Appendix S1

Hydrodynamic model

Three-dimensional sea current velocities were obtained for the period 1961-2099 from the
Mediterranean model NEMOMEDS (Sevault et al., 2009; Beuvier et al., 2010), based on the IPCC
A2 scenario following the methodology and forcings defined in Somot et al. (2006). NEMOMEDS8
is a state-of-the-art regional ocean circulation model designed to study the long-term variability of
the Mediterranean Sea (Beuvier et al., 2010; Herrmann et al., 2010; Albouy et al., 2012; L’Hévéder
et al., 2012). The model accounts for the main drivers of current dynamics: air—sea water, heat and
momentum fluxes, river discharges (33 main rivers mouths plus the Black Sea freshwater inflow
considered as a river) and water exchanges with the near-Atlantic Ocean. Although widely used for
regional scenarios of climate change (Christensen et al., 2002), the A2 scenario is considered a
conservative, but not the worst, future prediction of global warming. It assumes a very
heterogeneous world that preserves local identities, and which results from a continuously growing
human population and atmospheric CO2 concentrations of ~815ppm by 2099 (IPCC, 2001). The A2
scenario was chosen for NEMOMEDS because it has become the standard for regional climate
studies (Christensen et al., 2002). We are aware that using only one simulation (one model, one set
of forcings, one socio-economic scenario) did not allow us to take into account the underlying
uncertainties in the current climate change impact study. However coordinated multi-model
ensemble runs for a given scenario and/or multi-scenario ensemble runs for a given model are on-
going efforts for regional oceanography and the outputs were not ready at the start of our study

(www.medcordex.eu; Adloff et al., in prep.).

NEMOMEDS has a horizontal resolution of 1/8th degree, corresponding to a 9-12 km horizontal
cell width; NEMOMEDS is thus considered as an eddy-permitting model for the Mediterranean

area. The model has 43 vertical layers, unevenly spaced from 6 m-thick at the surface to 250 m-


http://www.medcordex.eu/

thick at the bottom. It is worth noting that we cut the domain at depth of 150m for the larval
dispersal simulations, using only the first 10 layers of the original model grid (level 10 is 20m-
thick). This is sufficient because previous studies (Andrello et al., 2013) showed that larvae very
rarely descend below 100 m. After a 15-year spin-up to allow the model to reach its own quasi-
equilibrium, we performed a historical simulation from 1961 to 2000 (GHG and aerosol
concentrations imposed in the atmosphere model are observed) followed by the scenario run (2001-
2099), in which GHG and aerosols concentrations came from the IPCC-A2 scenario. This
simulation has been already exploited Albouy et al. (2012) to explore the possible evolution of the

biogeography of coastal Mediterranean fishes.

Larval dispersal simulation

Daily outputs of zonal and meridional velocities from NEMOMEDS8 were used in this study to
simulate larval dispersion using the software Ichthyop 3.1 (Lett et al., 2008). As the tidal signal in
the Mediterranean is relatively small, daily currents were considered appropriate inputs to Ichthyop
and were obtained by averaging over the time-steps of NEMOMEDS. Thus, circulations acting at
higher frequencies are not considered. For a single year, there were 10,000 release events per MPA,
therefore providing a lower limit of 0.0001 for connection probability. Larvae were released at 20
cm depth, because eggs of Epinephelus marginatus were seen ascend to the surface immediately
after spawning (Zabala et al., 1997).

The time step of iteration was chosen so as to be lower than the ratio of cell size to maximum
current velocity, so that larvae do not cross more than one cell boundary in a single time step. In
our case, cell size was ~9-12 km and maximum current velocity was ~0.5 m s, giving an 18000-
24000 s ratio, so we chose a 3600 s (1 h) time-step of iteration. Current velocities were tri-linearly
interpolated to the position of each larva, each iteration, and the positions of larvae were recorded
every 24 time steps (24 h). Advection was simulated using a Runge-Kutta numerical scheme.

Horizontal diffusion was applied via a random walk for individual larvae to account for sub-grid-



scale hydrodynamics associated with coastal features (reefs, bays, gulfs, etc.) following Peliz et al.

(2007). They suggest that floating velocity can be calculated by adding a random component ur(X,y)

to the horizontal velocity vector, with u, =58,/2K, /At . Here, & is a real uniform random number in

1/3|

the interval [—1, 1], Ky is the lagrangian horizontal diffusion coefficient K, = &"°1*/*, following

Monin and Ozmidov (Monin & Ozmidov, 1982), with &= turbulent dissipation rate (m?s?) and | =
length of the grid cell. Monin and Ozmidov suggested & = 107°.

In Ichthyop, larvae intercepting the outer limits of the domain were considered lost; larvae reaching
the sea surface were sent back into water; larvae floating in the bottom layers did not touch the
seabed because the current velocity was zero at the vertical midpoint of the layer. Larvae reaching

the interface between sea and land were sent back to the sea (bouncing option in Ichthyop).

Calculation of climate change effects on connectivity variables

We described the effects of climate change on connectivity variables using the predicted values
from the linear model. We expressed the effect as a percent difference in predicted values between

the end and the beginning of the time series: 100 -[,455 — Y10-0)/ ¥100- The map of connections (Fig.

3) was plotted using the observed values from the combined scenario averaged over the 1970-1999
and the 2070-2099 periods. We did not compare statistically the results of the two time periods
(1970-1999 and 2070-2099) because our linear model showed a significant temporal trend for all
connectivity variables, therefore the 30 years of each time period cannot be considered as

independent replicates.

Sensitivity analyses

We analysed the sensitivity of model results (connectivity variables) to larval behaviour and
settlement length under the “combined” scenario. We estimated the effects of larval behaviour on
connectivity simulating daily movements between sea surface and deeper waters (diel vertical

migration). Vertical migration was simulated by imposing instantaneous movement for larvae at



sunrise (7am) and sunset (7pm). Larvae descended to 50 m depth at sunrise and ascended to 1 m
depth at sunset. The other parameters were as in the combined scenario. The effect of larval
behaviour was tested by fitting the linear model:
y=L4,+pt+Bb+ pbt+e 1)
Here, y is the response variable (one of dispersal distance, connectance, seeded area and retention), t
iIs the year, ¢ is the error term and b is a dummy variable defining larval behaviour: b = 0 for no
vertical migration (combined scenario) and b = 1 for vertical migration. The interaction between
year and larval behaviour indicates whether vertical migration has an effect on the annual increase
in connectivity (fs # 0) or not (s = 0).

The sensitivity to larval settlement length was estimated by increasing Ls by 10% of its
value. The effect was tested by fitting a linear model analogous to (2), where b is a dummy variable

defining settlement length: b = 0 for Ls = 15 mm and b = 1 for Ls = 16.5 mm.
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