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ABSTRACT

A precautionary approach to protecting biodiversity on mid-ocean ridges, while permitting seabed mining, is to
design and implement a network of areas protected from the effects of mining. Such a network should capture
representative populations of vent endemic fauna within regions of connectivity and across persistent barriers,
but determining where such connectivity and barriers exist is challenging. A promising approach is to use bio-
physical modeling to infer the spatial scale of dispersal and the positions where breaks in hydrographic con-
nectivity occur. We use results from a deep-sea biophysical model driven by data from the global array of Argo
probes for depths of 1000 m to estimate biophysical connectivity among fragmented hydrothermal vent habitats
along the Mid-Atlantic Ridge, from the equator northward to the Portuguese Exclusive Economic Zone sur-
rounding the Azores. The spatial scale of dispersal varies along the ridge axis, with median dispersal distances for
planktonic larval durations (PLDs) of 75d ranging from 67 km to 304 km. This scale of dispersal leads to
considerable opportunities for connectivity through mid-water dispersal. A stable pattern of five regions of
biophysical connectivity was obtained for PLDs of 100 d or more. Connectivity barriers between these regions
can persist even when planktonic larval duration extends beyond 200 d. For a 50 d PLD, one connectivity barrier
coincides with the region of the genetic hybrid zone for northern and southern vent mussel species at the Broken
Spur vent field. Additional barriers suggest potential for genetic differentiation that so far has not been detected
for any taxon. The locations of persistent zones of connectivity and barriers to dispersal suggest that there may be
multiple biogeographic subunits along the northern Mid-Atlantic Ridge that should be taken into account in
planning for effective environmental management of human activities.

1. Introduction

populations. This same insight into scales of larval transport mecha-
nisms on a regional basis may also be useful in the design of networks of

Many deep-sea benthic invertebrate species have dispersive life-
history stages that reside in the water column for durations of days to
years (Hilario et al., 2015). As a consequence, three-dimensional
structure and flow in the ocean interior are important in understand-
ing processes that contribute to population connectivity or to persistent
filters or barriers that might impose geographical constraints on gene
flow of benthic taxa (Cowen and Sponaugle, 2009; Palumbi, 2003).
Biophysical models of velocity fields and Lagrangian particle dispersal
simulations provide insight into the scales at which circulation of the
internal ocean may play a role in connecting or isolating benthic

protected areas (Roberts, 1997), particularly when the design must be
developed as a precautionary approach in the absence of comprehensive
knowledge of larval dispersal and gene flow.

Recent biophysical modeling of larval dispersal in the deep ocean has
relied on ocean general circulation models (e.g., Etter and Bower, 2015;
McVeigh et al., 2017; Young et al., 2012). The mathematical equations
in these models are based on physical properties of seawater (e.g.,
temperature, salinity) and of forcing functions (wind stress, surface
buoyancy fluxes). They have the advantage of large areal and volumetric
coverage, but they are dependent on low-resolution topographic data
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derived from satellite altimetry and have coarse vertical resolution as
depth increases [e.g., to 1 data output every 500 m for depths from 2000
to 5500 m (Ross et al., 2016)]. Displacement vectors of a small fleet of
profiling floats have been used to validate particle tracking models
driven by a 3D ocean general circulation model that characterized
dispersal of vent larvae in back-arc basins of the western Pacific (Mitarai
et al., 2016). A complementary approach to ocean circulation models
estimates Eulerian velocity fields of deep-ocean currents (Yearsley and
Sigwart, 2011) from speeds and headings of the Argo fleet (Roemmich
et al., 2009). These velocity fields represent aggregate horizontal dis-
placements of drifting floats at a specified depth, geographical area, and
time interval. While resolution of Argo vector data may, like ocean
general circulation models, be coarse, Argo displacements are averaged
from physical (not modelled) motions. Lagrangian larval particle
tracking within Argo velocity fields can also be used to explore larval
dispersal under specific conditions of release and planktonic larval
duration (PLD).

In this study, we use biophysical models based on Argo float dis-
placements to explore connectivity of benthic species endemic to patchy
ecosystems with linear fragmentation, as is characteristic of taxa (Vri-
jenhoek, 2010) and communities (Mullineaux et al., 2018) endemic to
hydrothermal vent habitats. We chose to focus on the northern
Mid-Atlantic Ridge (nMAR), where area-based management tools (net-
works of ‘no-mine’ areas known as Areas of Particular Environmental
Interest, or APEIs) may be part of a precautionary approach to protect
marine ecosystems from the potential impacts of exploitation of poly-
metallic sulfide resources (Lodge et al., 2014). Most hydrothermal vents
on the nMAR are at depths of 2000 to 4000 m, but entrainment in hy-
drothermal plumes (Kim et al., 1994), diapycnal mixing within the axial
valley (Thurnherr et al., 2002), buoyancy imparted by lipid stores in
eggs and embryos (Brooke and Young, 2009), long residence times in the
water column (Ramirez-Llodra et al., 2000), and vertical migration be-
haviors (McVeigh et al., 2017) may facilitate displacement of larvae
from the seabed into the midwater column. In this context, we note that
maximum biomass of post-larval alvinocarid (vent) shrimp from along
the Mid-Atlantic Ridge within our study area were netted from the
shallowest depths sampled (“mid-water”, 2000-2500 m) compared to
samples from 2500-2750m and 2750-3000m (Herring and Dixon,
1998). Buoyancy of larvae will change during pelagic development (e.g.,
increasing as lipids are acquired by feeding larvae; decreasing as lipids
are consumed by lecithotrophic larvae), making it likely that larval
distributions in the water column, including where they may hit a
density barrier to vertical movement, will be species- and
life-history-stage specific.

The nominal drifting depth for Argo floats is the 1000-m isobath,
which constrains models based on Argo data to ocean circulation
experienced by larvae with mid-water distributions. Depth profiles of
the mean Atlantic Meridional Overturning Circulation from ocean
reanalyses shows coherence across broad depth regions (100’s of me-
ters) and a mixing layer depth consistently less than 1000 m (Danaba-
soglu et al., 2014; Jackson et al., 2019). We assume that there will be
coherent flow for a zone that is considerably broader than a 1000-m
isobath and thus refer to this as a “mid-water” zone. This mid-water
circulation will be modified as currents interact with seabed topog-
raphy, where, for example, there may be enhanced current speeds
(average 6.9 km d'!) in narrow portions of the axial valley of the nMAR
(Keller et al., 1975).

The degree to which drifting Argo floats mimic larval dispersal is
subject to the same caveats as those identified for ocean general circu-
lation models, including dependence on distributions of reproductive
benthic populations, larval behavior and vertical distributions, timing of
larval release, and the role of episodic circulation events (Etter and
Bower, 2015; Ross et al., 2016). And of course, vent-endemic larvae (or
post-larvae) must ultimately reach a suitable benthic habitat with
competency to settle and metamorphose, which may depend on a
behavioral response to environmental cues, about which virtually
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nothing is known for vent animals (Rittschof et al., 1998). It remains
challenging to map larval distributions in the field (Adams et al., 2012),
forcing us to explore indirect methods of inferring connectivity and
barriers to larval dispersal. In this study, we use mid-water velocity
fields and Lagrangian particle dispersal simulations to i) test whether
mid-water larval dispersal capacity varies along the nMAR for a given
PLD, ii) explore the spatial scale of non-swimming larval dispersal, iii)
calculate connectivity matrices for vent ecosystems on the nMAR under
simulation conditions, and iv) consider how connectivity networks may
inform design of a network of ‘no-mine’ APEIs on the nMAR.

2. Material and methods
2.1. Study area

The study area covers the northern Mid-Atlantic Ridge from the
equator to 42°N, i.e., extending from the Romanche Fracture Zone to
just south of the Azores (Fig. 1). Five computational windows (labelled
A-E) were used to reduce the computational burden of the simulations
(Fig. 1, Table 1). The computational windows were selected to ensure
that the majority of simulated larval tracks would remain within a
computational region during a simulation of 500-d dispersal.

2.2. Argo probe data

All Argo probe cycle data from 2000 to 2014 from a drifting depth
between 800 and 1400 m (i.e., 1000 m: 41,527 probes; 1100 m: 64
probes; 1300 m: 1 probe) were downloaded from ftp://ftp.ifremer.fr/if
remer/argo/for the study area (Table 1, Fig. 2). The speeds of the
Argo probes over one cycle (median cycle length: 10d) had a similar
distribution across all five computational windows (Fig. 2a). The dis-
tribution of probe speeds across all windows was well described by a
Gamma distribution (Fig. 2b), consistent with Argo probe data from the
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Fig. 1. The five computational windows (blue boxes labelled A-E, Table 1) and
the 64 target boxes used to calculate connectivity (red squares: contain known
vent sites; white squares only contain ‘phantom’ sites). Three named vent sites
(Rainbow, Broken Spur, Snake Pit) are indicated (black circles) for orientation,
as well as two fracture zones (Vema, Romanche, black lines) and the Azores
Archipelago. Arrows are indicative of average currents at 1000 m depth,
inferred from Argo probe trajectories (Colin de Verdiere and Ollitrault, 2016).
Strong zonal flows are shown around the equator. Each target box has di-
mensions of 0.4° longitude and 0.4° latitude. Bathymetry: NOAA ETOPO1.
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Table 1
Bounding boxes of the five computational windows (Fig. 1) and the number of
Argo probe cycles within each window within the depth range from 800 m to
1400 m.

Window Longitude Latitude Number of Probe Cycles
A 28°-43° W 30°-42° N 4174

B 30°-50° W 20°-38° N 13716

C 39°-55° W 08°-28° N 11133

D 20°-49° W 0°-16° N 13320

E 20°-46° W 4°S-08 N 8161

southwest Pacific (Yearsley and Sigwart, 2011). Distributions of probe
headings were similar across the five computational windows (Fig. 3),
although window E (straddling the equator) had an excess of probe
displacements towards the west. The Argo probe data were used to es-
timate ocean current vector fields for each computational window on a
0.1° longitude-latitude grid, following the approach of (Yearsley and
Sigwart, 2011). The estimated current vector fields are averaged over all
14 years of Argo probe data in order to maximise the spatial density of
the data. Although the temporal variability is predicted to add some
structure when temporal averaging is kept below two years (see Sup-
plementary Material), there is little change in temporal structure when
averaging across more than two years. In comparison, spatial averaging
strongly reduces the structure in the estimated currents. This suggests
that simulations should favour a fine spatial resolution at the expense of
temporal resolution. For each computational window, 500 vector fields
were generated.

There are several examples of using Argo probes to estimate deep-
ocean currents (e.g Lebedev et al., 2007; Park et al., 2005; Roiha
et al., 2018). The principal error using this approach comes from the
influence of relatively strong surface currents upon the displacement of
an Argo probe. This error is greatest when the direction of surface cur-
rents and deep currents are correlated. Following a similar method to
Lebedev et al. (2007), and based on a probe descent and ascent rate of
roughly 8 cm/s, a surface current five times faster than at depth and a
linear relationship of current speed with depth (Lebedev et al., 2007;
Roiha et al., 2018) gives a worst-case error estimate of 10% on ocean
currents at 1000 m.

2.3. Release points

Fifty-four vent sites (active and inactive) from the InterRidge data-
base (Version 3.4, https://vents-data.interridge.org/) are located within
the five computational windows and used in the simulations. The
spacing of vents on the nMAR is predicted to be on the order of 1 vent per
100 km (Beaulieu et al., 2015), so in addition to the 54 known vent sites,
we added 34 ‘phantom’ vent sites evenly spaced along sections of the
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nMAR where no vent sites have yet been detected (Fig. 1). Such
‘phantom’ vents have also been inferred from the discrepancy between
dispersal capacity of mussels based on an ocean circulation model and
contemporary migration rates of mussels based on genetic markers
(Breusing et al., 2016).

2.4. Larval particle simulations

We simulated the release of over 10 million larval particles in the
vicinity of 88 vent sites (either actual or phantom vent sites) along the
nMAR (Fig. 1). These simulations were split into five computational
windows (Table 1, Fig. 1) in order to reduce the memory requirements
without limiting the particle simulations. The release positions of larval
particles at each vent site were drawn from a 2-dimensional normal
distribution, centred at the vent site, with a standard deviation of 0.05°.

Larval dispersal was simulated by estimating the movements of free-
floating neutrally buoyant particles driven by Argo probe ocean current
vector fields; see Yearsley and Sigwart (2011) for details of the meth-
odology. Larval dispersal was simulated for up to 500 d for larval par-
ticles that stayed within a computational window. All simulations were
performed in MATLAB version 2017b (Mathworks, 2017).

To ensure our final analyses were based upon a uniform spread of
release locations along the nMAR, we defined 64 non-overlapping target
boxes (each a 0.4° square box) that contained the 88 release points
(Fig. 1). All our connectivity analyses used a randomly selected set of 6.4
million larval particles, comprising 10° simulated larval particles from
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Fig. 3. The distribution of probe headings from probes at 800-1400 m depth for
the five computational windows. The distance of each colored line from the
origin represents the probability density of probes traveling along a range
of bearings.
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Fig. 2. A) Distribution of estimated probe speeds at 800-1400 m depth for the five computational windows (A-E). B) Combined distribution of probe speeds (bars)
and the fitted Gamma distribution (solid line). The Gamma distribution has a shape parameter of 2.04 [95% CI: 2.02-2.07] and a scale parameter of 2.18 [95% CI:
2.16-2.21], giving a median probe speed of 3.8 km/day (equivalent to 4.3 cm/s) with 25% and 75% quartiles of 2.2 km/day and 6.0 km/day, respectively.
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each target box.

Dispersal kernels for larval particles from each computational win-
dow were calculated using a normal kernel with a bandwidth of 20 km
and dispersal distances calculated as great circle distances.

2.5. Connectivity

Connectivity time was estimated among the 64 target boxes along
the nMAR. This connectivity time is an estimate of potential connec-
tivity, assuming passive larval particles and mortality as a threshold
PLD. For each target box we randomly picked 10° larval particles that
had a release location within the target box. The connectivity time from
target box i to target box j, T, for each of the 10° larval particles
released inside target box i was estimated as the number of days taken
before the larval particle travelled through target box j. We set Tj_; to
infinity if a larval particle did not travel through target box j within the
maximum simulation time (500 days). The probability of connection
from target box i to target box j within a maximum time tpax, P(i—j,
tmax), can then be estimated as the proportion of particles from target
box i with Ti_j < tmax.

A connectivity dendrogram for the connectivity times between target
boxes was generated by setting a critical connection probability of
Puit= 10* and calculating the minimum ty,x that would give P(i—j,
tmax) > Perit OF P(j—1, tmax) > Perit (Fig. 5). This connectivity dendrogram
visualises clusters of target boxes (connectivity regions) that can be
connected (sometimes after multiple dispersal steps) above the critical
connection probability within a maximum PLD.

The connectivity dendrogram contains no information about the
north-south asymmetry in connectivity along the nMAR. To quantify the
asymmetry in the source of connectivity for target box i we calculated
the number of target boxes to the north of i, Nporey (and similarly to the
south of i, Ngo1y) that achieved a connection probability P(j—1i, tmax = 75
days) > 104, We then calculated an asymmetry index Nporth - Nsouth. If
connectivity is predominantly due to particles from the south then this
index is negative. An index of zero indicates no north-south asymmetry
in the source location of connecting larval particles.

3. Results
3.1. Dispersal distance and speed

Using estimated mid-water (1000 m) currents to drive simulated
larval dispersal, we find that the median dispersal distance reaches
100 km (a typical distance scale between hydrothermal vent-sites) for
PLDs of roughly 75d (Table 2). The straight-line speed of these simu-
lated larvae (1.3kmd?, Table A.1, Fig. A.3) is approximately three
times slower than the median speed of Argo probes, 3.8 km d™! (Fig. 2),
due to the tortuosity of the path of the simulated larva. Median straight-
line dispersal speed also declines within increasing PLD (Fig. A.1 & A.2,
Table A1 & A.2), with speeds approximately scaling with PLD 025,
although this scaling varies along the length of the nMAR (Table A.2). In
the center of our study region, dispersal speeds are slowest and show
little decline with increasing PLD. Dispersal speeds are highest at the

Table 2
The quantiles of dispersal distances across all simulated larval particles after 25,
50, 75, 100, 200 and 300 days of dispersal.

Dispersal Quantiles of dispersal distance (km)

Interval 5% 25% 50% 75% 95%
25 days 10 23 39 63 122

50 days 18 43 71 109 230

75 days 23 58 99 159 321

100 days 26 70 123 205 393

200 days 36 102 195 316 625

300 days 43 127 252 407 802
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extreme north (window A) and south (window E) of our study region,
and also show a pronounced decline with increasing PLD. The distri-
bution of straight-line dispersal distances shows right-skew (evidence of
long-distance dispersers) PLDs of 75 to 100d (Fig. 4, Table 2).

3.2. Regions of connectivity along the nMAR

Connectivity occurs between neighboring target boxes along the
nMAR for realistic values of PLD, despite a tendency for simulated larvae
to drift westwards, off the main axis of the nMAR (Fig. A.1 & A.2).
Setting a maximum PLD of 75 d and a critical connection probability of
10#, the target boxes along the nMAR (Fig. 1) clustered into eight
connected regions (Fig. 5). This implies that large parts of the nMAR
could be connected, albeit after several generations of dispersal.
Increasing the maximum PLD increases connectivity and reduces the
number of connected regions (Fig. 5 & A.4). However, PLDs greater than
100 d have little effect on connectivity. For a PLD from 100 to 290 d and
a critical connection probability of 104, there are persistent barriers to
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Fig. 4. A-C) Dispersal kernels for all simulated particles within computational
windows A, C, E. Inset: Locations of computational windows. The dispersal
kernels show the distribution of distances after dispersal after 25 d (solid line),
50 d (long dashed line), 75 d (medium dashed line), 100 d (short dashed line). A
Gaussian smoother with a bandwidth of 20 km was applied to dispersal kernels.
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Fig. 5. A) Connectivity dendrogram for the minimum connection time that
gives a probability of connectivity between two boxes greater than 10-4. The
leaves of the dendrogram correspond to the 64 boxes shown in the map. B)
Connected regions for a minimum connection time of 75 days are represented
by the colours in the dendrogram and the colours of the boxes on the map.
Vertical red dashed lines mark PLDs of 100 d and 290 d.

connectivity at about 6°N, 15°N, 36°N and 37°N.

3.3. Asymmetry in connectivity along the nMAR

Simulated connectivity along the nMAR shows a changing north-
south asymmetry (Fig. 6). Simulated larval dispersal shows a strong
westerly drift at the southern extent of the study region. This westerly
drift combined with the curvature of the nMAR facilitates connectivity
of larvae from the south with more northerly target boxes (Fig. 6).
Persistent barriers to connectivity commonly correspond to sections of
the nMAR where the connectivity asymmetry shows a strong change of
direction. These strong changes in asymmetry can sometimes be seen as
regions of easterly drift that counters the generally westerly drift of
simulated larvae (Fig. A.1 & A.2).

4. Discussion

Larval dispersal potential in mid-water (1000 m) varies along the
nMAR in the Argo model simulation, with the strongest directional
(westerly) component near the equator. In this equatorial region,
dispersal kernels include extended tails with long-distance dispersal
potential (250 to 400 km or more, depending on PLD). This finding is
consistent with strong mean zonal currents at 1000 m depth in the
equatorial (0-6°N, Fig. 1) north Atlantic that, depending on the time of
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Fig. 6. The north-south asymmetry in the source location of particles received
at the 64 target boxes along the nMAR. Negative/positive values indicate
received particles predominantly from the south/north. Asymmetries are
calculated based upon a minimum connection probability of 10-4 and a
maximum planktonic larval duration of 75 days. Colours correspond to the
colours for connectivity regions in figure 5. Square markers indicate target
boxes that received no particles within 75 days.
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year, oscillate between east and west (Ollitrault and Colin de Verdiere,
2013; Colin de Verdiere and Ollitrault, 2016). Zonal flows tend to carry
larvae away from the axis of the nMAR. Thus, while dispersal distances
could be considerable in the equatorial Atlantic, larvae with long PLDs
will not contribute to connectivity of vent sites along the ridge axis in
proportion to their numbers. Strong equatorial zonal flows in the inte-
rior of the Atlantic Ocean may serve as an isolating filter for mussel
larvae with long PLDs [90-120 d; (Colaco et al., 2006)], as observed in
differences in mussel (Bathymodiolus spp.) lineages across the equator
(Breusing et al., 2016; van der Heijden et al., 2012). Populations of
vesicomyid clams (Abyssogena southwardae) and rimicarid shrimp
(Rimicaris exoculate) occur at vents both north and south of the equator,
however, suggesting that the equatorial region is not a barrier to their
dispersal (Teixeira et al., 2012; van der Heijden et al., 2012). But A.
southwardae occurs at seeps as well as vents (i.e., it has source pop-
ulations off-axis), and coalescent methods detected gene flow between
Barbados seeps and vent sites on the northern and southern Mid-Atlantic
Ridge (LaBella et al., 2017), obviating a need to cross any equatorial
barrier. And, unlike the sedentary adults and weakly swimming veliger
larvae mussels and clams, R. exoculata is a robust swimmer as an adult
and even during its post-larval stage; it and other vent shrimp taxa may
not fit a passive-drifter model for dispersal (Teixeira et al., 2013).

Median dispersal distances were 100 km or less in the northern-most
computational window for PLDs of 100d or less. This is roughly in
agreement with an independent biophysical model developed for the
northern edge of window A and into the EEZ surrounding the Azores,
where median dispersal distances did not exceed 150 km for PLDs of
180d [Breusing et al., 2016; Viking 20 ocean general circulation model,
with probability distributions summed through the entire water
column].

A PLD of 70 d has been suggested as representative of 75% of deep-
sea invertebrate species for which PLD has been estimated, based on life-
history studies of a limited number of taxa (Hilario et al., 2015). Else-
where, temperature- (and hence depth-) dependent PLDs of between
40d (500m depths) and 85d (1000 m depths) have been used as
average PLDs of deep-sea taxa (Mitarai et al., 2016). Median dispersal
distances for a 70-d PLD were on the order of 140 km in the northern and
300 km in the southern region of the Argo-based model (Table 3). The
75th percentile dispersal distance for a subset of (mostly Pacific) vent
invertebrates (n = 8 taxa) using genetic data has been estimated to be on
the order of 100 km (Baco et al., 2016). Spatial scales of dispersal esti-
mated from genetic data (Baco et al., 2016) and from two different types
of biophysical models (Mitarai et al., 2016; this study) thus contribute to
the weight of evidence bracketing median dispersal distances for
non-swimming larvae at 25 to 200 km on the nMAR, depending on PLD
(from 25-d to 100-d) and point of release. This corresponds to dispersal
speeds of 1 to 2kmd, which are within the range estimated for
deep-sea larvae elsewhere (Table 4).

The connectivity dendrogram (Fig. 5B) suggests the potential for
numerous relatively closed systems for taxa with short PLDs (i.e., little
genetic connectivity between target regions). Fewer, larger zones of
connectivity (>20 degrees of latitude or >2000 km) are suggested for

Table 3

The median dispersal distance (km) across all simulated larval particles in each
computational window (A-E, Fig. 1) after 25, 50, 75, 100, 200 and 300 days of
dispersal.

Dispersal Computational Window

Interval A B C D E
25 days 55 31 28 44 113
50 days 100 51 55 82 216
75 days 142 67 79 110 304
100 days 187 79 105 130 377
200 days 261 100 213 177 585
300 days 300 114 313 209 741
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Table 4

Estimated dispersal speeds for non-swimming deep-sea larvae and current
speeds near the seabed in an axial valley of the nMAR derived from ocean
general circulation models or Eulerian velocity fields from speeds and headings
of the Argo fleet.

Geographic Region Speeds (depth) Reference

Estimated dispersal speeds from models and velocity fields

NW Atlantic 1 (2500-3200m) to 2 Etter and Bower

(1500-2000 m) km d! (2015)
NW Atlantic and Gulf of 1 (500m) to 6 (100 m) km d* Young et al.
Mexico (2012)

Tropical S Pacific 1 (1440 m) to 4 (800 m) km d! Yearsley and

Sigwart (2011)
(Sala et al., 2013)

NE Atlantic 0.5 (600-2000 m) km d!

N Mid-Atlantic Ridge 1 to 2kmd™ (1000 m) This study
Current speeds measured in the field
N MAR Axial Valley 2.5 t0 6.9kmd™” (near bottom, Keller et al.
(FAMOUS Segment) within the axial valley) (1975)

taxa with long PLDs up to 100d, consistent with dispersal distance
generally scaling with PLD (Shanks et al., 2003). However, for PLDs of
100d and more, the scaling of connectivity with PLD is suspended,
suggesting the existence of four persistent, mid-water hydrographic
barriers to dispersal under the conditions of the velocity field derived
from Argo float displacements. These mid-water hydrographic barriers
for PLDs of >100d are not aligned with major mid-water zonal flows at
the same depth (Ollitrault and Colin de Verdiere, 2013; Colin de
Verdiere and Ollitrault, 2016), except perhaps the easterly flow in the
5°N region (Fig. 1). The barriers 36° and 37° N (towards the north of our
computational windows) are in a region where the bathymetry starts to
become increasingly less than 1000 m as nMAR rises towards the Azores.
Hence, the topography of the seabed is likely influencing the trajectories
of Argo probes in this region and could explain the estimated persistent
barrier. Large off-set fracture zones have been hypothesized as barriers
to larval dispersal (Van Dover et al., 2002), but only one of the nine
major nMAR transform faults [Oceanographer FZ at ~35°N, with
>100km offsets (Miiller and Roest, 1992)] was associated with a
mid-water hydrographic barrier to gene flow here. The modelled barrier
suggests that taxa with mid-water PLDs of 100 d or more do not always
increase connectivity among populations in a region. Our estimates of
connectivity do not include larval behavior and therefore provide esti-
mates of the bounds of dispersal ranges (Hilario et al., 2015). Including
larval behavior in connectivity estimates will require a better under-
stand of life-history for deep-sea species (Hildrio et al., 2015) as well as a
vertically resolved hydrodynamic model, since shallow water simula-
tions show that vertical swimming behavior can affect connectivity es-
timates (e.g. North et al., 2008). Our simulations treat mortality as a
threshold PLD. Additional mortality processes, such as a constant mor-
tality rate, will primarily weaken the probability long-range dispersal
and increase the probability of connectivity barriers. Any mortality
process that is only a function of time (e.g. independent of a larval
particle’s local environmental, such as a constant mortality) will rescale
the time axis of Fig. 5, but the topology of the dendrogram in Fig. 5 will
be unaltered.

Despite model evidence for persistent mid-water biophysical barriers
for taxa with long PLDs, to date there is no evidence for population
structure correlated with these barriers. Current genetic markers may
lack sufficient resolution to work well within (rather than across) species
(Breusing et al., 2016), or sample sizes used for genetic studies have not
been of sufficient size to have the statistical power to detect population
structure (Collins et al., 2013a, 2013b). Barriers to connectivity might
lead to opportunities for hybridization. Intriguingly, the mussel hybrid
zone for Bathymodiolus azoricus and B. puteoserpentis at Broken Spur
(Won et al., 2003; O’Mullan et al., 2001) is located at a break in
mid-water hydrographic connectivity for PLDs up to 65d (median
dispersal distance on the order of 80 km), though without further weight
of evidence, this could simply be coincidence.
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Our predictions of larval dispersal and population connectivity are
based upon one depth layer (800-1400 m) that is unlikely to be affected
by topographic features, and on a coarse spatial resolution of hydrog-
raphy that does not resolve sub-mesoscale oceanographic features
(McWilliams, 2016). The implication of these conditions upon our re-
sults is unclear. Based on Vic et al.’s (2018) detailed oceanographic
study for the Lucky Strike hydrothermal vent site, the effect of depth
upon larval dispersal is scale dependent. Relative horizontal dispersion
for pairs of particles increases with depth on time scales less than 10 d
(moving from 600 m to 1800 m increases particle dispersion over 10d
by roughly 30km) and decreases with depth on timescales of 100d
(moving from 600 m to 1800 m decreases particle dispersion over 100 d
by roughly 100 km). Larvae that disperse near the seabed rather than
mid-water will encounter hydrographic conditions complicated by
strong interactions with topography, especially along the ridge axis.
Including sub-mesoscale features into simulations does not change ab-
solute dispersion, but increases the relative diffusivity of particle clouds
(Vic et al., 2018). One effect of this increased diffusivity could be to
weaken oceanographic barriers to connectivity.

While arguments have been put forward calling for protection of all
active hydrothermal vent ecosystems from habitat destruction from
extraction of polymetallic sulfides (Van Dover et al., 2018), such pro-
tection, if applied, would protect only the benthic life-history stage of
vent organisms. There is also a need to protect the pelagic habitat of the
dispersive larval stages that are essential for maintenance of the frag-
mented benthic populations. The model and approaches presented here
could guide future sampling of planktonic larvae that could be checked
for presence of hydrothermal-vent endemic species using traditional
morphological methods or using species-specific genetic approaches to
further describe the pelagic distribution of these organisms. For taxa
with mid-water dispersing larvae (i.e., not in the axial valley for some
portion of their PLD), a minimum requirement would be to protect areas
within each of the connectivity regions identified in the 100d PLD
models for the nMAR. These areas would need to be large enough (i.e.,
on the order of 200 km along the ridge axis and 200 km across the ridge
axis in the southern portion of the nMAR) to allow for protection of
larvae with both short and long dispersal distances. Replication of these
areas within connectivity zones should be maximized. The extent to
which these dimensions are appropriate for near-bottom larval dwellers
is unclear, but given measured current speeds in the axial valley in
excess of estimated dispersal speeds (Table 3), protecting mid-water
dispersal potential may prove to be a precautionary approach. The
design parameters identified here (connectivity regions, dispersal po-
tentials) can inform strategies for design of networks of no-mine areas
distributed latitudinally along the nMAR (Dunn et al., 2018). An
important next step will be to apply ocean general circulation models for
the nMAR region to test how generalizable the mid-water (1000 m) Argo
velocity fields may be and to undertake Lagrangian particle simulations
within and above the axial valley for realistic scenarios that encompass a
range of larval behaviors.

5. Conclusions

Mid-water larval dispersal ability as modelled here is generally
predicted to transport larvae over distances of 100 km for a PLD of 75 d.
However, the design of a network of deep-sea no-mine areas should take
into account the spatial variation in dispersal ability along the nMAR.
We identify two types of spatial variation: variation on the spatial scale
of dispersal, with the weakest dispersal in the center of our region; and
persistent barriers to dispersal at discrete points along the nMAR that
can prevent connectivity even for very long PLDs. Results such as these
can be applied globally to the mid-ocean ridge system to inform the
design of no-mine areas (dimension and location) to protect the larval
phase of benthic invertebrate life histories.
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