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Appendix 1: Hydrodynamic model detail
1.1 Unstructured model description
The ocean model for this study was based on the unstructured grid Finite Volume Coastal Ocean
Model (FVCOM; Chen et al., 2003). The latest code (FVCOM 3.1.6) implementation includes
advantages of both finite‐element methods for geometric flexibility and finite‐difference methods
for discrete computation in effective MPI parallelized environments. Vertically, we used 11 terrain‐
following sigma‐coordinates, which allows increased resolution in upper and bottom layers. In the
horizontal the governing equations were discretized on a non‐overlapped specially varying triangular
mesh (25071 triangles, 14000 nodes), fitted to the irregular coastal geometry of south‐west
Scotland. This was refined over steep glacially over‐deepened bathymetric features and around
islands and narrow straits.
Model bathymetry was based on a combination of gridded SeaZone database (EDINA Digimap 2007),
high resolution Admiralty charts and recent side‐sonar and multibeam surveys undertaken by SAMS
between 1999‐2012 (J. Howe, unpublished data). Shallow areas with depth less than 10 m occupy
8% of the domain area and less than 1.4% of its volume, and so the minimum model depth was set
to 10 m. For computational efficiency the capability for wetting and drying was not applied. To avoid
the hydrostatic inconsistency problem typical of sigma‐coordinate ocean models a procedure of
overall volume‐preserving bathymetric smoothing was applied, similar to Foreman et al., 2009). We
set a restriction on the slope ratio rh=Δh/ΔL, where Δh is maximal depth difference, and ΔL is
horizontal side length, within each mesh triangle at rh =0.3.
The momentum flux through the sides of each triangle/prism discretization was based on the finite‐
volume method and calculated with the second‐order accurate scheme (Kobayashi et al., 1999).
Volume flux for scalars (temperature, salinity) was performed along with vertical velocity
adjustment, which was required for the exact scalar quantity conservation. Horizontal diffusion in
the model was based on the Smagorinsky (1963) eddy parameterisation, with mixing coefficient
C=0.2. For turbulent vertical mixing parameterisation, and calculations of vertical eddy diffusivity Km
and vertical thermal diffusion Kh, we used the Mellor‐Yamada 2.5 level turbulence closure model
(Mellor and Yamada, 1982) with molecular kinetic diffusion ν=1∙10‐5 as the background value.
Existing bottom visual data in narrow straits and near shore rocks shows presence of strong near‐
bottom current capable of moving stones with settled seaweeds, while in several inner basins (e.g.
Loch Etive) mud surfaces are nearly undisturbed, confirming high variability in bottom roughness

parameters. Bottom drag coefficient Cd was defined in the model with logarithmic‐law 𝐶! =
max 𝜅 ! / ln[(𝑍/ 𝑍! )! ] , 𝐶!! , with von Karman constant κ=0.4, and Z the vertical distance from the
bottom to the nearest velocity grid point. Since spatial variation of the bottom roughness
parameters is not directly determined, we chose to globally assign the minimal constant values
Cd0=0.0025 and parameter Z0 =0.003.
The model was designed in Cartesian coordinates and solved numerically with a mode‐split
integration method. For the selected mesh geometry (edge length varies between 70 and 4650 m),
the upper bound of the shortest external (barotropic) time step was defined as ΔTE=0.47 seconds.
The actual value implemented was 0.4s, to allow for the propagation of surface waves associated
with sporadic strong tunnelling winds. The internal (baroclinic) mode time step (4s) was defined as
Δ𝑇! = 𝐼!"#$% Δ𝑇! , where Isplit=10. Model integration time for a 5 month run was 24 hours, using 192
AMD Interlagos Opteron 2.3 GHz processors. Similar models have also been applied to the Loch Etive
and Loch Fyne domains.

1.2 Model forcing
The model’s initial temperature and salinity field was constructed by combining data from the
climatological 0.25° grid provided by UK Hydrographic Office and irregular local CTD data sets. This
was resampled on the triangular mesh using a distance weighted algorithm (Barnes 1964). The
model develops a full‐domain T, S field adjustment to the tidally forced current field within a
fortnightly spin‐up period.
Meteo‐forcing for the FVCOM model includes precipitation and evaporation rates, atmospheric sea
level pressure, east‐west and north‐south components of the winds at 10 m height, short wave
radiation and net heat flux. Net heat flux was defined as a sum of short‐wave, long‐wave, sensible
and latent heat fluxes. For calculation of the evaporation rate and heat fluxes we used standard
bulk‐formulae COARE algorithms (Fairall et al., 2003). Hourly data from 5 coastal Met‐Office weather
stations in the Argyll region, separated by distances of 15‐50 km (Dunstaffnage, Tiree Airport,
Machrihanish, Islay‐Port‐Ellen and Lochgilphead), were redistributed on a 20×20 km grid over the
model domain using a distance weighted algorithm (Barnes, 1964). Time series of daily fresh water
discharge for the 28 main rivers in the area were constructed from watershed areas ( 1986),
seasonally varying evapotranspiration factor (0.7‐0.9), and daily estimates of precipitation rate
converted from hourly data of the Met‐Office weather stations. The water temperature at river
mouths was defined as a combination of mean air and available mean sea‐surface temperature,
derived from Saulmore temperature loggers (M. Sayer, NERC Diving Unit) and sub‐surface Access#11
thermistor chains (K. Jackson, SAMS).

Boundary conditions for the hydrodynamic model were derived from the 3‐hourly output of the
North East Atlantic Model, based on ROMS regular 2x2 km grid. This was developed by partners in
EU FP7 ASIMUTH project at the Irish Marine Institute (http://www.marine.ie). Temperature, salinity,
horizontal velocity components, 2‐D fields of vertically averaged horizontal velocities and sea surface
height were interpolated in 3D space to the 84 open boundary nodes/elements of the FVCOM
domain. Initial experiments used tidal forcing provided by constructed tidal elevation timeseries. We
introduced also a 6 km wide sponge layer to suppress noise along the model boundary. In the
second series of experiments instead of tidal elevation time series we applied the tidal spectral data
(amplitude and phase) using 11 tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1,M4, MS4, MN4) at
the open boundary locations, derived from the 1/30° NW European shelf OSU Tidal Data Inversion
model (Egbert et al., 2010). These compare more favourably with observed data, and are used in the
results presented in this paper.

1.3 Model validation
Model validation against available tidal information revealed similarity between the 5 month long
model simulation results and well‐known patterns in the distribution of the 4 main tidal
constituencies (M2, S2, K1 and O1), shown on admiralty charts and in literature (Jones, J. and Davies,
A. 2005). Semidiurnal signal dominates in the area and the M2 amplitude increases from 0.4 m south
of Islay to 1.1 m in the Tiree Passage as shown on the computed co‐tidal chart (Figure A1). The
model also correctly locates the M2 tidal amphidrome between Islay, Kintyre and N. Ireland. The
model slightly underestimates the amplitudes of the main constituents (~10%), presumably because
its open boundary forcing is derived from a model system (ROMS/Mercator) that relies on
assimilated satellite altimetry data for sea surface topography, which commonly are not well
resolved in close proximity to the coastline. Both long‐term seasonal signal and short‐term
variability, when driven by regional weather undulations in heat flux and run‐off, reproduce their
essential effect on the hydro‐physical characteristics of coastal waters in the area. These signals are
well‐represented in the modelled sea‐water Salinity and Temperature fields. Comparisons between
data from moorings deployed in two widely separated locations (the Tiree Passage, and the Hypox
site in upper Loch Etive with brackish waters) and respective model predictions are shown on Figure
A2.
The model also recreates the generally accepted current patterns in the region (Edwards and
Griffiths 1996, Inall et al. 2009), in addition to qualitatively mimicking the movement patterns of
passive drifters in the complex central “Corryvreckan” area of the domain (A. Dale, unpublished
data).
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Figure A1: Co‐tidal chart computed for M2 amplitude in meters (solid line) and phase in degrees (dashed
lines).

Figure A2: Comparison of the model (thick black line) and mooring (thin grey line) data. Salinity (upper
panels) and Temperature (lower panels) at Hypox mooring in upper Loch Etive 56.458ºN, 5.178ºW (left) and
in Tiree passage 56.63ºN, 6.39ºW (right). The data statistics (average, standard deviation, range and depth
of measurement) are at the top of each panel, and equivalent model output statistics are at the base of each
panel.

Appendix 2: Particle tracking ‐ Supplementary results
2.1 Spatial regression models
μ=b1*ln(openness)+b2*ln(coastlength)+b3*ln(velocity)+b4*ln(eigenvectors)
OUT model (Binomial GLM)
y = ln(μ)+ε
Larval Dur. (days)
1
2
4
8
16
28
Null deviance
7674.78
7084.42
6429.08
5968.48
5502.01
1325.46
Model Term
Param. Signif.
Dev. Param. Signif.
Dev. Param. Signif.
Dev. Param. Signif.
Dev. Param. Signif.
Dev. Param. Signif.
Dev.
NO
Openness
‐1.24
*** 2077.67 ‐1.49
*** 2537.47 ‐1.54
*** 2286.30 ‐1.23
*** 1528.65 ‐0.79
*** 754.74 ‐1.02
***
86.41
SPACE
Coastlength
0.50
*** 174.92 0.53
*** 170.48 0.57
*** 188.66 0.51
***
99.23 0.41
***
47.96 0.54
***
38.77
Velocity
‐0.32
*** 135.01 ‐0.43
*** 225.02 ‐0.41
*** 187.18 ‐0.59
*** 335.06 ‐0.59
*** 306.06 0.30
***
11.08
INCLUDING Openness
SPACE
Coastlength
Velocity
Moran Eigenvects.

‐0.96
0.79
‐0.45
‐‐‐

*** 2077.67
*** 174.92
*** 135.01
*** 1863.81

‐1.27
0.75
‐0.60
‐‐‐

*** 2537.47
*** 170.48
*** 225.02
*** 2095.96

‐1.23
0.31
‐0.33
‐‐‐

*** 2286.30
*** 188.66
*** 187.18
*** 2133.45

‐1.43
0.26
0.00
‐‐‐

*** 1528.65
***
99.23
‐‐‐ 335.06
*** 2518.66

‐0.58
0.90
‐0.79
‐‐‐

*** 754.74
***
47.96
*** 306.06
*** 3037.19

‐0.59
‐0.06
‐0.68
‐‐‐

*** 754.74
‐‐‐
47.96
*** 306.06
*** 1243.87

IN model (Poisson GLM)
y=ln(μ/1‐μ)+ε
Larval Dur. (days)
1
2
4
Null deviance
8375.33
11546.70
Model Term
Param. Signif.
Dev. Param. Signif.
Dev. Param. Signif.
NO
Openness
‐0.06
***
81.75 0.03 0.02
25.18 0.19
***
SPACE
Coastlength
0.33
*** 236.82 0.38
*** 274.71 0.28
***
Velocity
‐0.24
*** 267.46 ‐0.36
*** 625.61 ‐0.29
***

8
16
28
884.99
21728.40
32312.56
41125.38
Dev. Param. Signif.
Dev. Param. Signif.
Dev. Param. Signif.
Dev.
8.99 0.48
*** 479.38 0.47
*** 744.67 0.87
*** 2268.17
22.05 0.57
*** 698.79 ‐0.07
***
38.98 ‐0.49
*** 768.75
58.45 ‐0.50
*** 1149.03 ‐0.16
*** 115.02 ‐0.06
***
12.11

INCLUDING Openness
SPACE
Coastlength
Velocity
Moran Eigenvects.

8.99
22.05
58.45
150.85

0.01
0.24
‐0.29
‐‐‐

‐‐‐
***
***
***

81.75
236.82
267.46
770.47

0.05
0.47
‐0.45
‐‐‐

**
25.18
*** 274.71
*** 625.61
*** 1887.10

0.13
0.31
‐0.34
‐‐‐

**
***
***
***

0.63
0.66
‐0.64
‐‐‐

*** 479.38
*** 698.79
*** 1149.03
*** 5203.09

1.00
‐0.54
‐0.04
‐‐‐

*** 744.67
***
38.98
* 115.02
*** 10578.79

0.54
‐0.64
‐0.30
‐‐‐

*** 2268.17
*** 768.75
***
12.11
*** 7235.52

Table A1: Comparison of non‐spatial and spatial regression models fitted to outgoing dispersal “success” (OUT model), and number of arriving particles (IN model). Parameters are
omitted for Moran Eigenvectors since fits include several terms, each with a different parameter. Significance (the p‐value, P(>|Z|)) of each term is indicated as: <0.001: ***, <0.01: **,
<0.05: *, >0.05: ‐‐‐.

2.2 Main regression

Figure A3: Metrics computed from the hydrodynamic model mesh, for each of the 940 coastal sites used as
particle tracking habitat, plotted against one another. The strong relationship between fetch and openness
meant that regression analysis omitted fetch.
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Figure A4: R of linear regression models fitted to dispersal distance (June 2011, surface particles). Velocity is
the most important variable, and alone accounts for a large portion of the variance explained by the more
complicated models.

Figure A5: Proportion of deviance explained by binomial regression models fitted to site dispersal success
(June 2011, surface particles). Openness is the most important variable, alone accounting for around 75‐90%
of the deviance explained by a complete interaction model at longer larval durations.

Figure A6: Proportion of deviance explained by logistic regression models fitted to the number of arriving
larvae (June 2011, surface particles). Models in general fare poorly, and individual terms do not account for
large portions of the deviance. Additive models of coast length and velocity do fare quite well for short
larval durations, but for longer durations interaction terms are necessary.

2.3 Vertically migrating larvae

Figure A7: Final locations of larval particles with a 2 day duration: (a) surface dwelling particles only; and (b)
Vertically migrating particles. The latter tend to be retained closer to the coastline.

Figure A8: Additive models fitted to out‐counts (number of successful dispersals) for particles that move to
the surface during the flood tide, and the bed during the ebb. (a) Proportion of deviance explained by the
additive model for each larval duration. (b,c,d) Proportional loss of deviance explained when each term is
dropped from the model, and total deviance explained by the model, for each larval duration. (e,f,g) Fitted
parameter values for each term.

Figure A9: Additive models fitted to in‐counts (number arriving particles) for particles that move to the
surface during the flood tide, and the bed during the ebb. (a) Proportion of deviance explained by the
additive model for each larval duration. (b,c,d) Proportional loss of deviance explained when each term is
dropped from the model, and total deviance explained by the model, for each larval duration. (e,f,g) Fitted
parameter values for each term.

Figure A10: Summary statistics for particle tracking runs: (a) mean distance travelled by all particles, and (b)
proportion of larvae dispersing successfully to a habitat site. Values are presented for June/October 2011
surface dwelling particles (thick/thin solid line), and June/October 2011 vertically migrating particles
(thick/thin dashed line).

2.4 October 2011

Figure A11: October 2011. Additive models fitted to out‐counts (number of successful dispersals). (a)
Proportion of deviance explained by the additive model for each larval duration. (b,c,d) Proportional loss of
deviance explained when each term is dropped from the model, and total deviance explained by the model,
for each larval duration. (e,f,g) Fitted parameter values for each term.

Figure A12: October 2011. Additive models fitted to in‐counts (number arriving particles). (a) Proportion of
deviance explained by the additive model for each larval duration. (b,c,d) Proportional loss of deviance
explained when each term is dropped from the model, and total deviance explained by the model, for each
larval duration. (e,f,g) Fitted parameter values for each term.

Figure A13: Maps of model residuals for single GLM fits to the number of arriving larvae for (a) 2, (b) 4, (c) 8
and (d) 16 day larval duration.

