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13 Abstract  

Deepwater  corals are  found  on  hard  grounds of  the  continental s helf  and  slope  of  all  ocean  

basins,  where  they enhance  the  abundance  and  biodiversity  of  invertebrates and  fishes.  Despite  

their  essential  role  in  deep-sea  ecosystems, the  knowledge  of  the  factors that  promote  or  impede  

connectivity among  discrete  coral co mmunities remains elusive. Logistical c hallenges prevent  a 

direct  quantification  of  the  essential  factors  affecting  connectivity,  such  as  timing  of  spawning,  

time  spent  in  the  water  column,  and  settlement  behavior,  as  well a s the  details of  the  physical  

environment  and  its variability.   

This study argues  that  an  integrated  framework  including  population genetic approaches and  

physical m odels of  the  ocean  circulation  with  larval p article  tracking  capabilities  can  enhance our  

understanding. Genetic approaches  allow  determination of  general  time-integrated  patterns of  

dispersal d istance  and  direction  in  virtually  any species,  while  transport  models  can  refine  

understanding  of  the  processes behind  the  observed  dispersal  patterns. Here, this  integrated  

approach  is applied  towards  investigating  the  connectivity  of  a  deepwater  coral,  Callogorgia  delta,  

along  the  upper  continental sl ope  of  the  northern  Gulf  of  Mexico.  The  circulation  in  the  basin  is 

simulated  by a  regional  ocean  model a t  1  km  horizontal r esolution,  which  is sufficiently detailed  to  

allow f or  the  generation  and  evolution  of  submesoscale  eddies  and  vorticity filaments,  and  for  a 
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reliable representation of major bathymetric features. Building upon data from four sites spanning 

about 250 km of distance and 400 m of depth, it is concluded that depth differences on scales of 

tens to at most few hundreds of meters are sufficient to limit C. delta connectivity among sites. 

This result has important implications in the development of restoration and preservation 

strategies of deepwater corals in the Gulf of Mexico and calls for carefully accounting for the 

depth dimension in these efforts. 
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1. Introduction 

Coastal regions in the world have experienced environmental catastrophes in recent history, from 

prolonged periods of above-average water temperatures, to anoxic events, and man-made 

pollution episodes. The Gulf of Mexico (GoM) is no exception, having sustained, eutrophication 

and anoxic events, increased surface temperatures, and a number of oil spills, including the 

largest ever recorded, following the explosion of the Deepwater Horizon platform in 2010. With 

continued anthropogenic threats in the marine environment coupled with global ocean change, 

there is an urgent need to develop scientific frameworks that allow for informed decisions about 

the management and conservation of vulnerable marine ecosystems in the world, and in the GoM 

in particular. 

Deepwater corals (i.e. heterotrophs living deeper than 50 m) are commonly found in 

discrete and spatially separated communities on hard grounds of the continental shelves and 

slopes around the globe. They play a foundational role in marine ecosystems by generating 

three-dimensional structures that provide habitats for diverse and abundant invertebrate and fish 

communities, including refuge and prey for commercially valuable fisheries (Baillon et al., 2012; 

Cordes et al., 2008; Krieger and Wing, 2002; Ross and Quattrini, 2009; Stone, 2006). Each 

community serves as a biodiversity hotspot by locally enhancing the abundance and diversity of 

invertebrates and fishes (Cordes et al., 2008; Demopoulos et al., 2014; Henry and Roberts, 2007; 

Rowden et al., 2010). Knowledge of the factors that promote or impede the connectivity of these 

discrete, deepwater benthic communities is essential to ensure the resilience and sustainability of 

marine ecosystems (Gaines et al., 2010; Kinlan et al., 2005). Connectivity among deepwater 

coral populations contributes to their ability to adapt to natural and anthropogenic stressors 

(Herrera & Shank, 2016; Morrison et al. 2011; Quattrini et al. 2015). Genetic structuring of corals 

by depth has received interest in recent years as part of the exploration of recovery strategies for 

shallow reefs subject to major perturbations (e.g. Costantini et al., 2016; Bongaerts et al. 2017, 

Yesson et al. 2018), under the hypothesis that deep coral reefs could act as refuges during 

disruptive events that impact shallower reefs. Determining the distance, rate and directionality of 

larval dispersal is therefore central to understanding how coral populations are interconnected 

and the degree of resiliency in the event of a perturbation, natural or anthropogenic. 
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Here, we argue that the most effective way to estimate the connectivity in deepwater 

populations is through an integrated, multidisciplinary framework. This is because time of 

spawning, time spent by larvae in the water column, and settlement behavior are difficult to 

predict and logistically challenging to observe, particularly in the deep sea. Physical models of 

ocean circulation coupled with tracking of virtual larval particles allows for exploring potential 

population connectivity, while the use of population genetic approaches provide a measurement 

of realized connectivity and can guide the modeling set-up and testing of predictions. The 

population genetic approach allows determination of general time-integrated patterns of dispersal 

in virtually any biological species, while the transport model, if sufficiently realistic and detailed, 

allows refinement of our understanding of the processes – physical and biological - behind the 

inferred connectivity patterns. This combined approach has been applied in recent years in 

handful of studies of shallow-water species (White et al., 2010; Waters et al., 2014; Lal et al., 

2017; Jahnke et al., 2018; Sinclair et al., 2018), but is not yet common in the investigation of 

connectivity in deeper waters (> 50 m) (but see Cardona et al. 2016). The reason behind is likely 

two-fold: on one hand a smaller number of genetic studies are available for deepwater species 

due to their costs and logistical challenges, on the other modeling investigations require high 

resolution to capture the bathymetric details likely relevant to larval dispersal and are difficult to 

validate due to the limited amount of quality-controlled in-situ data below the mixed-layer. In the 

deep GoM, however, Cardona et al. (2016) showed that an integrated approach can help identify 

potential physical or biological barriers to dispersal, while contributing information at spatial and 

time scales relevant to resource managers and stakeholders. 

In this study, we provide a novel application of such integrative framework focusing on the 

population connectivity of a deepwater coral, Callogorgia delta. C. delta is one of the most 

abundant corals occurring along the upper continental slope (400 – 900 m) of the northern GoM. 

Quattrini et al. (2015) examined the patterns of population genetic structuring in this species by 

recovering DNA microsatellite data from individuals collected from multiple sites in the GoM. This 
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study  revealed  a  pattern  of  isolation  by  depth  between  coral a ggregations found  at  lease  blocks1  

GC235 (Green  Canyon  block 235,  532 m  depth)  and GC249 (Green  Canyon  block  249,  789  m  

depth),  separated  geographically by  ~  67  km,  but  also  between  aggregations  at  MC751  

(Mississippi C anyon  751,  440 m  depth)  and  MC885  (Mississippi C anyon  885,  629  m  depth),  

which  are  only 15  km  apart.  This  pattern,  however,  could  not  be  unequivocally attributed  to  

limited  gene-flow  caused  by oceanographic processes and  separation  among  sites or  to adaptive 

divergence  in  the  presence  of  gene flow,  because  microsatellite  data  cannot  be  used  to  

determine  selection (microsatellites are  DNA  sequence  repeats)  and  an  ocean  circulation  model  

was not  included  in  the  study.  Here  we  revisit  the  patterns  of  realized  connectivity of  this species 

with  new  genome-wide  restriction  site  associated  DNA  sequencing  (RAD-seq)  data  collected  in  

2017.  We  integrate  these  results  with  a  numerical  model  of  the  ocean  circulation  of  the  GoM  

coupled  to  a  larval-transport  tracking  algorithm  to  investigate  the  mechanisms  behind the  

observed  patterns in  gene  flow.  

 

In  this work,  the  physical  dispersal m odel si mulates the  circulation  in  the  GoM  basin  at  1  km  

horizontal  resolution,  allowing  for  the  generation  and  evolution  of  submesoscale  eddies  and  

vorticity filaments,  and  for  a  realistic representation  of  lateral  and  vertical t ransport  barriers 

associated  with  bathymetric features (Bracco  et  al.,  2016).  In  the  GoM  the  basin-wide  circulation  

in  the  upper  1000  m  (the  depth  range  of  interest  for  this work)  is dominated  by  the  presence  of  

the  Loop  Current  (LC),  that  flows into  the  basin  through  the  Yucatan  Channel  and  exits it  through  

the  Florida  Straits.  The  LC  transports approximately 25  x 106  m3s−1   of  warm  and  salty water  from  

the equatorial Atlantic  (Johns et  al.,  2002)  into  the  GoM.  Instabilities and  interactions  of  the  LC  

with  the  bathymetry induce  on  average  once  every 10-11  months the  detachment  of  large  

anticyclonic eddies  with  diameter  of  about  300  km  (Cardona  and  Bracco,  2016;  Donohue  et  al.,  

2016).  These  Loop  Eddies  or  Rings can  live  for  over  a  year,  extend  vertically to  about  1000 m  

and  move  westward  until t hey  interact  with  the  continental s helf  and  lose  their  coherency.   
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1 Blocks are used by the Bureau of Ocean and Energy Management (BOEM) to define small geographic areas for 
leasing and administrative purpose. Coral sites are identified based on the blocks they belong to. 
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At scales of a few kilometers, and over the continental slope whenever the water column is less 

than ~ 1000 m in depth and therefore too shallow to allow for the penetration of the LC and 

Rings, submesoscale filaments and eddies are prevalent in the vorticity field (Bracco et al., 2016). 

Submesoscale circulations have scales of few hundred meters to few kilometers and a local 

Rossby number (Ro=u/Lf, where L is the scale of the circulation considered, f the Coriolis 

parameter and u the lateral flow velocity) of order O(1). They emerge at the ocean vertical 

boundaries whenever density gradients are present from a range of instability mechanisms (see 

Bracco et al., 2019 for a review focused on the GoM). 

Submesoscale circulations near the ocean surface extend vertically into the mixed layer, and only 

when associated to the LC and Rings may approach the depths of the coral colonies. They are 

key contributors, however, to vertical transport in the upper ~ 500 m (Zhong and Bracco, 2013; 

Liu et al., 2018; Bracco et al., 2019). At the depths of interest, currents are mostly along-shore 

and not generally coherent with the surface ones (e.g. Cardona and Bracco, 2016). Cross-shore 

currents are weak and, when present, are associated with mesoscale eddies impinging or 

forming on the shelf (Ohlmann et al., 2001; Hamilton et al., 2002; Bracco et al., 2016), as 

confirmed by drifter deployments (DeHaan and Sturges, 2005, Ohlmann and Niiler, 2005). Near-

bottom submesoscale features form in large number in the GoM form through instabilities of 

shear layers. These instabilities interest both the edges of along-slope bottom-intensified 

boundary currents and the cores of these currents whenever confined over steep slopes (Bracco 

et al., 2016; Bracco et al., 2018). Near-bottom submesoscale circulations are particularly relevant 

for connectivity studies because they enhance diapycnal mixing through large vertical velocities 

at their edges, they can trap larvae in their cores and transport them along the bottom boundary 

layer, but also contribute to isolate them from the surrounding environment (Cardona and Bracco, 

2016; Vic et al., 2018). There are no direct observations of submesoscale structures along the 

GoM continental slope; indirect confirmation was, however, provided by the mapping of the deep 

plume following the 2010 Deepwater Horizon blow-up (Camilli et al., 2010; Diercks et al., 2010). 

After validating the model representation of diapycnal dispersion along the continental shelf with 

the limited observations available in the GoM, we deployed neutrally buoyant virtual larvae at 

each site multiple times over the course of 2 years, 2015 and 2016. The model integrations aim 
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at investigating if physical processes play a role in structuring populations of C. delta in the Gulf 

of Mexico. The genetic data integrates over a much longer time period compared with the 

physical model that was forced by two years of data. The focus on a much shorter time horizon in 

the model run is due to the high horizontal and vertical model resolution required to adequately 

resolve the bathymetric details relevant to tracer advection and therefore larval dispersal. A high-

resolution model is also necessary to capture the submesoscale dynamics that contribute to 

lateral and diapycnal mixing at scales relevant to the sites considered here (Bracco et al., 2016). 

Furthermore, a high-resolution, yet short-time scale model can be particularly informative if the 

results from the model are congruent with the genetic results. 

Potential connectivity between sites was evaluated accounting for the possibility that larvae may 

diffuse vertically, enabling us to examine the depth differentiation hypothesis in greater detail. 

Results obtained with the biophysical model were then compared to the genetic analyses using 

both microsatellite and RAD-seq data concluding that physical isolation due to depth differences 

is the driving force shaping connectivity patterns in this species. 

2. Material and Methods 

For the purposes of this study, we focus our analyses on two pairs of sites where C. delta 

aggregations exist to the west of the Mississippi Fan in the northern Gulf of Mexico: MC751 

(28.194N, -89.799W, 440 m) and MC885 (28.066N, 89.712W, 629 m), and GC235 (27.739N, 

91.194W, 532 m) and GC249 (27.724N, 90.514W, 789 m). These sites are each relatively close 

in horizontal distance (15 km, and 69 km apart, respectively), but approximately 200 m apart in 

vertical distance (Figure 1). Another known population of C. delta occurs to the east of the 

Mississippi Fan (Etnoyer and Warrenchuk, 2007), but exhibits very limited connectivity with the 

four sites investigated here (Quattrini et al., 2015). The Fan indeed acts as an advection barrier 

as explored in detail in previous works (Bracco et al., 2016; Cardona et al., 2016). 

Samples of C. delta were collected from these sites in 2009, 2010, and 2017 utilizing remotely 

operated vehicles (ROVs). In 2009 and 2010, colonies were sampled using the ROV Jason and 

the NOAA Ship Ron Brown. In 2017, the ROV Global Explorer and R/V Ocean Project were used. 

Branches were subsampled from each colony using coral cutters mounted on the ROV 
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179 manipulator  arm;  to  minimize  damage,  the  majority of  colonies  were  left  intact.  Onboard  each  

vessel,  tissue  samples were  preserved  in-duplicate  in  95%  cold (-20  deg C)  EtOH  and flash  

frozen  in  either  liquid  nitrogen  or  at  -80  deg  C.  Further  sampling  details can  be  found  in  Quattrini  

et  al.  (2015).   

180 

181 

182 

183 

184 

185 Figure  1.  (a)  Model  domain  and  bathymetry with  (b)  zoom  on  the  area  of  the  C.  delta  sampling  

sites:  MC751  (purple),  MC885  (green),  GC235  (blue),  and  GC234  (red).   186 

187 

188 2.1.  Model  set-up  

We  used  the  Coastal a nd  Regional O cean  Community model ( CROCO,  https://www.croco-

ocean.org/)  to  model t he  GoM  ocean  circulation.  CROCO  is a  new,  public modeling  system  built  

upon ROMS  (Regional  Ocean  Modeling  System)  and  is designed  for  simulating  high-resolution  

offshore  and  nearshore  dynamics in  regional d omain  configurations (Shchepetkin  and  

McWilliams 2005;  Debreu  et  al.  2012).  CROCO  is a  split-explicit,  free-surface,  and  terrain-

following  vertical c oordinate  oceanic  model t hat  we  configured  over  the  GoM  with  a  horizontal  

resolution  of  1  km  and  50  vertical l ayers.  Rotated  mixing  tensors in  lieu  of  horizontal  diffusion  and  

the K-Profile  Parameterization  (KPP)  vertical m ixing  scheme  (Large  et  al.,  1994)  are  applied  as  

mixing  parameterizations for  sub-grid  processes.  Horizontal t racer  advection  is discretized  with  

split  and  rotated  3rd-order  upstream-biased  advection  scheme.  The  model  bathymetry is derived  

from the  1  min  Gridded  Global  Relief  Data  (ETOPO1)  topography (Amante  and Eakins, 2008) 

interpolated  to  the  model g rid  and  modified  to  reduce  horizontal p ressure  gradient  errors using  
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the Sikiric et al. (2009) method, with maximum slope factor (r0) of 0.25 and maximum hydrostatic 

inconsistency number (r1) of 15. The model domain extends over the northern GoM covering the 

basin north of 24o N (Figure 1). It has open boundaries to the east and south sides that were 

nudged to the 6-hourly Hybrid Coordinate Ocean Model - Navy Coupled Ocean Data Assimilation 

(HYCOM-NCODA) Analysis system (GOMI0.04/expt_31.0, 

http://www7320.nrlssc.navy.mil/hycomGOM). HYCOM-NCODA data are also used as initial 

conditions. Six-hourly wind stresses and heat fluxes as well as daily precipitation from the 

European Centre for Medium-Range Weather Forecast ERA-interim reanalysis (Dee et al., 2011) 

were used to force CROCO. Daily fresh water discharge from United State Geological Survey 

(USGS, http://waterdata.usgs.gov/nwis/rt) for the five major rivers (Mississippi, Atchafalaya, 

Colorado, Brazos and Apalachicola) was applied. The corresponding volume flux was converted 

to an equivalent surface salinity flux with a decay length scale of 35 km. Tides were not included, 

given that the GoM has some of the lowest amplitude tides in the world. The tidal amplitude at the 

coral colonies has been estimated to be less than 0.05 m (Gouillon et al., 2010). 

After a spin-up to achieve equilibration, the model was run from October 15th 2014 to December 

31th 2016. Instantaneous velocity and tracer fields (salinity, temperature) were saved every 5 

days. Additionally, for each period during which connectivity was explored, hourly averages of the 

three-dimensional velocity field were saved and used to advect over 3,000 virtual larvae off-line. 

Because the pelagic larval duration (PLD) of C. delta is unknown, larvae were followed over 10, 

20, and 40 days based on estimated PLD data for other deep-sea coral species (Brooke and 

Järnegren, 2013; Graham et al., 2013; Cardona et al., 2016). The spawning time of C. delta is 

also unknown; thus, larvae were released four times a year, one in each season, to explore the 

possibility of a seasonal dependence. Hourly averaged velocity fields were saved from the 1st of 

February May, August, and November to the 20th of the following month in both 2015 and 2016 

and larvae were releases on the 1st, 6th, and 11th of each month. 

This configuration is comparable to those used by Cardona et al. (2016) as far as resolution and 

representation of near bottom distribution of vertical layers, and Barkan et al. (2017) for the 

treatment of riverine inflow and surface fields. A verification of surface circulation, stratification 

and currents was presented in these works. In particular, we verified that the range of observed 
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range of lateral speed at the depths of interest is reproduced by our model using Acoustic 

Doppler Current Profiler data (see Cardona et al., 2016). It should be noted, however, that the 

surface circulation is better constrained by abundant observations that the deep circulation, and 

is therefore more reliably modeled. The main difference between this and previous configurations 

reside in the domain size and the inclusion of open boundary conditions at 24oN that allow for 

constraining the Loop Current and Loop Eddies positions (described further below) closer to 

observations. 

A brief discussion on the modeled diapycnal mixing along the continental slope in the CROCO 

run can be found in the Appendix (Figure A.1). 

The connectivity among C. delta sampling localities has been evaluated using the model output 

by advecting off-line about 4,500 (4489) neutrally buoyant Lagrangian particles in each season in 

2015 and 2016. The virtual larvae are infinitesimally small and neutrally buoyant, while deepwater 

coral larvae have a finite size and may be slightly negatively buoyant (Miller, 1998; Brugler et al., 

2013). The actual size is, however, very small compared to the model grid cell (1 km2), so that the 

infinitesimally small approximation holds well, and buoyancy up to 10% heavier/lighter than the 

surrounding fluid does not influence in a significant way the transport whenever in presence of a 

flow field characterized by intense submesoscale circulations (Zhong et al., 2012). By doing so 

we neglect settling rates due to buoyancy that in idealized two-dimensional models without a 

realistic advection have been shown play an important role (Condie and Bormans, 1997). 

The Lagrangian tracers are released near the ocean bottom in a 0.05o x 0.05o area centered at 

GC235, GC249, MC751 and MC885 (Figure 1) and are advected off-line by interpolating on the 

particle positions the modeled hourly-averaged three-dimensional velocities using LTRANS v.2b 

(Schlag and North, 2012). At 1 km horizontal resolution the resolved submesoscale circulations 

have life span longer than a day, and the use of hourly averaged fields introduces only a small 

error in the Lagrangian statistics (Keating et al., 2011), as previously verified (Choi et al., 2017). 

The parameterization of lateral mixing of momentum and tracers adopted in CROCO includes 

horizontal diffusion through a harmonic viscous term. 

If the C. delta larvae are negatively buoyant to remain close to the ocean bottom, they may not 

diffuse effectively within the water column. However, due to the uncertainty associated with larval 

10 
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buoyancy for this species, we also considered the possibility that larvae may diffuse in the 

vertical, adding a ‘‘vertical random walk” (Hunter et al., 1993) with an effective additional diffusion 

coefficient of 10-3 m2s-1. Furthermore, we assumed the size of the “arrival” area to be within a 0.1o 

x 0.1o domain around the observed colonies within +/- 30 m of the receiving site along the 

vertical. The arrival area is much larger than the colonies, and its size accounts in part for the 

interannual variability in the currents that is underestimated by considering only 2 years. 

Connectivity maps for an arrival area of 0.05o x 0.05o are available in the Appendix. We will show 

in the following results only relative to cases that include the vertical random walk. Finally, we 

explored how the connectivity potential may depend on the competency time and larval mortality. 

Following Wood et al. (2014), loss of competency is mathematically described by an 

exponentially decaying function: 

P t+1 -λt = Pt e (eq. 1), 

where Pt + 1 quantifies how many larvae can settle at time t + 1 and λ is the decay constant linked 

to the pelagic larval duration (λ = ln(2)/(PLD/2)). The PLD was varied 10, 20 and 40 days. Particle 

tracking was terminated after 40 days. 

All potential connectivity estimates are provided after testing all seasons in both years three 

times, with releases of modelled larvae 5 days apart. 

2.4. Genetic data 

Microsatellite Analyses 

Microsatellite (e.g., tandem repeats in DNA sequences) data were obtained for 75 individuals of 

C. delta as described in Quattrini et al. (2015). Briefly, nine microsatellite loci were amplified with 

polymerase chain reaction across all individuals and subsequently analyzed on an ABI3130XL 

Genetic Analyzer (Univ. of Pennsylvania). A Bayesian model-based clustering approach, 

Structure (Pritchard et al., 2000), was used to determine the number of populations (designated 

by K) by assigning the probability of membership of individuals iteratively to each K. Model priors 

included LOCPRIOR, admixture, and correlated allele frequencies (Pritchard et al. 2000, Falush 

et al. 2003, Hubisz et al. 2009). Five independent chains of 1,000,000 MCMC generations were 

run following a burnin of 250,000 generations. Results from each of the five iterations were 
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aligned using CLUMPP v1.1(Jakobsson and Rosenberg, 2007) and plotted in DISTRUCT v 1.1 

(Rosenberg 2004). To examine the amount of genetic differentiation among sampling localities, 

FST (Weir and Cockerham 1984) was calculated between sites and/or species (GENALEx). An 

Analysis of Molecular Variance (AMOVA) (Excoffier et al. 1992) was conducted to test for 

significance among pairwise FST (fixation index) values (GENALE v. 6.5, Peakall and Smouse, 

2006). 

Further methodological details can be found in Quattrini et al. (2015). Results from Structure and 

FST analyses were adapted from Quattrini et al. (2015). 

RADSeq Analyses 

Restriction site Associated DNA sequence (RAD-seq) data was obtained for 31 C. delta 

individuals (MC751 n=7; GC234 n=8; MC885 n=9; GC249 n=7) utilizing the 6-cutter restriction 

enzyme PstI, following the protocols described in Baird et al. 2008. We predicted between 32,000 

and 110,000 cleavage sites for PstI in the C. delta genome using the program PredRAD (Herrera 

et al., 2015a). DNA was purified following protocols described in Herrera et al. (2015b). 

Concentration-normalized DNA (30ng/ul, 30ul volume) was submitted to Floragenex Inc (Eugene, 

OR) for library preparation and RAD sequencing. Libraries were multiplexed and sequenced 

using 10-base pair barcodes on an Illumina Hi-Seq 4000 platform (100 bp). This strategy yielded 

5.9 ± 4.0 million raw sequence reads (average ± standard deviation) per individual. Reads were 

de-multiplexed and quality-filtered with the process_radtags program from the package Stacks 

v2.1 (Catchen et al., 2013) using the following flags: --inline_null, -r, -c, and -q, with default 

values. The Stacks denovo_map program was utilized to identify alleles at Single Nucleotide 

Polymorphisms (SNPs) and locus genotypes from each individual’s filtered reads using the 

parameters -M 3 and -n 3. 

The program populations (Catchen et al., 2013) was then used to select loci that were present in 

at least 50% of individuals within a sample site and in at least 3 of the 4 sites. This data matrix 

was exported as a structure file format, keeping only the first SNP per RAD locus. SNP data were 

summarized through a Principal components analysis (PCA) using the package adegenet v 2.1.1 
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317 in  R v  3.5.1   (R  Development  Core  Team,  2011),  and  F-statistics were  calculated  using  custom  

scripts implementing  the  formulas  by  Weir  &  Cockerham  (1984).  The  program  populations  was 

also  used  to  produce  a  data  matrix of  haplotypes per  RAD  locus (multiple  SNPs per  locus),  

selecting  loci t hat  were  present  in  at  least  50%  of  individuals within  a  sample  site  and  in  all o f  the  

sites.  These  haplotype  data  were  utilized  to  calculate  an  index  of  common  ancestry (coancestry)  

among  all i ndividuals utilizing  the  program  fineRADstructure  (Malinsky  et  al.  2018).  

 

4.  Results  

4.1  Modeled  Circulation   

Near  the  bottom  and  over  the  continental sl ope  around  the  locations of  the  coral co lonies,  the  

time-averaged  ocean  circulation  consists of  intermittent,  highly-variable  along-shelf  currents that  

follows bathymetric features,  with  a  less pronounced  seasonal cycl e  than  at  the  surface.  

Figure  2  shows near-bottom  (about  15  m  above  bottom),  daily-averaged  currents,  while  the  

standard  deviation  of  the  zonal c omponent  u, based on  daily-averaged  data,  is provided  in  the  

Appendix (Figure  A.2).  Winter  emerges  as the  season  with  the  strongest  currents and  variability,  

and  summer  with  the  least  in  both  years considered.   
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334 Figure  2.  Daily averaged  current  speed  (color)  and  lateral  flow v elocity (arrows)  in  the  modeled  

bottom  layers on  the  10th  of  each  month  indicated  on  the  panels in  2015  over  the  region  of  

interest.   

 

The  complexity and  variability of  the  current  system  over  the  continental sl ope  is responsible  for  

the  generation  of  highly spatiotemporally-variable  submesoscale  circulations through  instabilities 

of  shear  layers,  that  can  be  visualized  in  the  vorticity field  (Figure  3).  Here  vorticity is defined  as 

!  = $ &'  &*
  % −  ,

     
, where  z   is relative  vorticity,  f  the  Coriolis parameter  and  u  and v  zonal  and  

" " &( &+

meridional ve locity components.   These  submesoscale  features,  in  the  forms of  small e ddies  and  

vorticity filaments,  have  trapping  properties and  are  responsible  for  a  non-zero  lateral  divergence  

field  that  controls the  mixing.  

Some  surface  mesoscale  eddies also  contribute  to  the  transport  at  depth,  extending  to  the  top  

several  hundred  meters and  encroaching  into  the  shelf.  An  example  of  surface  vorticity 

distribution  is  provided  in  Appendix (Figure  A.3).  
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349 Figure  3.  Instantaneous  snapshots of  relative  vorticity normalized  by the  Coriolis parameter  (z/f)  

in  the  modeled  bottom  layer  on  the  10th  of  each  month  indicated  on  panels in  2015  over  the  

region  where  the  C.  delta  colonies (black dots)  are  located.   
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352 

353 4.2. Modeled  connectivity  

The  particles released  near  the  ocean  bottom  at  the  four  sites  moved  prevalently,  but  not  

exclusively,  to  the  east  in  all s easons and  both  years.  The  modeled  connectivity  figures focused  

on February and  August,  but  potential  connectivity  was investigated  also  for  May and  November  

and  is provided  in  the  table  that  summarizes  this  work.  

In  Figure  4  the  Lagrangian  particles were  not  subject  to  mortality and  were  advected  for  30  days.  

In the left  panels they  were  advected  by  the  flow  without  any additional  vertical d iffusion,  and  they 

followed  well d elineated  filaments and  vorticity structures that  evolved  within  the  density layer  at  

their  formation  site.  In  the  right  panels,  on  the  other  hand,  they also  underwent  a  vertical r andom  

walk and  their  lateral d iffusion  increased,  given  that  the  greater  vertical sp reading  enhanced  the  

particle’s  ability  to  escape  the  submesoscale  structures that  trapped  them.  In  all c ases,  particles  

advected  at  the  edge  of  mesoscale  eddies  underwent  the  largest  diapycnal  excursions.   
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377

Figure 4. Lateral dispersion of Lagrangian particles released at the four sites in February (a-b) 

and August (c-d) 2015, without (a-c) and with (b-d) additional vertical diffusivity in the form of a 

random walk. The color of the particles corresponds to their release site, indicated in panel (a). 

It is clear from these figures that lateral connectivity is high between the four sites, and virtual 

larvae can easily spread on the horizontal plane reaching most, if not all, others sites. 

Connectivity, however, remained very limited, even in the extreme case of no mortality over 30 

days, between GC235/GC249 and MC751/MC885 whenever the depth at which particles are 

located was accounted. Indeed, GC235/GC249 and MC751/MC885 were laterally but not 

vertically connected (Figure 5, shown for February only; August results are presented in the 

Appendix, Figure A.4). 
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Figure 5. Lateral dispersion (a-b) and vertical dispersion without (c-d) and with additional 

diffusivity (e-f) for Lagrangian particles released at the MC sites (left column) and GC sites (right 

column) February 1st, 2015. 

Potential connectivity results are summarized in Figure 6, where lateral only, and 3-dimensional 

(i.e. accounting for the vertical dimension) connectivity is provided for winter and summer, 

whenever the vertical random walk is included. We remind the reader that in the model, potential 

connectivity was considered achieved if particles ‘arrived’ within +/- 30 m of the receiving site 
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387 along  the  vertical a nd  within  a  lateral b ox centered  on  the  site  of  size  0.1o  x 0.1o   (Figure  A.5  in  the  

Appendix  shows  the  corresponding  connectivity maps for  a  receiving  area  of  size  0.05o  x 0.05o).  

Figure  6  summarizes the  case  (no  mortality  and  additional  vertical d iffusion)  with  the  highest  

potential c onnectivity of  all  those  considered.   The  connectivity and  its error  in  each  estimate  are 

calculated  as the  mean  and  standard  deviation  across three  releases  of  virtual l arvae  from  the  

four  sites 5  days  apart  in  each  year  (for  example,  across releases on  August  1,  6  and  11,  in  2015  

and 2016).   

388 
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393 

394 

395 Figure  6  Horizontal o nly (light  font) and three-dimensional  (bold fonts)  modeled connectivity 

potential i n  (a)  February and  (b)  August  calculated  as mean  +/- standard  deviation  over  six 

releases of  particles  at  the  four  sites.  The  releases are  on  day 1,  6  and  11  in  each  month  in  2015  

and 2016  and  the  Lagrangian  tracers are  followed  for  30  days in  the  absence  of  a  mortality term  

and  with  the  addition  of  a  vertical r andom  walk. The  color  of  the  links  indicates  the  site  where  the  

particles  originated.   

 

Potential c onnectivity tables  for  all s easons  and  releases,  and  for  PLD =   20  and  40  days are  

provided  in  the  Appendix  (Tables A.1-A.3);  in  all c ases values in  the  absence  of  an  additional  

random  walk connectivity values are  different  from  zero  only  between  GC235 and MC751.  

 

4.2.  Genetic analyses  

Genetic differentiation  of  C.  delta  was  evident  among  the  four  study sites in  the  study area.  The  

Structure  analysis of  microsatellite  data  indicated  that  populations at  GC249  and  GC235  and  
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409 MC751  and  MC885  were  clearly differentiated  from  each  other  (Figure  7a).  These  results were  

independently supported  by the  analyses of  RAD-seq  data.  The  analysis of  principal c omponents 

showed  clear  differences in  the  genetic makeup  between  the  sampling  localities (Figure  7b),  and 

both  the  principal c omponents and  the  fineRADstructure  indicated  that  individuals share  a  greater  

coancestry with  other  individuals  from  the  same  site  than  with  individuals from  other  sites  (Figure  

7c).  Pairwise  FST  values among  populations (Table  1) indicate  that  the  genetic differentiation  is 

significant,  and  strongly suggest  that  depth  is a  determinant  factor  structuring  the  genetic 

diversity of  C.  delta populations in  the  northern GoM. A  neighbor-joining  dendrogram  constructed  

with  pairwise  FST  values calculated  from  SNP  data  indicate  that  shallower  populations MC751  

(440m)  and  GC235  (532m)  are  genetically more  similar  to  each  other  than  to  either  one  of  the  

deeper  populations MC885  (629m)  and  GC249  (789m), in  agreement  with  the modeled potential  

connectivity results  (Figure  7d).  Similarly,  plots of  pairwise  FST  data  vs.  depth  differences 

among  population  sites show  that  there  is a  significant  positive  correlation  between  genetic 

differentiation  and  depth  (Mantel T est  p-value  =  0.04,  based  on  999  replicates)  (Figure  7e),  but  

not  with  horizontal d istance  (Figure  7f).   
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  Pairwise FST 
 microsatellites 

 GC235  MC885  GC249 

 MC751  0.036 (p=0.06)  0.032 (p=0.009)  0.047 (p=0.004) 

 GC234   0.039 (p=0.034)  0.038 (p=0.06) 

 MC885    0.028 (p=0.02) 

  Pairwise FST 
 SNPs 

 GC235  MC885  GC249 

 MC751 0.031 (0.0267,  
0.0356)  

  0.037 (0.032, 0.042)   0.058 (0.053, 0.064)  

 GC235    0.017 (0.013, 0.021)   0.045 (0.040, 0.050)  

 MC885      0.043 (0.038, 0.048) 

  

  

425 Figure  7.  a)  Average  probability of  membership  for  each  individual c oral ( vertical b ars)  across the  

four  target  sites  based  on  microsatellite  data.  b)  Principal c omponents  analysis of  Callogorgia  

delta genetic data  using  61,179  SNP  loci;  each  symbol r epresents  an  individual c oral  and  colors 

indicate  the  sampling  site.  c)  Clustered  coancestry  matrix generated  with  fineRADstructure  using  

haplotype  data;  colors indicate  pairwise  coancestry estimates  among  all i ndividuals.  d)  Neighbor-

Joining  dendrogram  constructed  with  pairwise  FST  values (from  SNPs)  among  populations e)  

Plot  of  depth  differences vs.  FST  (from  SNPs)  for  each  pair  of  populations.  Red  line  indicates 

best  linear  regression  fit.  f)  Plot  of  horizontal  distances vs.  FST  (from  SNPs)  for  each  pair  of  

populations.  

 

Table  1.  Pairwise  FST  values between  the  four  sites.  P-values are  included  in  parentheses for  

FST  calculated  using  microsatellite  data  (adapted  from  Quattrini e t  al.  2015).  95%  confidence  

intervals,  calculated  after  1000  bootstrap  replicates,  are  included  in  parentheses for  FST  

calculated  from  SNP  data.  
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5. Discussion 

In the model, particles released at all four sites were transported along the isobaths in narrow 

currents following the bathymetric contours until they encountered mesoscale and submesoscale 

eddies that contributed to their off-shore advection. The role of coherent structures, especially 

eddies, was key for the advection around the MC sites, due to the formation of a large cyclone 

atop of the Mississippi Fan (see Bracco et al., 2016 for its formation mechanism) that extended 

into the water column to about 800 m. Shallower eddies, formed in all seasons through 

interactions with the bathymetry due to the presence of a canyon to the immediate east of the 

coral colonies (Bracco and Pedlosky, 2003), also influenced the lateral connectivity. As a result of 

the mesoscale activity around the canyon at depths of 300-500 m, particles released at the 

locations of the shallower colonies (GC235 and MC751) had larger horizontal dispersion than the 

other two. 

Model potential connectivity was significantly different from zero only between GC235 and 

MC751 (in both directions, but preferentially from GC to MC) and, with smaller values, between 

MC885 and GC249. Very small connectivity was also found between MC885 and MC751. Their 

geographical proximity limited their potential connectivity given their substantial depth difference, 

even in presence of additional vertical diffusion to that exerted by the flow. We note that CROCO, 

despite the high resolution adopted, still slightly overestimates diapycnal mixing (see Suppl. 

Mat.); the real ocean is therefore likely to be less diffusive in the vertical than the model one. 

The means and standard deviations presented, and the connectivity values found in each 

release, indicate that the weekly, not just interannual, variability are very large with respect to the 

lateral connectivity. According to the analysis of the model results, such behavior depends on the 

role that submesoscale and mesoscale eddies play on lateral transport. 

In terms of seasonal dependence, the stronger currents in winter compared to summer tend to 

increase the lateral connectivity potential in this season across most sites. Nonetheless, 

independently of release considered, the potential connectivity is different from zero only between 

sites at approximately the same depth, and greater between the shallow ones (from GC235 to 

MC751). 
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The major outcome of this modeling work, summarized in Figure 6, is therefore the strong 

limitation that depth poses on exchanges of larvae between geographically nearby sites. This is 

consistent in all cases considered. Independently of how large the lateral connectivity may be, the 

3-dimensional connectivity is mostly null if the sites are separated in depth by more than 150 m. 

The outcome of the genetic analysis is that the patterns of time-integrated realized connectivity 

are consistent with the short-term patterns of potential connectivity predicted by the circulation 

and larval dispersal models. The very limited connectivity between colonies separated in depth is 

confirmed. Together, the genetic and modeling results suggest that in the northern GoM depth, at 

scales of tens to few hundreds of meters, is a stronger isolating factor for coral populations than 

distance, at scales of tens to hundreds of kilometers. In the GoM depth differences on scales of 

tens to few hundreds of meters constitute a strong physical isolating factor, limiting connectivity 

for deepwater coral populations far more than distance. This behavior was associated, in the 

model, with the presence of numerous mesoscale and submesoscale circulations generated by 

the highly variable along-shore currents passing over the complex bathymetry that effectively 

contribute to the horizontal transport, but do so through coherent (over few days to at most two 

weeks) structures that trap material at their interior, limiting the diapycnal dispersion to their 

vertical extent. Vertical migration of virtual larvae over as much as 40 days was no more than 50 

m from the bottom in the absence of an explicit vertical diffusion term acting on the larvae, or at 

most 100 m if an additional vertical random walk was considered. While this mechanism cannot 

be generalized to other locations a priori, as it is not yet known how widely occurring energetic 

submesoscale structures may be along continental shelfs and slopes, it is likely an important 

player in other regions of the world ocean, where isolation by depth has been verified by genetic 

methods (see Taylor and Roteman, 2017). 

Furthermore, in this work little attention was paid to larval behavior, given that not much is known 

about C. delta larvae (Etnoyer and Warrenchuk, 2007). Larval behavior may influence trapping 

and settlement (Condie and Condie, 2016) but these properties are unconstrained for most 

deepwater species and were therefore neglected. 

It is important to stress once more that here the two frameworks adopted, genetic analysis and 

modeling, cover different temporal scales; the first integrates over many generations of larval 
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dispersal events and other evolutionary mechanisms, while the circulation model was run for two 

years, 2015 and 2016. It is unlikely that morphodynamic changes in the bathymetry in the GoM 

were sufficiently large over the past few thousands of years to modify substantially the mean 

characteristics of the circulation at the depth of the sites (Hill et al., 2011). Nonetheless, the 

entirety of the current variability on interannual to decadal and longer scales cannot captured by a 

two-year long run. The large size of the ‘arrival’ area and the addition of a vertical random walk 

were chosen to partially compensate for the under-sampled variability. For many years to come 

the high resolution required to capture the submesoscale circulations that control mixing on 

scales of days to weeks will continue to limit the time length of regional ocean model integrations. 

It is also worth mentioning that a circulation model at 1 km horizontal resolution does not include 

all processes responsible for transport and mixing along the continental slope. Results shown 

here, in Bracco et al. (2016) and in Cardona et al. (2016), however, suggest that 1 km represents 

a good compromise between accuracy, reliability and computational costs. This may not be the 

case for shallower corals along the shelf, for which the role of non-hydrodynamically balanced 

processed, including internal and gravity waves, may need to be considered (Lentz et al., 2016), 

despite the higher computational cost. 

6. Conclusions 

Deepwater corals, such as those found in the northern Gulf of Mexico, are foundational species 

of the deep benthos. With continued anthropogenic threats to the marine environment, gathering 

information about their connectivity properties is critically needed to allow informed 

decisions about the management and conservation of these vulnerable ecosystems. Their scale 

of dispersal indeed determines how colonies may recover from any disturbance. Such scale, 

however, cannot be easily quantified through direct observations, due to the challenges 

associated with measuring the deep ocean environment. 

Here, we used genetic approaches integrated with an hydrodynamical circulation model of larval 

dispersal to enhance our understanding of population connectivity of the deepwater coral 

Callogorgia delta. We focused on four sites, separated laterally by as little as 15 km, but at 

different depths, ranging from 440 m to 789 m. Genetic approaches and model outcome both 
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support the notion that connectivity across populations is limited, but it is strongest between the 

two shallower ones, found at similar depth, despite the larger geographical distance. 

The integrated framework proposed allows for improving understanding of the geographic 

and depth-dependent footprint of larval dispersal, particularly in the deep seas. It also provides 

information that can be easily translated into smarter management decisions which is especially 

important in areas susceptible to anthropogenic disturbances such as the Gulf of Mexico. 

Ongoing initiatives at the Federal and State levels are seeking to protect areas of deepwater 

coral communities in the Gulf of Mexico. The research presented here indicates that the design of 

these protected areas should incorporate a 3D perspective. Both genetic and model data suggest 

that deepwater protected areas at similar depths are expected to be more connected to each 

other, than to areas at different depths, even if they their horizontal separation is small. However, 

this result should not be generalized until more studies examining diverse species and depth 

distributions, and larger sample sizes are available. A multi-species, multi-depth approach would 

help elucidate the factors driving connectivity of coral populations in the region. 
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773 Appendix  

 

Diapycnal  mixing  evaluation  

A  key  quantity required  for  a  realistic representation  of  larval p otential co nnectivity in  light  of  the  

problem  examined  in  this work is  the  diapycnal m ixing  rate  around  the  coral  sites.  To  our  

knowledge  there  are  no  direct  observations of  such  rate  in  the  region  and  depths  of  interest,  

where  the  model  estimate  is k ~  1  x 10-3  2 -1 
z m  s . However,  in  August  2012  a  passive  dye  was 

injected  near  the 2010  Deepwater  Horizon  spill si te  at  approximately  1100  m  and was followed  

over  twelve  months with  a  first  cruise  four  months after  release  (Ledwell  et  al.,  2016).  This 

experiment  allowed for  constraining  diapycnal m ixing  along  the  continental sl ope  of  the  northern 

Gulf  of  Mexico  in  the  deep  layer  (i.e.  below  1000  m).  Values observed  four  months after  the  

release  were  comprised  between  kz ~ 1.3  x  10-4   - 4  x 10-4 m2  s-1 .  Under  the  assumption  that  a  

model  performing  well i n  terms of  mixing  rates  below 1 000  m,  is  also  reliable  at  shallower  depths,  

we  seeded  the  area  east  of  89oW  with  (De  Soto  Canyon,  where  the  Deepwater  Horizon  was 

located)  with  passive  Lagrangian  particles at  depths comprised  between  1000  and  1500  m  on  

February,  May,  August,  and  November  1st,  2015  and  evaluated  the  diapycnal m ixing  over  40  

days.  Figure  A.1  shows the  resulting  modelled  diapycnal m ixing,  averaged  across the  four  

deployments (see  Bracco  et  al.,  2016  for  more  details on  the  calculation),  which  is close  to  the  

one-point  in  time  observational  estimates.  Noting,  however,  that  diffusivities tend  to  grow  over  

time  for  releases  in  De  Soto  Canyon  (see  Fig.  15  in  Bracco  et  al.,  2016),  we  anticipate  an  overall  

stronger  diapycnal d iffusivity  in  the  model c ompared  to  real  ocean.  

774 

775 

776 

777 

778 

779 

780 

781 

782 

783 

784 

785 

786 

787 

788 

789 

790 

791 

792 

793 

794 

33 



  

  

            

               

              

                 

795

796

797

798

799

Figure A.1 Diapycnal diffusivity over time (in red) calculated using Lagrangian tracer 

deployments around the location of the deep release experiment (Ledwell et al., 2016). The two 

values computed by Ledwell et al. (2016) from profiles from stations seaward and shoreward of 

the 1500 m isobaths 4 months after a dye release are also indicated by the dashed black lines. 
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800 

801 

802 Figure  A.2  Standard  deviation  (STD)  of  the  zonal  component  of  the  near-bottom  velocity (u  

component)  in  each  of  the  seasons considered.  The  STD  is calculated  using  hourly averaged  

velocities taken  every 6  hours over  40  days (for  example,  from  August  1st  to September 10th) and  

over  2015  and  2016.  The  variability is  strongest  in  winter  (followed  by  fall)  and  weakest  in  summer.  

The  same  seasonal  cycle  holds  for  near  bottom  relative  vorticity,  as  highly  variable  currents are  

subject  to  submesoscale  instabilities.  Differences between  winter  and  summer  are  statistical  

significant  (P  value  <  0.05).  Differences between  winter  and  the  other  two  seasons are  significant  

only at  the  10%  level.   

Unit:  m  s-1  
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812 

813 Figure  A.3  Instantaneous  snapshots of  relative  vorticity normalized  by the  Coriolis parameter  

(z/f)  at  the  ocean  surface  on  the  10th  of  each  month  indicated  on  panels in  2015  over  the  area  

where  the  C.  delta  colonies (black  dots)  are  located.  
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818 
819 Figure  A.4  Lateral  dispersion  (a-b)  and  vertical  dispersion  without  (c-d)  and with additional  

diffusivity (e-f)  for  Lagrangian  particles released  at  the  MC si tes (left  column)  and  GC si tes (right  

column)  August,  1st  2015.   
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823 
824 Figure  A.5  Horizontal  only (light  font)  and three-dimensional ( bold  fonts)  modeled  connectivity  

potential i n  (a)  February and  (b)  August  calculated  as mean  +/- standard  deviation  over  six 

releases of  particles  at  the  four  sites  with  an  arrival a rea  of  0.05o  x 0.05o  (instead  of  0.1o  x 0.1o  in  

Figure  6).  The  releases  are  on  day 1,  6  and  11  in  each  month  in  2015  and  2016  and  the  

Lagrangian  tracers are  followed  for  30  days in  the  absence  of  a  mortality term  and  with  the  

addition  of  a  vertical r andom  walk. The  color  of  the  arrows  indicates the  site  where  the  particles 

originated.   
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837 Connectivity potential: Summary Tables 

MC885 MC751 GC249 GC235 

Feb-

MC885 

- 0.1±0.2% 

0.0% 
7.1±8.2% 

1.6±2.6% 
0.1±0.2% 

0.0% 
Feb-

MC751 

24.4±18.7% 

0.0% 
- 15.7±11.1%. 

0.0% 
1.4±2.7% 

0.6±1.2% 
Feb-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.0% 

0.0% 
Feb-

GC235 

16.7±20.7% 

0.0% 
7.4±11.6% 

3.9±5.1% 
39.7±16.6%. 

0.0% 
-

May-
MC885 

- 0.1±0.1% 
0.0% 

5.7±9.9% 
0.5±0.8% 

0.2±0.3% 
0.0% 

May-

MC751 

39.5±37.1% 

0.0% 
- 5.8±8.4% 

0.0% 
0.1±0.1% 

0.0% 
May-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.2±0.4% 

0.0% 
May-

GC235 

25.5±10.5% 

0.0% 
12.7±4.2% 

6.1±7.2% 
46.2±21.0%. 

0.0% 
-

Aug-

MC885 

- 2.3±4.5% 

0.2±0.4% 
27.9±34.8% 

0.2±0.2% 
3.9±7.8% 

0.0% 
Aug-

MC751 

0.7±1.4% 

0.0±0.1% 
- 12.1±20.2%. 

0.0% 
1.3±2.5% 

0.1±0.1% 
Aug-

GC249 
0.0% 
0.0% 

0.0% 
0.0% 

- 0.2±0.4% 
0.0% 

Aug-

GC235 

2.3±2.4% 

0.2±0.4% 
0.2±0.4% 

0.0% 
17.9±16.3%. 

0.0% 
-

Nov-

MC885 

- 0.4±0.5% 

0.1±0.2% 
12.7±21.9%. 

0.0% 
0.0% 

0.0% 
Nov-

MC751 

13.7±14.3% 

0.0% 
- 12.7±11.0%. 

0.0% 
0.0% 

0.0% 
Nov-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.3±0.3% 

0.0% 
Nov-

GC235 

7.0±5.8% 

0.0% 
4.2±4.2% 

2.5±2.4% 
34.2±28.2% 

0.0% 
-
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838 

839 Table  A.1  Connectivity potential  (mean  and  standard  deviation)  calculated  over  six  releases in  

February,  May,  August  and  November  2015  and  2016  in  the  absence  of  a  mortality term  and 

calculated  over  30  days in  the  presence  of  a  vertical  random  walk.  Lateral  connectivity on  top,  

three-dimensional c onnectivity underneath  in  bold.  
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847 

MC885 MC751 GC249 GC235 

Feb-

MC885 

- 0.0% 

0.0% 
1.5±1.4% 

0.3±0.5% 
0.0% 

0.0% 
Feb-

MC751 

15.9±13.1% 

0.0% 
- 3.6±2.8%. 

0.0% 
0.3±0.6% 

0.2±0.3% 
Feb-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.0% 

0.0% 
Feb-

GC235 

4.9±6.6% 

0.0% 
1.7±2.6% 

0.9±1.2% 
22.5±14.8%. 

0.0% 
-

May-

MC885 

- 0.0% 

0.0% 
1.8±3.1% 

0.1±0.2% 
0.0.% 

0.0% 
May-

MC751 
30.0±32.6% 

0.0% 
- 2.8±3.1% 

0.0% 
0.0.% 
0.0% 

May-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.0% 

0.0% 
May-

GC235 

11.3±7.6% 

0.0% 
2.7±0.4% 

1.0±1.0% 
30.4±14.1%. 

0.0% 
-

Aug-

MC885 

- 1.2±2.4% 

0.1±0.1% 
10.3±14.0% 

0.1±0.1% 
1.1±2.1% 

0.0% 
Aug-

MC751 

0.4±0.3% 

0.0% 
- 3.3±5.4%. 

0.0% 
0.5±1.0% 

0.0% 
Aug-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.0% 

0.0% 
Aug-

GC235 

0.4±0.5% 

0.0% 
0.0% 

0.0% 
11.2±12.0%. 

0.0% 
-

Nov-

MC885 

- 0.1±0.1% 

0.0% 
6.9±11.9%. 

0.0% 
0.0% 

0.0% 
Nov-

MC751 

6.7±6.0% 

0.0% 
- 7.4±6.5%. 

0.0% 
0.0% 

0.0% 
Nov-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.0% 

0.0% 
Nov-

GC235 

1.6±1.4% 

0.0% 
0.9±1.1% 

0.5±0.6% 
25.3±24.92% 

0.0% 
-
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848 Table  A.2  Connectivity potential  (mean  and  standard  deviation)  calculated  over  six  releases in  

February,  May,  August  and  November  2015  and  2016  in  the  case  of  PLD  =  40  days in  the  presence  

of  a  vertical  random  walk.  Lateral  connectivity on  top,  three-dimensional  connectivity underneath  

in  bold.  
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854 

MC885 MC751 GC249 GC235 

Feb-

MC885 

- 0.0% 0.0% 3.1±3.5% 

0.8±1.3% 
0.0% 

0.0% 
Feb-

MC751 

19.6±15.4% 

0.0% 
- 7.3±5.2%. 

0.0% 
0.7±1.4% 

0.3±0.7% 
Feb-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.0% 

0.0% 
Feb-

GC235 

9.1±11.9% 

0.0% 
3.6±5.6% 

2.1±2.7% 
29.3±15.4%. 

0.0% 
-

May-

MC885 

- 0.1±0.1% 

0.0% 
3.1±5.3% 

0.2±0.3% 
0.1±0.1% 

0.0% 
May-

MC751 
33.9±34.8% 

0.0% 
- 4.0±5.8% 

0.0% 
0.0 % 
0.0% 

May-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.1±0.1% 

0.0% 
May-

GC235 

16.2±8.5% 

0.0% 
5.4±1.0% 

2.6±3.1% 
37.5±17.6%. 

0.0% 
-

Aug-

MC885 

- 1.5±3.1% 

0.2±0.4% 
16.6±22.3% 

0.1±0.1% 
2.1±4.2% 

0.0% 
Aug-

MC751 

0.9±0.9% 

0.0% 
- 6.3±10.4%. 

0.0% 
0.7±1.4% 

0.0% 
Aug-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.1±0.2% 

0.0% 
Aug-

GC235 

1.1±1.2% 

0.0% 
0.1±0.2% 

0.0% 
13.9±13.9%. 

0.0% 
-

Nov-

MC885 

- 0.2±0.3% 

0.1±0.2% 
9.3±16.1%. 

0.0% 
0.0% 

0.0% 
Nov-

MC751 

9.3±0.2% 

0.0% 
- 9.7±8.4%. 

0.0% 
0.0% 

0.0% 
Nov-

GC249 

0.0% 

0.0% 
0.0% 

0.0% 
- 0.1±0.1% 

0.0% 
Nov-

GC235 

3.1±2.7% 

0.0% 
1.9±2.0% 

1.1±1.0% 
28.9±26.4% 

0.0% 
-
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855 Table A.3 Connectivity potential (mean and standard deviation) calculated over six releases in 

856 February, May, August and November 2015 and 2016 in the case of PLD = 20 days in the presence 

857 of a vertical random walk. Lateral connectivity on top, three-dimensional connectivity underneath 

858 in bold. 

859 

860 

861 
862 
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