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ABSTRACT [revised]

Toinvestigate the connectivity between central California marine protected ar eas (M PAS), back-pr oj ections wer e calculated using
the network of high-frequency (HF) radar ocean surface current mapping stations oper ated along the Califor nia coast by the member
institutions of the Coastal Ocean Currents Monitoring Program with funding provided by California votersthrough Propositions 40 &
50 and administered by the State Coastal Conservancy. Trajectoriesof 1 km resolution grids of water particleswere back-pr oj ected
from ten M PAs each hour, out through 40 daysin the past, from each day in 2008, producing a map of where surface waterstravel over
a 40-day period to reach the MPAs— and visualizations of the length of time thewaterstravel along these paths. By comparing the
travel times of those back-projected track-pointsthat crossed between M PA regions, the connection time between M PAs along the
State's central coast was assessed. Repeating these calculations resulted in a connectivity matrix between the MPAsin theregion, and
may be useful for assessing connectivity for theimportant invertebrate and fish larvaethat arerestricted to the surface ocean during a
fraction of their lifecycle.

. INTRODUCTION

The Marine Life Protection Act (MLPA) passed by the State of Californiain 1999 requires the design and management of a
network of marine protected areas (MPASs) along California s coast with multiple aims, including (i) protection of the natural
diversity and abundance of marine life, (ii) maintenance of the structure, function, and integrity of marine ecosystems, (iii)
helping sustain, conserve, and protect marine life populations, including those of economic value, and (iv) rebuilding those that
are depleted [1].

In redesigning its system of MPAs California has taken aregional approach, dividing the State’s 1770 km coastline into five study
regions (Fig. 1). Asitisthe only study region fully implemented at present, thisinvestigation focused on the Central Coast MPA
system which went into effect September 22, 2007.
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Fig. 1 Shown at leftisalist of all 5 ML PA study regionswith
their dates of planned implementation. At right isa map of the
Central California MPAswith the 10 MPA’sevaluated in this
study numbered (from northernmost to southernmost) in red. 10
(Graphic credit: California Dept. of Fish & Game)

The MPLA callsfor a program of adaptive management, monitoring, research, and evaluation — to assess the effectiveness and
to adjust the management of the MPA network to achieveits goals. To this end the research presented here addresses a core
technical challenge in evaluating MPAs: measuring their connectivity; specifically asit relates to assessment of the larval
dispersal that links MPAsin anetwork. A key principal of the MLPA is spacing MPAS to promote connectivity through the
transport of planktonic larvae or juveniles from one MPA to another. Planktonic larvae spawned within an MPA are known to
disperse along the coast, entrained within the ocean’s currents [2]. The length of time juveniles of a species spend in the water
column, moving with the currents as planktonic larvae, before maturing and either settling to the bottom or growing strong
enough to swim against the currents affects the likelihood that given fish or invertebrate larvae produced in one MPA will settlein
another [3].

The spatial boundaries for MPAs must thus be chosen to help ensure that the species will persist, requiring knowledge of
dispersal scales and patterns. Thisinvestigation provided estimates of surface current trajectories, analogous to likely dispersal
paths of surface planktonic larval stages, between ten oceanic Central Coast MPA regions (from north to south): (1) Afio Nuevo
SMCA/Greyhound Rock SMCA, (2) Soquel Canyon SMCA, (3) Portuguese Ledge SMCA, (4) Pt. Lobos SMCA/SMR, (5) Pt.
Sur SMCA/SMR, (6) Big Creek SMCA/SMR, (7) Piedras Blancas SMCA/SMR, (8) Cambria SMCA/White Rock SMCA, (9) Pt.
Buchon SMCA/SMR, and (10) Vandenberg SMR. In this study currents were measured by the network of high-frequency (HF)
radar ocean surface current mapping (SCM) systems operated along the California coast by the member institutions of the Coastal
Ocean Currents Monitoring Program (COCMP) with funding provided by California voters through Propositions 40 & 50 and
administered by the State Coastal Conservancy. Trajectories of a1 km resolution grid of water particles were back-projected
from the ten MPA regions each hour using the SCM data, out through 40 days in the past, from 366 starting-days in 2008,
producing a map of where surface waters travel over a 40-day period to reach each MPA region — and a visualization of the length
of time the waters travel along these paths. By comparing when waters last passed through other MPAs on their way to each of
the ten MPA regions, the connection times between the MPAs were calculated. The result was a connectivity matrix between all
ten MPA regions for the year 2008.



The results derived show that the MPAs of the Central Coast study region are far from uniformly connected with the other
study regionsto the north and south proposed by the MLPA. Even within the Central Coast study region, its MPAs exhibit
widely varying degrees of connectivity, with the trajectories of surface waters flowing into an MPA often not crossing through
even directly adjacent MPAs. Significant directionality is observed in the transit of watersinto the MPAs, pointing to the need
for concepts of “average dispersal distance” to much more closely take into account each region’s coastal physical oceanography
in their application. The technique described by thisinvestigation provides atool for significantly improving MPA designers
ability to project the larval connectivity between specific designs of marine reserves.

Il. METHODS

A. Back-projections
A back-projection model was developed to reverse-track the source-waters flowing to grids of points spaced 1 km apart within
each MPA region for durations up through 40 days; a time period which would allow assessment for a range of larval durations.
Trajectories were back-projected from the grid-pointsin each MPA region using the hourly 6 km and 2 km resolution SCM data
measured by the COCMP’s network of CODAR Ocean Sensors, Ltd. SeaSonde® HF-radars. The radiowave oceanography
method employed by the HF-radars, described by [4], provided wide-area measurements of the ocean that would have been
difficult or impossible to make any other way. The SCM data measured the complexities in the surface currents occurring
upcoast, downcoast, within, and offshore of the MPAs that would have been missed using model results based on measured input
from the sparse collection of current meters located tens, and in many areas hundreds, of kilometers apart off the California coast.
The year 2008 investigated in this study was selected to coincide with the time when coverage was maximized by the greatest
number of HF-radars operating (Fig. 2). The ten MPA regions selected (Fig. 1) were those which fell significantly within the
SCM coverage which began between 2-6 km
offshore and typically extended seaward
approximately 200 km, measuring the surface
currents to an effective depth of 1-2 m (Fig. 3).
Directly adjacent SMCA and SMR MPA pairs
were grouped together and considered asa
single MPA region so that each region would
have sufficient separation to alow differences
in connectivity to be calculated.
A uniform grid of points spaced 1 km apart
was created within the ten indentified MPA
regions as starting locations for each day’s
back-projected trgjectories (Fig. 4): (1) Afio
Nuevo inscribed 46 grid-points, (2) Soquel
Canyon 71 grid-points, (3) Portuguese Ledge
33 grid-points, (4) Pt. Lobos 29 grid-points, (5)
Pt. Sur 43 grid-points, (6) Big Creek 52 grid-
points, (7) Piedras Blancas 47 grid-points, (8) Fig. 2 Bar graph of the number of California HF-radar sites operating in each quarter
Cambria 20 grid-points, (9) Pt. Buchon 45 grid- with the four quartersof 2008 from this study shaded grey.
points, and (10) the Vandenberg MPA had 62 grid-points. In order to prevent biasin the results that would inhibit them from
being applicable to any time-of-day, random starting hours between 0000 and 2300 were generated for each of the 366 daysin
2008. Starting with the first hour generated on December 31, 2008, the velocity components from the SCM data (U, positive to
east and V, positive to north) were linearly interpolated using the algorithm described in [5] to the 1 km resolution MPA gridsto
get an estimate of the surface current speed and directions at those exact locations. The sign of the U and V components were
then reversed to cal culate the location a water parcel (or presumably fish larva) would have originated from the hour before and
been carried by the surface currents toward each grid-point. This process was repeated for each prior hour, through 40 previous
days, interpolating the U and V components of velocity at each hour to the location calculated in the prior time-step and reversing
sign to back-project the location the particle would have been the hour before.

Example: If the currents at a given location flowed south at a speed of 10 cm s™ over the course of an hour
(1 hour = 3600 seconds), then the waters at that location would have been 360 m to the north the
previous hour (3600 s x 10 cm s™* = 36,000 cm = 360 m).
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Fig. 3 Ocean surface currents measured off the coast of California at 6 km resolution in theleft panel and at 2 km
resolution in theright panel on October 28, 2008 at 0000 UTC. The surface current vectors are shaded by velocity per
the colorbars. The measurement cover age shown this hour was typical throughout 2008.

= | f trgjectories progressed out of the area of SCM
.' . coverage, the measurements present that hour
- IR were extrapolated to those back-projected points
o vialinear interpolation as described in [5]. In any
instances where linear interpolation was unable to
produce aresult at a point (i.e., whenever a back-
projected point fell outside the convex hull of the
given hour’s SCM data points), nearest-neighbor
interpolation was instead used. If the back-
projection of a particle caused its track to cross an
island or coastal boundary, the distance the
particle was projected to travel was applied first to
thedirectionin U. If land was still encountered
the distance was then applied to the V direction.

Fo e Po BLChon VDA Teaion Ol e S LS g ooy If both attempts to move the particle alongshore
ig. e Point Buchon region off the San L uis Obispo, California outlined in . . . " .

yellow. Inset within the Pt. Buchon MPA boundary arered circlesat each of the 45 failed, it was held in position for that ti me;tep
grid-points, spaced 1 km apart, from which the paths of the surfacewatersintothe ~ and the process repeated the next hour, until the

MPA were back-projected. Thenumber of 1 km resolution grid-pointsfallingwithin  current moved the particle past or away from the
the boundaries of the MPA regionsvaried, with a high of 71 inset within the Soquel shore
Canyon MPA region to alow of 20 in the Cambria M PA. A . .
Using the High Performance Computing Center

(HPCC) at Cdlifornia Polytechnic State University, San Luis Obispo this process was repeated for each of the successive 366 days
in 2008, cal culating 430,080 back-projected positions each day for a grand total of 157,409,280 points for the entire year. The
result was atotal of 163,968 trgjectories, each consisting of 960 hourly back-projected points (960 hours = 40 days), along the
paths of waters flowing towards the locations of the grid-points within each MPA region.

B. Connectivity

The connection times between MPAs were calculated by recording the most recent hour (up through 960 hours ago) each
trajectory crossed each MPA border. Every grid-point within each MPA region had associated with it one back-projected
trajectory for each day of the year in 2008, showing where the surface currents had traveled over 40 daysto reach that spot, on
that day. Using the HPCC the trajectories were considered individually; calculating the times, if any, they made intersections
with the nine other MPA boundaries (self-intersections with the boundary of the destination MPA were ignored). Just a
trajectory’s most recent time of intersection with each of the nine other MPAs was retained, thereby determining how long it had
been since those waters had last encountered each other MPA before reaching their destination. Repeating these calculations for
each day of the year produced a database of the durations it took surface waters to flow from one MPA to another.



I, RESULTS

In Table 1 are the mean number of daysit took back-projections to travel from one MPA to reach another MPA. These results
provide the average length of time it had been since surface waters entering an MPA had last been in each neighboring MPA.
Naturally waters traveling to a given MPA passed through some neighboring MPAs more than others, and Table 2 shows what
percentage of trajectories back-projected from an MPA crossed through each one of its neighbors. Table 2 thereby illustrates the
degree of surface connectivity between each pair of MPAs.

A further examination of the connection times between the MPAsis given by Fig. 5. Rather than just the mean asin Table 1,
these histograms show the percentage of the total intersections that occurred between each MPA pair within each 5, 10, 20, 30,
and 40-day bin. Fig. 5 not only addresses what range of time surface watersin an MPA were last within each neighbor but,
looking across arow or column, also shows how these distributions of connection times changed with alongshore distance, as the
rows and columns are sorted in geographic order; northernmost to southernmost.

In Fig. 6 the stacked-bar histograms provide a quantitative visualization of how well connected each MPA was with its
respective neighbors. The color coding of each bar by neighbor MPA shows the number of times trajectories of surface waters
flowing toward the destination M PA transected the region given by the hue. Conversely, Fig. 7 shows, for the MPA in each panel,
which other regions were best connected with it. Again, the histogramsin Fig. 7 are colored by region; here showing how often
the given MPA is crossed by surface waters

flowing toward the tinted MPA. TABLE 1.
Si nce the vari ous MPA borders inscri bed MEAN NUMBER OF DAY S CONNECTING TRAJECTORIES TOOK TO INTERSECT THE MPA REGIONS
. i 3 GIVEN BY THE ROW HEADERS WHEN BACK-PROJECTED FROM THE MPAS PER THE COLUMN HEADERS.
d|fferent numbeI’S Of Star“ng 1 km g”d- Back-projected from:
points (Fig. 4), dividing the total number of (orted north- | Afio | Soquel | Portuguese| Point [Point| Big | Piedras| . .| Point [\, denberg
traj ectories back-projected through each 10-93~Uth) Nuevo|Canyon| Ledge |Lobos| Sur |Creek|Blancas Buchon
other region, by the number of grid-points N’?JTWOO - | 167 132 [141(19.6|224| 238 | 243 | 240
in the destination MPA, gave a measure of Soquel
the “effectiveness per grid-point” at the Canyon | 206 | - 6.1 |11.0(151|183| 219 | 233 | 345
destination MPA. These “number of Portuguese | ,, - | 145 i 102138 166! 210 | 235 | 343
intersections per grid-point, per MPA” are Ledge
recorded in Table 3. Here, for example, I_Pgt')’;ts 238 | 22.2 18.2 - |80|115| 177 | 209 | 307
despite having fewer grid-points from Point
which to back-project trajectories the To| gy 253| 252 | 220 |143| - | 75| 153 | 166 | 232
surface waters of the Cambria MPA did a BIg  300| 220 | 260 | 235|184 - | 125 208 | 226 | 362
better job of connecting to the Afio Nuevo Creek
MPA (1.9 intersections with Afio Nuevo ;igss 294 | 283 288 |237(200|162| - 100 | 220 377
'\::Pﬁ per %ftidépowt) t&ag Af\il% ﬂ11€ waters of Cambria | 246 | 232 | 250 |301|27.2|258] 132 | - | 163 | 252
the larger Pt. Buchon ) Point
intersegctions with Afio Nue\fo MPA per Buchon | 358 | 359 | 364 351/304/266| 212 | 239 - 20.7
grid-point). Vandenberg 37.3/356| 265 | 271 | 258
In order to quantify the effect size had on
the degree of surface connectivity between TABLE 2.
MPAs, the calculations summarized in Table 4 PERCENTAGE OF TRAJECTORIES INTERSECTING THE MPA REGIONS GIVEN BY THE ROW HEADERS
were performed, Where the number Of WHEN BACK-PROJECTEDBFaRC(i)(Mp'lI:ngeCtMEéA;I;ETI?-THE COLUMN HEADERS.
Intersections per square Iglometer of shared (Sorted north- | Afi0 | Soquel [Portuguese| Point [Point| Big |Piedras .| Point
surface area showed the impact between MPASs tosouth)  INuevo|Canyon| Ledge |Lobos Sur |Creek|Blancas Cambriag, oV andenberg
in proportion to their size. Ao | 1103 | 164 |223(213198| 81 | 05 | 00 | 00
The mapsin Fig. 8 of the back-projected Nuevo
trgectories further help visualize these results g;’nq;gn 257 - 754 |328(27.0(264| 129 | 06 | 00 0.0
by showing where the waters were 5, 10, 20, Portuguese
30, and 40 days ago before reaching the given Ledge | 12| 556 - 38.3(29.9/302| 120 | 14 | 10 0.0
MPA. The density of the points plotted at Point | 111 286 | 200 | - |650/542| 239 | 32 | 20 | 00
these durations shows the impact of waters as "P‘c’:?os
sources to the MPA. To: S"Jrr‘t 113| 111 | 117 |398| - (633| 234 | 34 | 21 0.0
With the time-series of back-projections Big 46 | 63 78 165|001l - | 24 | 62 | 24 00
produced by the model for 2008, these data Creek : : : : : . . : :
products could have been generated for any Piedras 3.4 36 37 80 [17.8/19.1 - 15.0 4.6 0.1
intra-annual time-period. This provides g;”kﬁ 12 | 21 30 |120|184l214] 359 i 196 21
additional utility for exploring temporal Point ' ' ' N ’ ' i
influences such as seasonality. Buchon | 03 | 06 07 |09|35[30]| 157 | 304 | - 7.9
Vandenbergl 0.0 | 0.0 00 |[00]01]/02] 33 | 64 | 138 -
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Fig. 6 Histograms of the times at which back-projections from each MPA region (panels#1-10) first inter sected other MPAs. In the barsplotted at
the5, 10, 20, 30, and 40-day bins, the fraction shaded by the unique color of the other MPAS, per thelegend in panel #10, shows the per centage of the
total number of intersectionswith that MPA.

*Example: Toanswer the question, " How well connected was the Pt. Buchon MPA region?", comparing panel #9 with the other s showsthat seven of
the other MPAshad a greater number of inter sections, with only the back-pr ojections from the Cambria (#8) and Vandenber g (#10) M PAs crossing
through other MPAsless often. Still, the Pt. Buchon M PA experienced a maximum in connectivity between 20-30 dayswith 2,367 of its 7,466
inter sections occurring within that time range —further, of those 2,367 inter sections, the dominant width of the teal shading in that bin, relativeto they-
axis, showsthat the Vandenberg MPA accounted for most of those crossings, with 916 inter sections.
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Fig. 7 Histograms of the times back-projectionsfrom other MPAsfirst inter sected the MPA regions#1-10. In the barsplotted at the 5, 10, 20, 30, and
40-day bins, the fraction shaded by the unique color of each other MPA (per the legend in pand #10) showsthe per centage of the total number of back-
projections that inter sected the given M PA from the colored M PA region.

*Example: Toanswer the question, " How well did other M PAs connect with the Point Lobosregion?", comparing panel #4 with the other s shows
that Pt. Lobos had the greatest number of inter sections with 38,033 total; making Pt. L obos the MPA most often crossed by water s flowing to the other
MPAs. Most intersectionswith the Pt. Lobos M PA occurred between 10-20 days back (10,114), with watersthat had the Big Creek MPA (cyan) astheir

destination (3,250 inter sections) predominantly passing through in that time-window.
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IV. DISCUSSION

In this study there was a distinct separation in the surface flow north-to-south observed in the trgjectories of the MPA’s source-
waters (Fig. 8). This pointsto athree-tier geographic classification between MPAsin the Central Coast study region (Fig. 1):
those substantially connected to waters from the North Coast and North Central study regions (MPAs #1-6), those whose source-
waters span both the North and South Coast study regions (MPAs #7-9), and the Vandenberg MPA (#10) which was largely
isolated from MPAs #1-6, instead primarily incorporating waters from the South Coast study region.

An essential input to the MPA assessment and adaptive management as called for by the MLPA is ongoing data that will allow
evaluation of how connectivity changes from year-to-year, helping to explain the role of environmental variability in observed
increases and decreases of marine populations in designated reserves. Without recognition of this environmental variability,
observed changes in populations may be falsely attributed to management decisions, resulting in misguided decisions on future
management. With HF-radar SCM data and the model described, recommendations for MPA spacing can now be informed based
on connectivity of the reserves through cal culated pathways of larval transport.

The estimates derived here for trajectories into the MPAs could be improved for surface planktonic larvae by incorporating data
into the model on larval behavior, population abundance, reproduction, and recruitment along with the HF-radar SCM
measurements — important information that is missed by considering only the physical oceanography. MPAs need to be spaced
with enough distance in-between to maximize the length of coastline replenished by the larvae produced within the reserves, yet
close enough together to alow larvae to be exported from one MPA to the next. The model presented here, suitably applied,
should significantly improve the chances that this will occur when incorporated into MPA planning.
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