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1.  INTRODUCTION 

Connectivity among populations drives many eco-
logical and evolutionary processes including local 
adaptation, population dynamics, and interspecific 
interaction strengths (Hanski 1998). Connectivity is 

often inferred from spatial gradients in gene fre-
quency such as isolation by distance (IBD), whose 
strength is assumed to be controlled in part by the 
dispersal of individuals and their offspring (Rousset 
1997). There are 2 potential problems with these 
inferences. First, spatial gradients in genetic pat-
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terns, like IBD, are also influenced by the effective 
population density (Rousset 1997), and the relation-
ship between IBD and dispersal distance will only be 
accurate if the species’ system and sampling meets 
certain restrictive assumptions (including spatially 
and temporally stationary dispersal statistics, limited 
distance between sampled individuals, and genetic 
equilibrium between drift and dispersal). This casts 
doubt on the reliability of the relationship between 
dispersal distance and IBD. 

Second, even if IBD is governed predominantly by 
dispersal distance, dispersal distance itself is hard to 
estimate for species with long planktonic durations. 
For many benthic species, dispersal occurs primarily 
during a planktonic stage that is controlled by ocean 
currents and by biological traits such as larval devel-
opment time and vertical behavior (Byers & Pringle 
2006, Oyarzun & Strathmann 2011). Because disper-
sal by a steady current is proportional to the current 
speed multiplied by the time a larvae drifts in that 
current, investigators often assume ocean currents 
are spatially uniform and use an organism’s pelagic 
larval duration (PLD) as a proxy for dispersal dis-
tance (e.g. Shanks et al. 2003, Cowen & Sponaugle 
2009). Therefore, many investigators have explored 
quantitative relationships between PLD and IBD to 
infer how dispersal distance affects population struc-
ture and connectivity (e.g. Siegel et al. 2003), and have 
used IBD to estimate dispersal (e.g. Palumbi 2003). 

To scrutinize the validity of drawing such inferences, 
we used currents from an ocean model to convert PLD 
into dispersal distances so that a proxy variable is no 
longer needed. We then tested the quantitative strength 
of the direct link between dispersal distance and IBD. 
To do so, we explored analyses and data compiled by 
Selkoe & Toonen (2011) (hereafter S&T). S&T used 
PLD as a proxy for dispersal distance and compared 
the PLD of organisms to the genetic spatial diversity 
metrics IBD and the closely related FST per kilometer 
of sampling region (FST km−1) for species with plank-
tonic dispersal from many studies. The correlations 
S&T found between PLD and FST km−1 and be tween 
PLD and IBD slope were both significant. However, 
most of the correlation strength was driven by the bi-
modality of PLD values in their data set, with PLDs ei-
ther less than a few days or >10 d (Fig. 1). Our analysis 
of S&T’s data set reveals that when only species with a 
PLD greater than 10 d (long dispersers) are included, 
the correlation between PLD and the genetic metrics 
is either not, or only marginally, significant. 

One of the key steps in our approach is to use 
numerical ocean circulation models to make inde-
pendent, place-based estimates of dispersal distance. 

To that end, we used high-resolution (1/12 of a degree) 
circulation models to compute the path of propa -
gules, quantifying dispersal distance. Although real-
istic larval dispersal including depth changes and 
settlement behavior is still difficult to accurately sim-
ulate, this method gives more information about dis-
persal than PLD by including the spatial and tempo-
ral variation of ocean currents. When estimated 
dispersal distance is correlated against PLD for long 
dispersers, PLD explains only 34% of the variability 
(Fig. 2), suggesting that a perfect measure of disper-
sal could explain up to 66% more of the variability in 
dispersal than a model with PLD alone. 

We compared IBD and FST km−1 from S&T for spe-
cies with PLD >10 d against both PLD and the ocean 
model estimate of dispersal. If the oceanographically 
realistic dispersal distance estimates are more corre-
lated to these measures of spatial genetic diversity 
than PLD, it will strongly suggest that these genetic 
metrics are significantly driven by dispersal distance 
(and could even be used to estimate dispersal dis-
tance). If, conversely, the correlation is not improved, 
it suggests that either the genetic metrics are not 
strongly influenced by changes in dispersal distance 
for species with PLD >10 d, or that our circulation-
based estimates of dispersal have no skill beyond 
PLD in estimating dispersal. 

2.  METHODS 

Dispersal was estimated for surface-trapped parti-
cles advected using the high-resolution 1/12 degree 
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Fig. 1. Distribution of pelagic larval duration (PLD) lengths  

in the data set of Selkoe & Toonen (2011)
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Mercator model of ocean currents. The model is 
forced with surface fluxes from numerical atmospheric 
models and assimilates multiple sources of ocean data 
to get a statistically optimal estimate of ocean cur-
rents (Cummings & Smedstad 2013, Lellouche et al. 
2013, 2018). The Mercator model was found to be 
superior in the coastal ocean to other global models 
at all time scales (Wilkin & Hunter 2013). 

Sampling sites from the studies compiled by S&T 
were used as starting points for the dispersal esti-
mates. The location of each sampling site not listed 
in the studies was estimated in Google Earth based 
on the site name or figures depicting site location. 
For 19 studies where the genetic metric was calcu-
lated by grouping data from proximate sampling 
sites together, the first sampling site of the group 
listed in the study represented that sampling loca-
tion. One species was excluded because explicit 
sampling locations were not reported. 

Particles were released at 5 evenly spaced points 
within 1/28 of a degree (~4 km) around each sam-
pling site. For each species and each sampling 
location, particles were released every half hour 
from 2007 to 2017 and allowed to disperse for the 
PLD given by S&T. The Lagrangian particle tracks 
were calculated with Ocean Parcels 2.2 (Deland-
meter & Van Sebille 2019). Since nearly all species 
in these studies are coastal, ending locations 
>50 km from shore were removed from our analy-
sis (Fig. 3). 

Three dispersal distances were calculated for each 
species. The distance between the mean start point 
and the mean end location for all larvae from each 
release site was calculated (Fig. 4). The ‘filtered vec-
tor-mean distance’ is the average of this distance for 
all sampling sites for a species. ‘Mean absolute dis-
tance’ is the average great circle distance between 
the end point of every particle and its corresponding 
start point for each species (Fig. S1 in Supplement 1 
at www.int-res.com/articles/suppl/m721p161_supp1.
pdf). ‘Vector standard deviation’ is the root mean 
square of the distance between the mean end loca-
tion and the actual end points of each particle for 
each release site and is averaged over all release 
sites (Fig. S2 in Supplement 1). 

Vector-mean distance was also calculated for parti-
cles released only during spring, the most common 
spawning season for marine organisms (April, May, 
and June in the Northern hemisphere; September, 
October, and November in the Southern Hemisphere). 
This did not improve the fit of dispersal distance on 
genetic connectivity (Fig. S3 in Supplement 1). 

To directly compare our dispersal measures to those 
of S&T, we re-created S&T’s plots of PLD against the 
FST km−1 and IBD slope reported by S&T. All species 
are shown in Fig. S4 in Supplement 1; only those with 
a PLD >10 d are shown in Fig. 5. Following S&T, we 
performed linear regression to determine the correla-
tion between the log-transformed dispersal distance 
estimate and the log-transformed genetic metrics us-
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Fig. 2. Log pelagic larval duration (PLD) versus log filtered vector-mean distance for (A) the full range of PLD and (B) only 
PLD >10 d. Dark gray regions: 95% confidence interval 
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ing R version 3.6.2 (all code and data 
are included in Supplements 2 & 3 at  
www.int-res.com/articles/suppl/m721
p161_supp2.xlsx and www.int-res.com/
articles/suppl/m721p161_supp3.pdf). 
We report adjusted R2 values, using 
Dunn and Clarke’s z-test to determine 
if R2 values differed between analyses. 
Multiple linear regression was used 
to determine if the combination of both 
PLD and distance data was more 
strongly correlated to the genetic con-
nectivity metrics. For each genetic re-
sponse variable, the full and reduced 
versions of each model were compared 
using Akaike’s information criterion 
(AIC). Regressions and correlations 
using all PLDs are reported in Sup-
plement 1. 

3.  RESULTS 

3.1.  FST km−1 

S&T’s correlation between log-trans-
formed PLD and log-transformed FST 
km−1 for all species was R2 = 0.609 (all 
correlations here and below are be-
tween log-transformed variables). Our 
re-created correlation between PLD 
and FST km−1 using S&T’s data was R2 = 
0.567 (p < 0.0001) (Fig. S4A in Supple-
ment 1), which differed slightly from 
the results of S&T because we excluded 
species without larvae that ended 
within 50 km offshore and excluded 1 
species that lacked spatially explicit 
sampling sites. Using only species with 
a PLD >10 d, the correlation between 
PLD and FST km−1 was R2 = 0.179 (p = 
0.0225) (Fig. 5A). Filtered vector-mean 
distance had a weaker correlation with FST km−1 (R2 = 
0.0158, p = 0.254), but the difference between the 2 
models was not significant (Dunn and Clark’s z-test, 
p = 0.156) (Fig. 5B). In multiple linear regression corre-
lating FST km−1 to PLD and filtered vector-mean dis-
tance, the interaction term between PLD and distance 
did not significantly improve the model (with interac-
tion term: R2 = 0.124, p = 0.134; without interaction 
term: R2 = 0.153, p = 0.068). The most parsimonious 
model explaining FST km−1 included PLD only, with an 
AIC value 1.64 lower than the next best model, which 

included PLD and filtered vector-mean distance 
(Table S1 in Supplement 1). The correlation between 
PLD and FST km−1 was stronger than the correlation 
between FST km−1 and any of the other distance 
metrics (Figs. S3, S5 & S6 in Supplement 1). 

3.2.  IBD slope 

For species with a PLD >10 d, the correlation 
between PLD and IBD slope was R2 = −0.0326 (p = 
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Fig. 3. Dispersal end points for example larval dispersal simulation released 
from 1 starting point (black star) (A) before and (B) after the 50 km offshore- 

filter was applied. Red represents the final location of a particle
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0.5352) (Fig. 5C). Filtered vector-mean distance had 
a similar correlation to IBD slope, with R2 = −0.005 
(p = 0.356) (Fig. 5D). The difference in R2 was not sta-
tistically significant (Dunn and Clark’s z-test, p = 
0.732). AIC values of both models differed by only 
0.55, indicating that the models have equal parsi-
mony (Table S2 in Supplement 1). Including the 
interaction term in a multiple linear regression corre-
lating both PLD and filtered vector-mean distance to 
IBD slope did not improve the correlation (with inter-
action term: R2 = −0.041, p = 0.536; without: R2 = 
−0.064, p = 0.659), and AIC values confirmed that 
models without the interaction term were more parsi-
monious (Table S2). None of the other distance met-
rics had significant correlations (Figs. S3, S5 & S6 in 
Supplement 1). 

3.3.  PLD and distance correlation 

Using the full data set, PLD and filtered vector-
mean distance were strongly correlated (R2 = 0.83, 
p < 0.0001) (Fig. 2A). When using only species with a 
PLD >10 d, the correlation was much weaker (R2 = 
0.34, p = 0.004) (Fig. 2B). 

4.  DISCUSSION 

Estimated dispersal distance did not correlate with 
FST km−1 or IBD slope more strongly than PLD. Nei-
ther PLD nor dispersal distance explains much of the 
variability in metrics of spatial genetic diversity for 
species with long-lived larvae (PLD >10 d). This sug-
gests 2 non-exclusive explanations: 

(1) Circulation-based estimates of dispersal have 
no more skill at predicting dispersal than PLD. 

(2) Dispersal distance does not relate simply to spa-
tial genetic diversity in the ocean, so even improved 
dispersal estimates will not improve correlation to 
the genetic metrics. 

Explanation (1) suggests that our model of dispersal 
is not sufficient to improve upon other proxies. Larvae 
drift in the real ocean, not a numerical ocean, and the 
two can differ. However, results from comparison of 
observations to Mercator surface current in the Mid-
Atlantic Bight (Wilkin & Hunter 2013) and the Euro-
pean Shelf Seas (Lellouche et al. 2013, Brennan et al. 
2016) suggest that the Mercator circulation model 
does a reasonable job of estimating coastal currents. 

Our model also did not include any larval behavior 
that could affect dispersal distance. The larval ana-
logues were kept 1 m from the surface, while larvae 
for many species preferentially seek other depths 
(Queiroga 1996, Miller & Morgan 2013). The propa -
gules were released into our numerical model in all 
seasons, whereas most marine species spawn only 
during certain months. However, calculations of dis-
persal in only spring months, when many species 
spawn (Reitzel et al. 2004), did not improve correla-
tions (Fig. S3 in Supplement 1). It seems unlikely that 
larval vertical behavior and phenology would elimi-
nate all effects of regionally varying ocean currents 
on the vector-mean dispersal; plankton would still be 
expected to be moved farther by currents in regions 
where currents are stronger. 

Explanation (2) suggests that dispersal distance might 
not control genetic connectivity metrics as straight -
forwardly as often assumed; equivalently, these ge-
netic metrics may be a poor proxy for dispersal. This 
work, S&T, and many others assume that dispersal is 
the primary control on FST km−1 and IBD, but theoreti-
cal work suggests that these are controlled by many 
factors. In the work of Rousset (1997), IBD was gov-
erned by the product of dispersal distance and popu-
lation density, and population density would be ex-
pected to vary considerably between different species 
in the data set of S&T. Rousset (1997) also assumed 
temporal equilibrium of genetic diversity (which can 
take a long time to achieve relative to, for example, 
the last ice-age; Hellberg 2009). To the extent that 
IBD is influenced by non-equilibrium dynamics, selec-
tion, or temporal variability in dispersal or reproduc-
tive success, its use as a proxy for dispersal (or its esti-
mate from dispersal) is suspect. 

Even in temporal equilibrium, it is not clear that 
Rousset’s (1997) theory of IBD applies to advective en-
vironments like the ocean. This theory assumes no pre-
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Fig. 4. Filtered vector-mean distance calculation. The blue 
dot is the mean ending location of all the red dots. The arrow 
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represents the vector-mean distance. These vector-mean 
distances were averaged across all discrete sampling sites in 
a study to yield an overall mean for each species in a study
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ferred directionality to larval dispersal, spatially homo-
geneous dispersal statistics, and no nested structure in 
the population. These are not good assumptions in the 
ocean, where currents have strong directional biases 
and larvae are preferentially moved in one direction 
(Largier 2003, Siegel et al. 2003, Byers & Pringle 2006). 
When larval dispersal is biased in a single direction, a 
source/sink meta population structure can develop in 
which the magnitude of the genetic diversity is not 
governed by the vector-mean dispersal but by a com-

bination of the vector-mean dispersal, the vector stan-
dard deviation of dispersal, and alongshore variation 
in habitat or interruptions to alongshore transport 
(Wares & Pringle 2008, Pringle et al. 2011). This leads 
to genetic structure that consists of regions of relatively 
homogeneous genetics separated by spatially localized 
clines in gene frequency (e.g. Altman et al. 2013 and 
citations therein). In these systems, there is no simple 
relation between IBD and any single measure of dis-
persal. This makes IBD a poor proxy for dispersal. 
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The need for estimates of dispersal distance of mar-
ine species with planktonic larval dispersal, combined 
with the difficulty in measuring this distance, has led 
to a desire for proxies for dispersal. However, these 
proxies are not carefully validated, and they lead us 
astray. The assumption that PLD is a proxy for disper-
sal distance, that dispersal is simply related to IBD, 
and that dispersal can be estimated from IBD, are 
rampant in the literature despite little empirical or 
theoretical support. Our results suggest that these as-
sumptions are problematic. We suggest that more bio-
logically and oceanographically realistic estimates of 
planktonic dispersal, and theories of how this dispersal 
influences spatial genetic diversity, are necessary be-
fore any of these can be used as proxies for each other 
in species with long planktonic durations. 
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