaries had a minimal effect on larval dispersal; however, the uncertainty is
relatively significant for dispersal distance. Changes in the speed of simulated water currents
through the GBR’s shelf were small, with even the more extreme of the scenarios — increasing
low-frequency inflow by 28% — resulting in average water speeds changing by less than 1cm/s
over the vast majority of the domain, with no great spatial heterogeneity in this response. These
changes are small compared with the typical current speeds in the region which are >20cm/s,
rising to over 50 cm/s in the immediate vicinity of certain reefs, as shown in Figlf, mainly driven
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by vigorous tidal currents. As such, the effect on connectivity patterns was minimal overall, with
average changes in most quantities being smaller than 1% relative to the present-day scenario.
Changes of the order of magnitude of 1% or smaller are relatively insignificant given the
limitation in precision of large-scale models such as the one employed in this study, and as such
it is not possible to conclude with any significant confidence that the changes in flow simulated
in these experiments would likely lead to a significant change in these connectivity metrics in
reality. Furthermore, the spatial variation in the changes was low, meaning that the whole
domain saw similarly small changes. Given the changes to the connectivity indicators were
around an order of magnitude smaller than the effect of 2°C warmer waters, we can conclude
that even if low-frequency flow through the GBR changes more dramatically than the projected
scenarios modelled here, the effect on connectivity for A. millepora would still likely be very
small compared to the effects of warming waters. Furthermore, the changes to the connectivity
indicators were smaller than their inter-annual variations in the present-day scenario (Table S10),
suggesting that inter-annual variations in the wind field during spawning seasons have a stronger
influence in causing inter-annual changes in connectivity than projected future changes to
boundary currents, at least within the range of plausible changes projected by the CMIP5 models.

It is nonetheless worth pointing out changes to a couple of the connectivity metrics. For
example, stronger inflow currents led to a small increase in the source-to-destination reef
distance (+1.2% to +2.2%), implying that stronger inflowing currents led to slightly increased
potential for travelling further from natal reefs. Interestingly, the weaker inflow current also led
to a small increase in source-to-destination distance, albeit an insignificantly small one of +0.3%,
which illustrates the non-linear nature of currents in the GBR: small changes to a particular
current do not necessarily result in a linear response in particle dispersal, due to the vast
complexity of the topography, and the interaction between low-frequency currents from the
Coral Sea, wind-driven currents, and the strong tidal currents which flow through the domain
(Wolanski et al., 2003, Wolanski & Spagnol, 2000). In this case, it may also be that weakening
the inflowing current facilitated stronger wind-driven northerly currents during periods of south-
easterly trade winds, which can occur during the spawning season, whilst having no discernible
strengthening effect on the southerly currents during periods of low trade winds. This being the
case, years with stronger south-easterly trade winds during the spawning season would be
expected to see a different response to the modulation in low-frequency inflow than years with
little or no wind. This is supported by the relatively high uncertainty around this change caused
by present-day levels of inter-annual variability in the currents (standard error of 2.7% to 3.8%).
It is therefore possible that if the typical wind regime during coral spawning season over the
GBR changes significantly in the future, this could have a non-linear effect on the response of
larval dispersal to stronger water exchanges with the Coral Sea, and in particular a drop in the
strength of south-easterly trade winds could lead to changes in low-frequency flow onto the shelf
having a larger impact on larval dispersal than if we assume present-day wind conditions,
whereas an increase in their strength would likely lead to an even smaller impact on larval
dispersal from increased flow onto the shelf.
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Local retention also saw a small increase in the stronger current scenarios, presumably
due to a small increase in water residence times over some reefs; again part of the explanation
lies with the non-linear interaction between the currents and the topography, as imposing
stronger currents at the boundaries does not necessarily lead to stronger currents over all the
domain, and can even lead to a decrease in certain areas. For instance an increase in the current
strength can cause an increase in residence times in areas sufficiently dense with reefs, due to
increased steering of residual currents around reefs by the so-called “Sticky Water” effect
(Wolanski & Spagnol, 2000; Andutta et al., 2012), facilitating increased local retention of larvae
close to their natal reef. The self-recruitment rates exhibited a decrease, albeit of similarly very
small magnitude, meaning that whilst there was a small increase in larvae settling on their natal
reefs, this was also accompanied by an increase in larvae from other reefs. It should be borne in
mind whilst interpreting these results that many of the main connectivity indicators, and
particularly local retention and self-recruitment, are mostly affected by the flushing time of reefs,
which in the southern GBR is mainly controlled by tidal rather than Coral Sea-driven or wind-
driven flows (see Andutta et al. 2012, Table 2; peak tidal currents at all mooring sites in the GBR
are much greater than residual currents). For comparison, these changes are roughly an order of
magnitude smaller than the impact of increasing the water temperature by 2°C (cf. results
reported in the main text). Thus, the effect of the altered circulation patterns was considered
insignificant compared with the effect of the temperature increase, particularly given the large
uncertainty surrounding these changes in large-scale circulation.
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Figure S8. Histogram showing the distribution of the projected relative changes in westward
zonal currents between 10°S and 20°S, averaged over the top 200m of the water column,
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extracted from 27 CMIP5 models.

Table S8. Change in connectivity measures for different circulation scenarios, compared with

+0

+50

Relative change in westward zonal current speed (%)

the present-day scenario. The 3 scenarios listed correspond to a modulation of residual currents
flowing through the domain of -3%, +10% and +28% relative to the present-day scenario. Data
shown are for a water temperature of 27°C. Aself-rec.: change in self-recruitment; Adist: change

in average distance between source & destination reefs; Alocal ret.: change in local retention.

The standard errors represent a measure of uncertainty around these changes due to present-day
levels of inter-annual variability.

Scenario Alocal ret. (£SE) | Aself-rec. (£SE) | Adist (£SE)

-3% inflow +0.1% (+1.2%) | -1.2% (+1.1%) | +0.3% (+2.7%)
+10% inflow +0.5% (£0.4%) | -0.8% (+1.4%) | +2.2% (+2.7%)
+28% inflow +1.3% (+1.4%) | -0.9% (+1.4%) | +1.2% (+3.8%)
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Part 4: Current and future dispersal patterns and connectivity matrices

The changes to dispersal patterns estimated using the bio-physical dispersal model are
summarized in Tables S9 and S10. The actual by-reef estimates (connectivity matrices) can be
found at https://doi.org/10.5061/dryad.4f4qrfjbk

Table S9. Connectivity measures for different temperature scenarios simulated, averaged over
all larvae, and over the 3 different years simulated. Relative changes are computed per year as
the change in the averaged connectivity measures between the 2 temperature scenarios, then
averaged over all years such that each spawning season had an equal contribution, meaning they
do not represent the arithmetic difference between the year-averaged values reported for 27°C
and 29°C. The 25", 50" and 75™ percentiles of relative changes are reported for year-averaged
by-reef changes, with equal weight given to each reef, and are included as a measure of among-

reef variability.

Temperature Average source- |Local retention | Self-recruitment | Average number of
to-destination incoming connections
reef distance per reef

27°C 26.4 km 2.6% 6.9% 47.8

29°C 24.7 km 3.1% 7.9% 44.0

Relative change -6.6% +19.5% +15.0% -8.1%

[25%, 50™, 751
percentiles of among-
reef relative changes

[-10.0%, -7.1%, -
4.29%]

[0.0%, +21.4%,
+49.2%)]

[-0.2%, +17.4%,
+43.5%]

[-10.8%, -7.1%, -
3.0%]
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Table S10. Connectivity measures for different temperature scenarios simulated, by year
(columns 3-6), and relative change in each metric between the 2 temperature scenarios, by year
(columns 7-10). The bottom row gives the average changes across all 3 years. LR: average local
retention, SR: average self-recruitment, Cx/reef: average number of connections per reef,
Length: average source-to-destination reef distance, d(LR): percent change in local retention
between the 2 temperature scenarios, d(SR): percent change in self-recruitment between the 2
temperature scenarios, d(NC): percent change in the number of connections between the 2
temperature scenarios, d(Len): average percent change in the source-to-distance reef distance

Year Temp LR(%) SR(%) Cx/reef I(‘Ifr?gth ?O(/OL)R) ?Of)R) ?o(/ol\)l ©) ?O(A)L)en)

2008 27 2.59% 7.01% 51.7 23.76

29 2.85% 7.71% 49.1 2249 | +104%  +9.9% -4.9% -5.3%
2009 27 2.05% 6.15% 53.9 32.88

29 2.53% 7.01% 47.2 3151 | +23.3% +13.9% -12.4% -4.2%
2010 27 3.04% 7.38% 68.6 22.55

29 3.79% 8.93% 63.8 2022 | +24.9% +21.1% -7.1% -10.3%

Yr-AVE +19.5% +15.0% -8.1% -6.6%

Table S11. Parameters used with the Lagrangian particle-tracking model to simulate dispersal of

larvae in each spawning season.

Date/times of particle release
initiation

2008: 17 November, (00:00)
2009: 7 November, (00:00)
2010: 26 November, (00:00)

Duration of particle release

48 hours; gradual release

Locations of particle release

Release occurred simultaneously over 1,223 reefs in the
domain; reef extents obtained from GBRMPA shallow reefs
layer (GBRMPA, 2013); reef centre coordinates used are
contained in data deposited at Dryad — cf. link above

Extents of seeding habitats

Reef areas ranged from 0.02km? to 155.2km?

Particle tracker time step

120 seconds; hydrodynamic fields updated every 25 minutes

Particle tracker diffusivity
coefficient

K = oA (following Okubo, 1973),
with 0=0.041m"% (following Andutta et al., 2011)
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Appendix 2:

Metapopulation model and details of model simulations

The metapopulation model estimates coral cover (based on number of polyps) on each reef over
time and accounts for density-dependent growth (budding) and recruitment, using the
connectivity matrices from the bio-physical dispersal model (Appendix 1). Previously reported
biological data on fecundity and post-settlement survival of coral recruits is used to set realistic
model parameters (details in Appendix 1), and all corals are assumed to have equal fecundity and
post-settlement mortality. Fecundity, initial abundance and growth and mortality rates were set to
be equal at 27 °C and 29 °C, as the aim was to predict changes in recovery times following
disturbances due exclusively to the impact of changes in connectivity. We simulated 2 different
types of disturbance: single-reef disturbances, where initial coral cover was reduced by 85% over
one reef at a time, mimicking events such as crown-of-thorns outbreaks, and regional
disturbances, where initial coral cover was reduced by 75% over a 30-km wide cross-shore strip,
and by 40% in 30-km wide strips to either side, mimicking the passage of a severe tropical
cyclone across the GBR. The model was run, in turn, using the connectivity matrices obtained
from the 27°C and 29°C biophysical model runs, and we recorded the relative change in recovery
times at each reef between the two scenarios.

Model description and parameters

To gauge the effect of the altered connectivity patterns on the time taken for coral populations on
reefs to recover from disturbances, a polyp metapopulation model was utilised. The model is
described by the following equation:

d.lS.g_
dt

— (1—ci(t) | RSi(t) +r(t)s > Cyilt)
J
discretised as:

S:’.n+l =Sin [1 + AtR {l - {?i.n}]

+ Atry [ Y Cin | s(1—cin)
J
where:
e S;, isthe size of the coral population on reef i at iteration n, counted as the number of
coral polyps,
e Atis the time step from iteration n to iteration n+1 (a value of At = 9—16years was used as
this was found to be the largest value which resulted in stable model runs),
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e R s the net clonal growth rate per coral polyp, estimated from the literature as R = 0.145
year* (based on Gilmour et al. 2013, where the growth of an isolated coral reef system
was measured during a period of minimal recruitment),

* ¢;, Is the coral cover fraction on reef i at iteration n, i.e. the proportion of the reef’s
available space covered by coral polyps, given by c; ,= (S; nApolyp) /Ai, where Apolyp = 1
mm? is the surface area of a polyp (from Anthony 1999), and A is the surface area on reef
i available for corals, assumed to be equal to 40% of the reef’s total surface area, a typical
coral cover proportion for a reasonably healthy reef in the GBR,

* Iy, herein referred to as the recruitment timing factor, is the value of a step function,
labelled r(t) in the undiscretised model equation, at iteration n, which accounts for the
fact that recruitment is concentrated into a limited time period. r(t) is a normalised step
function indicating which period of the year recruitment occurs, and so is =0 outside the

f r(r)dr:l
spawning season, >0 during the spawning season, and has the property that = 1year
For simplicity, recruitment is considered to occur during 1 month of the year, therefore ry
= 12.0 year™ during the coral spawning season and rn = 0 year™ during the other 11
months of the year,

* sis the proportion of coral larvae settling which survive to maturity, taken to be s = 0.13
(Penin et al. 2010),

e C is the connectivity matrix, whose elements represent the number of larvae from origin
reef j settling on destination reef i, per year. The term At . ; Cj; , therefore sums the total
number of incoming larvae at reef i from all reefs (including reef i itself) during time step
n.

The evolution of the population on a reef is therefore driven by asexual growth which
continuously occurs throughout the year and recruitment which only occurs during the spawning
season and is limited by the space available on the reef. The elements in the original connectivity
matrices produced by the larval dispersal simulations gave the proportion of larva released at
reef j arriving at reef i whilst competent, assuming all reefs had full coral cover. To obtain Cj; ,, —
the number of larvae from reef j arriving at reef i per year — the following equation was used:

A
Cji,n P iCin A—] €polyp

lyp

©)
where ¢; , is the source reef’s coral cover fraction, A; is its surface area, A,y is the surface
area of a polyp, taken as before to be 1 mm? based on Anthony (1999) and epolyp 1S the number
of eggs produced per polyp, estimated as 6/year from Hall and Hughes (1996). Only polyps aged
3 years or older were considered to contribute eggs.

The model accounts for the possibility of coral growing asexually via the term
AtS; ,R(1 — ¢;), and through recruitment via the term multiplied by the connectivity matrix. The
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recruitment timing factor rn ensures that recruitment is not allowed to occur all year round, but
only during one month per year; in the remaining 11 months recruitment does not contribute to
population growth. It should be noted that the net clonal growth rate R implicitly accounts for
natural mortality as well as clonal growth. The factor of (1 — ;) accounts for the fact that space
on a reef is limited, and as the free space available diminishes, coral growth slows down and
settlement success also decreases. The surface area available to coral polyps was considered to
be 40% of the reef’s total surface area, a figure which represents the typical coral cover for a
reasonably healthy reef in the GBR.

These parameters represent our best estimates, as more detailed data is scarce at present.
The model makes a number of simplifications, such as assuming that coral growth will be 2-
dimensional, and that R and s are constant in space and time. However, it should be considered
that the goal was to calculate the magnitude of the relative change in recovery times between
different scenarios, rather than to accurately predict present-day recovery times per se. Model
sensitivity analysis showed the main results presented in the main text are broadly insensitive to
small uncertainties in the biological model parameters (see later section on Sensitivity of model
to biological parameters). Furthermore, keeping the growth and survival rates constant allowed
us to isolate the effect of the change in connectivity on recovery times, which was the specific
aim of this study.

Model simulations and scenarios

Disturbances were simulated by reducing coral cover over certain reefs. Recovery times were
obtained by recording how many iterations it took for the disturbed reefs to regain 99% of their
initial coral cover. Two types of disturbance were simulated:

a) Single reef disturbances, whereby initial coral cover was reduced by 85% over a single
reef, mimicking the effect of a highly localized severe disturbance affecting a reef. This
was repeated, independently, for every reef in the domain, to obtain recovery times for
each reef. The aim was to mimic the effect of a highly-localised severe disturbance on a
single reef, such as physical damage or destruction from coastal development, dredging,
quarrying, destructive fishing practices and gear, boat anchors and groundings, and
recreational misuse (touching or removing corals).

b) Multiple reef disturbances, whereby coral cover was reduced on groups of reefs at a time.
These groups were composed of 3 neighbouring cross-shelf strips 30 km wide (shown in
Fig S9); all reefs in the outer strips had coral cover reduced by 40%, whilst reefs in the
central strip had coral cover reduced by 75%, mimicking the effect of a severe tropical
cyclone (TC) passing cross-shore through the GBR. This type of track and the area
affected is consistent with what has been observed for several TCs in the GBR, most
recently Severe TC Debbie (2017), which crossed over the GBR as a Category 4 storm
and made landfall at Airlie Beach, just to the North of the study region, following a
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similar type of cross-shore track, and had winds classed as “very destructive” (Category 3
or above) across a strip at least 90-100km wide whilst passing over the GBR (BoM,
2018). In general, the study area commonly sees TCs follow roughly cross-shore tracks
crossing the GBR and approaching the coast from the Coral Sea (recent examples in the
southern GBR include Erica, 2003; Ului, 2010; Anthony, 2011; Debbie, 2017), though
some TCs do follow other tracks (notably Hamish, 2009, which followed an unusual
long-shore track passing through most of the GBR).

In total this resulted in a set of 15 different parallel cyclone tracks being simulated
(Figure S9 shows the cross-shelf strips). No reefs were disturbed in the southernmost
60km of the domain due to the very small number of reefs in this sector (4).

The reductions in coral cover were chosen to be on the more severe end of the level of damage
which could be envisaged to occur on a coral reef in order to clearly test the impact that a change
in connectivity could potentially have on recovery. For the Tropical Cyclone-like disturbance
(type b in the list above), simple assumptions were made based on the fact that damage is
expected to be greatest towards the middle of the TC's path and lower further out, and that
observed damage to reefs following severe TCs can be both very extensive and variable in space,
with some reefs almost entirely stripped of marine life whilst other reefs can show much lower
levels of damage (GBRMPA, 2011; Beeden et al., 2015). Our model simplifies this out of
necessity, but it should be borne in mind that we are not aiming to recreate the damage profile of
a particular TC, but rather mimic the potential effects of a very severe TC.

For each of the 2 disturbance types, the model was run 3 times, each time using the
connectivity matrix obtained from a different year’s dispersal simulation, for a given temperature
scenario (27 or 29°C). This process was repeated for both temperature scenarios, with the only
difference between the 2 scenarios being the connectivity matrices used, allowing us to identify
the impact of changing connectivity patterns on coral recovery times. The percent change in
recovery times between the 27 and 29°C scenarios was calculated for each reef for each
simulated year, and these percent changes were then averaged over all reefs to obtain a single
percent change value per year. These values were then averaged over all simulated years to
obtain a single figure, representing the year-averaged change in recovery times between the 27
and 29°C scenarios.
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Figure S9: Southern GBR domain with cross-shelf strips used to disturb groups of reefs at a time
shown in grey (see “Model simulations and scenarios” item b) in the main text for context).
Reefs centroids are shown in red, for reference.

Sensitivity of model to biological parameters

To ascertain the sensitivity of model results to uncertainty in the biological input
parameters, a sensitivity analysis was carried out whereby the population model was run for
scenario a) described above (single-reef disturbances), using the same 3 years’ connectivity
matrices as used to obtain the results described in the main text, with the biological input
parameters which affected the results reported in the text varied in turn (the results we are
interested in being mean and standard deviation of changes in recovery times across all reefs).
Parameters R (clonal growth rate), s (proportion of larval recruits surviving to maturity) and
e_polyp (the number of eggs per polyp) were varied in turn by +/-10%, 25% and 50%. The
change in recovery times between the 27°C and 29°C scenarios was calculated for each reef, and
mean and standard deviations across all reefs were calculated. The results of this analysis, shown
in Figures S10 to S12, show these results have limited sensitivity to uncertainties in the
biological parameters. The fact that we are interested in changes in recovery times between the
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two scenarios, rather than absolute recovery times helps to limit the impact of parameter
uncertainty on the results.
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Figure S10: Sensitivity of mean change in recovery time (left axis), and standard deviation in
change of recovery times across all reefs (right axis), to variation in the clonal growth rate (R).
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proportion of larvae settling which survive to maturity (s).
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change of recovery times across all reefs (right axis), to variation in the parameter value for the
number of eggs released per polyp (epolyp).
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