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CA Marine Life Protection Act

• Law mandates establishment 
of a network of marine 
protected areas along the 
coast of CA

• One goal is recovery of 
depleted fisheries

• Proceeding in phases
– Central Coast enacted early ‘07  

• Roughly Santa Cruz - Pt. 
Conception

– North Central coast in process
• Roughly Pt. Arena - Santa Cruz
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California 
Rockfish

• Cryptic complex of 
scores of related reef 
fish 

• Adults live on hard-
bottom habitat only

• Important sport fishery
• Current exploitation 

levels may lead to 
collapse

http://www.riptide.net/

http://www.nmfs.noaa.gov/habitat/habitatprotection/
profile/pacificcouncil.htm
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Where to protect?

• State waters - 3 nautical miles
• Alternatives generated by

–expert opinion, science advisory team
–stakeholders
–recently, some population modeling

• Priority for hard habitat 
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For effective marine conservation, 
we need to know:
1. where habitat patches exists,
2. how habitat patches are connected by larval 

dispersal,
3. what spatial patterns of habitat protection 

can improve population persistence.
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Where is 
hard habitat?
• Coarse scale data 

available statewide

• Hard habitat is blue – 
paler with depth

• Soft habitat is red 

• Unknown is yellow

• Depth bins are 0-30m, 
30-100m, 100-200m, 
200-3000m, 3000m+

• State waters mostly 
0-100m
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Where is 
hard habitat?
• Fine-scale data 

from State waters 
disagree with 
coarse data

• Much less hard 
habitat than 
previously 
reported
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Where is 
hard habitat?
• coarse-scale data 

overlaid with raster
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Where is ecologically meaningful  
hard habitat?

• How big do patches have to be before they’re 
useful?

• How densely packed do small patches have to 
be to be useful?

• Without sufficient information, we have to 
make our best guesses... then code a 1km grid
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2. How are habitat patches 
connected by dispersal?

• Rockfish adults generally sessile 
• Dispersal just by planktonic larvae
• Mean dispersal distance for black rockfish, 

based on a genetic study ~45km

• What is the spatial pattern of connectivity?
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Estimating larval dispersal 
kernals
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Estimating larval dispersal 
kernals

• Tag and track every larva released over 
several years of variable climate
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Estimating larval dispersal 
kernals

• Tag and track every larva released over 
several years of variable climate
–right......
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Estimating larval dispersal 
kernals

• Tag and track every larva released over 
several years of variable climate
–right......

• Setup and run a circulation model for the 
region, calibrated with years of current 
data
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Edwards et al.: Influences on larval dispersal

RESULTS

Description of dispersal kernels

Larval dispersal from spawning on the Georgia shelf
around GNRMS shows a strong seasonal pattern
(Table 2, Fig. 2). During the summer months of June
and July, when upwelling-favorable winds were pre-
dominant, particles were transported along-shelf to the
northeast, and the distance dispersed was more than
twice that of other seasons. In winter months (Novem-
ber, December, January, and February), net particle
movement was along-shelf to the southwest and the
size of the variance ellipse (maj and min) was greatest.
Spring (March, April, and May) and autumn (August,
September, and October) appeared to be transition
seasons with generally reduced net onshore transport.
In all releases, particles generally remained on the
inner- and mid-shelf of the central southeast US conti-
nental shelf.

Differences among dispersal kernels for each of the
release locations (Table 3, Fig. 3) generally reflected
the structure in the monthly climatology flow fields,
with particles generally traveling further in January
and July. With the exception of the offshore releases,
dispersal kernels were generally oriented along-shelf.
The size of dispersal kernels were similar except for
the on-shore release location, which tended to be elon-
gated even further in the along-shore direction owing
to larvae reaching the coast. As expected, both the
mean distance dispersed (d) and the spread (maj and
min) of dispersal kernels increased with increasing
larval duration (Table 4, Fig. 4). Dispersal was more
isotropic for the 15 d larval duration with rounder
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Month d θ maj min θm

(km) (° from E) (km) (km) (° from E)

Mar 11 123 16 15 –34
Apr 27 103 23 14 40
May 17 147 23 13 63
Jun 40 72 21 11 22
Jul 82 60 19 12 21
Aug 18 108 19 12 49
Sep 13 102 17 13 55
Oct 18 –166 17 13 63
Nov 17 –27 19 11 –14
Dec 15 –107 18 11 16
Jan 53 –121 22 12 63
Feb 27 88 17 13 41

Table 2. Statistics of monthly 2-dimensional dispersal kernels.
The 4 other parameters were set at center release location,
30 d larval duration, mid-depth passive behavior, and
dispersion coefficient (K) = 10 m2 s–1; d: distance from starting
location; θ: direction from starting location; maj: major axis
variance; min: minor axis variance; θm: angle of major axis

A

B

Fig. 2. (A) Ending position of passive particles released in
Gray’s Reef National Marine Sanctuary (GRNMS) in repre-
sentative months (January, April, July and October) for each
season. Also included are: mean starting location (e), mean
ending location (h) and variance ellipse (2σ) from PCA (black
ellipse). Isobaths (m) shown in gray. (B) Monthly mean disper-
sal distance and direction of particles released in GRNMS
with dispersion coefficient (K) = 10 m2 s–1, duration = 30 d,
and passive particles released at mid-depth. Model coastline 

and isobaths (m) shown in gray
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Circulation model results from
Edwards et al. 2007. MEPS

Dispersal calculated based on: 
mean monthly flow (1975-99)
+ hourly tidal currents
+ small Gaussian random walks

12



Circulation 
model 
results

• Highly 
complex 
models

• Labor and data 
intensive

• Ignorant of 
planktonic 
behavior

Edwards et al.: Influences on larval dispersal

DISCUSSION

This study provides a baseline in quantifying and
understanding larval dispersal on the inner- and mid-
shelf of the central southeast US continental shelf. The
fine-scale structure in the climatology flow fields is
evident in the resulting dispersal kernels from the 5
release locations tested. As expected, the dispersal
kernels on the inner- and mid-continental shelves off
the coast of Georgia show a strong seasonal pattern in
relation to the seasonal pattern in the circulation and
winds (as described in ‘Study region’ above). The use
of 2-dimensional dispersal kernels in this study
allowed the exploration of the interactions among the
biological and physical parameters of interest. In addi-
tion to the parameters being tested in this study, 2-
dimensional dispersal kernels could be used to study a
range of biological hypotheses such as the importance
to populations of retention versus dispersal, larval suc-
cess in arriving at potential settlement habitats, and
the role of density-dependent processes such as the
overlap of larvae with potential prey or predators.
While we have not considered any specific species, our
results indicated that spawning time and location play
a dominant role in shaping dispersal kernels in this
region, suggesting that more attention should be
given to the role of adult behavior in determining
planktonic dispersal.

The results of the MANOVA indicate that
release month and location are the main factors
that explaining the dispersal of particles in this
region. To a lesser extent, larval duration and
behavior are also important. The relatively simple
larval behaviors included in our model were cho-
sen to examine the maximum effect that behavior
can have on larval transport. On the inner shelf in
shallow water, the top and bottom Ekman layers
may be merged (Austin & Lentz 2002) causing the
water column to move largely as a slab and
resulting in very little difference in dispersal
owing to either larval position in the water col-
umn or behavior. For this region of the shelf, adult
spawning behavior may be more important than
larval behavior in that the adults spawn in inner-
and mid-shelf regions that are largely retentive.
Larval behavior may also be more important for
species that spawn further offshore in the deeper
water and want to remain on the shelf, or for
those species linking behavior to tidal cues result-
ing in net cross-shelf transport. Fig. 7 provides
the results for January larvae released at the 60 m
isobath directly offshore from GRNMS. In this
case, behavior matters and surface particles
(black) are advected on-shelf, while the deep par-
ticles (light gray) are advected off-shelf. The pas-

sive, mid-depth particles (medium gray) are advected
the furthest and move generally along-shelf to the
north. 

A second explanation of the relatively low impor-
tance of larval behavior is our use of the long-term
monthly mean flow fields. One consequence of using
the long-term monthly mean velocity fields is that, by
definition, we will miss any transient features such as
fronts, eddies, and other time-varying features of the
circulation that might increase the importance of larval
behavior in dispersal. Edwards et al. (2006) provided a
look at the barotropic circulation in this region during
observed drifter release periods throughout 2000 and
2001. However, the use of the long-term mean flow
fields used herein provides an important first measure
for the dispersal of larvae on the southeast US conti-
nental shelf and a description of the mean dispersal of
particles released on the Georgia shelf, about which
variations (shorter and longer time scales) can be
assessed. 

With the mean dispersal estimated, we can begin to
look at interannual variability in reference to this
mean state and to include more realistic behaviors,
both adult spawning and larval behaviors. Field and
laboratory experiments (Forward et al. 1999) have
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Fig. 7. Ending position of particles released at a location directly
offshore of Gray’s Reef National Marine Sanctuary (GRNMS,*) at
the 60 m isobath for each of the 3 larval behaviors. Black squares:
surface-fixed particles; medium gray squares: mid-depth passive
particles; light gray squares: deep particles at a fixed depth above
the bottom. Arrows point from the starting location of all particles
to the center of the ending position of each behavior. Diagonal line
in upper and lower right-hand corners mark end of model domain
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Dispersal estimates are needed now 
to inform conservation decisions

• Simple approach building on general 
knowledge

• Plankton both diffuse and advect from 
their source

• Transport is slower across-shore than 
along-shore

• Transport is slower in shallow water than 
deep water
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• Bathymetry for 
Central Coast

• Resampled to 1km
• Light contours are 

100 and 200m depth
• Green = No Data
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• Cost surface based on 
bathymetry

• Blue background is 0.5 
for water >=150m

• Movement cost 
increases linearly with 
shoaling to beach where 
cost = 1
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• Aspect calculated 
from 1km bathymetry

• Red faces NNE, 
fading clockwise to 
yellow at S, fading to 
lime green at NNW

• Magenta dots are 
sampling points 
discussed later
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• Directional cost of movement
• Yellow is function used - blue is sine for reference
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• Deposition is taken from 
an exponential 
distribution based on 
“cost distance” from the 
source

• Height of the distribution 
is adjusted so that the 
total # of larvae is the 
same for each source
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• In Monterey Bay
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• Starting from very 
shallow water with a 
somewhat broader 
shelf
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• Note the lack of 
dispersal onshore into 
the Gulf of the 
Farallones, but no 
such problem into the 
deeper water of 
Monterey Bay
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• Offshore-most of a 
series of three 
sources
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• Just onshore from the 
last one

• Again a smaller core 
kernal from shallower 
water

• Offshore tails (skirts?) 
of distribution less 
affected
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• Shallower still
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Dispersal model based on 
bathymetry

• Captures known  general patterns of 
dispersal, including larval retention behind 
headlands, etc.

• It’s not correct - but it gives some insight 
nonetheless

• Allows a first pass at calculating 
population connectivity and persistence
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3. What spatial patterns of 
protection can improve 
population persistence?

• We calculated dispersal from all grid cells 
of hard habitat

• Placed the results in a population model
• Calculated which areas may be 

contributing the most larvae to the 
metapopulation
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Results of population model 
using these dispersal 
kernals:

Settlement is higher in and 
near concentrations of 
habitat.

Larval dispersal = 45 km 
(nominal), no adult 
movement, no fishing.  Fish 
use hard habitat, 0-100 m 
depth.
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“Self retention”:
the fraction of spawned 
larvae that settle locally 

Highest in shallower 
water near the coast 
where long-shore 
currents are slower

<1% self-retention 
everywhere

Data very near the  
GG bridge are artifacts

29



“Larval export”:
fraction of spawned 
larvae that 
successfully settle 
elsewhere

Areas in or near 
concentrations of 
habitat.

Priorities for 
conservation due to 
larval contribution to 
metapopulation 
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Conservation priorities

• Areas of high successful export are on 
broad shelves near/within concentrations of 
habitat
–This result is robust across a range of dispersal 

distances and dispersal kernal shapes
• Other important areas are stepping stones 

between concentrations of habitat
–their importance from the model varies 

somewhat with dispersal kernal size and shape
31
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Summary

• Conservation decisions are being made 
now, without information on connectivity of 
habitat

• Simple dispersal models can provide at 
least some insight into spatial patterns of 
connectivity

• Until better data and models are available, 
these insights should still improve the 
effectiveness of protected areas
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Future research

• Refining and validating dispersal models

• Improving population persistence models 
to include more population dynamics, 
increased fishing effort outside reserves, 
movement of adult fish, etc. 

• Optimizing design of reserve networks to 
maximize population persistence 
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