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Abstract

Context Many nearshore species are distributed in
habitat patches connected only through larval disper-
sal. Genetic research has shown some spatial structure
of such metapopulations and modeling studies have
shed light onto possible patterns of connectivity and
barriers. However, little is known about human impact
on their spatial structure and patterns of connectivity.
Objectives We examine the effects of fishing on the
spatial and temporal dynamics of metapopulations of
sedentary marine species (red sea urchin and red
abalone) interconnected by larval dispersal.

Methods We constructed a metapopulation model to
simulate abalone and sea urchin metapopulations
experiencing increasing levels of fishing mortality.
We performed the modularity analysis on the yearly
larval connectivity matrices produced by these simu-
lations, and analyzed the changes of modularity and
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the formation of modules over time as indicators of
spatial structure.

Results The analysis revealed a strong modular spatial
structure for abalone and a weak spatial signature for sea
urchin. In abalone, under exploitation, modularity takes
step-wise drops on the path to extinction, and modules
breakdown into smaller fragments followed by module
and later metapopulation collapse. In contrast, sea
urchin showed high modularity variation, indicating
high- and low-mixing years, but an abrupt collapse of
the metapopulation under strong exploitation.
Conclusions The results identify a disruption in
larval connectivity and a pattern of collapse in highly
modular nearshore metapopulations. These results
highlight the ability of modularity to detect spatial
structure in marine metapopulations, which varies
among species, and to show early changes in the
spatial structure of exploited metapopulations.

Keywords Larval connectivity - Southern
California Bight - Allee effect - Marine
metapopulation - Seascape ecology - Spatial structure -
Red abalone - Red sea urchin

Introduction
Many nearshore species are distributed along coastli-
nes over a patchy mosaic of suitable habitat such as

rocky or coral reefs and kelp forests. They disperse
between these habitat patches mainly as newly born
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larvae, moving with ocean currents sometimes hun-
dreds of kilometers (Kinlan and Gaines 2003). For
such metapopulations, there is evidence of spatial
genetic structure, but with conflicting results such as
no geographic correlation or discordance between
different genetic markers (Moberg and Burton 2000;
Debenham et al. 2000; Gruenthal et al. 2007; Miller
et al. 2008; De Wit and Palumbi 2013). Information
gained from larval dispersal modeling has shed light
onto possible patterns of connectivity between habitat
patches (Cowen et al. 2006; Planes et al. 2009; Watson
et al. 2010; Paris et al. 2013) and the barriers that
separate them (Caley et al. 1996; Bell et al. 2001;
Goodsell and Connell 2002; Deza and Anderson 2010;
Bonin et al. 2011). For the most part, however, these
studies have not gauged the (possibly strong) effect of
fishing pressure on patterns of connectivity and spatial
structure, as nearshore metapopulations become more
and more depleted.

Strong fishing pressure can decrease local densi-
ties (Jackson et al. 2001; Pauly 2009; FAO 2012),
which might have consequences on larval dispersal,
genetic exchange and spatial structure of marine
populations. It has been observed that coastal areas
show high human impact across the globe (Halpern
et al. 2008). This makes nearshore metapopulations
crucial systems when studying the effects of fishing.
A well-known effect is population decline, which in
turn may have consequences on the recovery
potential of nearshore metapopulations. For exam-
ple, Allee effects, i.e. a drop in fitness at low
densities, may intensify causing reproductive and
recruitment failure (Gascoigne and Lipcius 2004;
Berec et al. 2007). Allee effects are therefore
important when studying nearshore benthic species.
Another effect is the decrease of larval exchange
(Kaplan et al. 2009), which is key for species that
only disperse through their pelagic larvae. In their
review, Ciannelli et al. (2013) highlight that over-
fishing can alter the dynamics of marine metapop-
ulations by eroding their spatial structure and
affecting colonization. In the present study, we
want to further analyze these effects on nearshore
metapopulations by focusing on their larval con-
nectivity patterns.

Network modularity, a tool from network theory,
has been used in both terrestrial and marine systems
to assess spatial structure and analyze connectivity
of metapopulations. In network theory, habitat
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patches within a metapopulation are represented
by nodes and dispersal connections by edges (Keitt
et al. 1997). Modularity has been used in the study
of fragmented landscapes as a measure of the
structure of the network that detects modules, i.e.
densely connected groups of nodes (Keitt et al.
1997; Girvan and Newman 2002; Newman 2006a;
Minor and Urban 2007). High modularity means
that nodes within a module are more densely
connected, but sparsely connected to nodes in other
modules. Although its application in marine systems
is recent, modularity has successfully identified
groups of locations (nodes) as subpopulations
(Jacobi et al. 2012), sub-patches (Cavanaugh et al.
2014) or emergent geographic clusters (Crandall
et al. 2014) by using connectivity matrices. In that
way, these studies have shown a spatial structuring
on nearshore metapopulations, with patches that
exchange more larvae within their module than with
other modules. However, no study have yet focused
on their spatial and temporal dynamics, nor in the
effects of fishing pressure.

In this study, we simulated nearshore metapopula-
tions of red abalone (Haliotis rufescens) and red sea
urchin (Strongylocentrotus franciscanus) experienc-
ing increasing levels of fishing mortality, and per-
formed a modularity analysis to determine the effects
of fishing on their spatial and temporal dynamics. Red
abalone (a short-distance disperser) and red sea urchin
(a long-distance disperser), henceforth abalone and
sea urchin, are nearshore sedentary species that
disperse only through pelagic larvae. These charac-
teristics added to their high unit value that make them
prone to overfishing, make them interesting for the
application of graph theory. Here, we used previously
published modeled estimates of larval connectivity
within the Southern California Bight (SCB) for
abalone (Watson et al. 2010) and sea urchin (Watson
et al. 2011). We constructed a nearshore metapopu-
lation model to simulate their spatial and temporal
dynamics under fishing pressure. Changes in modu-
larity and formation of modules over time were used
as indicators of spatial structure. Given that abalone
has a short pelagic larval duration (PLD) (Carlisle
1962) and sea urchin a long PLD (Kato and Schroeter
1985), we expect abalone to show a more defined
spatial structure. Nevertheless, other life history
strategies, such as age at maturity and fecundity,
might also influence spatial structuring.
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Methods
Focal species

H. rufescens and S. franciscanus are dioecious,
broadcast-spawning species with pelagic larvae and
sedentary juvenile and adult phases. They both live on
subtidal rocky reefs associated with kelps, yet they
differ in some aspects of their life histories. Abalone in
the SCB spawns throughout the year (Leighton 1974)
and their larvae remain in the water column for
4-7 days (Carlisle 1962). Females reach maturity at
sizes above 100 mm in northern California (6 years
old) (Rogers-Bennett et al. 2004; Leaf et al. 2008). Sea
urchins spawn mainly from December to February and
their larvae stay 67 weeks in the water (Kato and
Schroeter 1985). Females can be induced to spawn at
1-2 years old, but the production of gametes is
minimal (Kato and Schroeter 1985), hence age at
maturity is generally assumed at 3 years old (White
et al. 2010). As broadcast spawners, both species may
be prone to pre-dispersal Allee effects, a decrease in
fertilization at low adult densities (Kikuchi and Uki
1974; Denny and Shibata 1989; Levitan 2002).

Although individuals of both species live on hard
substrate, they tend to occupy different depths.
Abalone juveniles and adults in Southern California
live preferably in the upper subtidal at 10-25 m deep
(Leighton 1974), whereas sea urchins dwell mainly on
mid to deep subtidal regions to a depth of 50 m (Kato
and Schroeter 1985). However, they both can be found
in deeper regions. Both species feed on drift macroal-
gae (Leighton 1966; Rogers-Bennett 2013), but when
a shortage occurs only sea urchins become active
foragers that denude standing kelps to leave only
stipes (Harrold and Reed 1985). Their main predators
are sea otters and humans (Leet et al. 2001).

Larval connectivity data

We used previously published estimates of potential
larval connectivity developed from Lagrangian parti-
cle simulations in the Southern California Bight
(Mitarai et al. 2009; Watson et al. 2010, 2011).
Potential larval connectivity is the probability that a
larva released from a particular location, at a given
time will disperse to another location over a given
advection time (species’ PLD) (Mitarai et al. 2009). In
these simulations, Lagrangian particles (larvae) were

released from 135 circular nearshore patches, each
with a 10 km diameter, distributed uniformly through-
out the SCB coastline, the Northern and Southern
Channel Islands (Mitarai et al. 2009). The Lagrangian
particles were then transported passively by modeled
ocean currents, produced from a Regional Oceanic
Modeling System (ROMS) solution to the Southern
California Bight for the period 1996-2002 (Shchep-
etkin and McWilliams 2005; Dong et al. 2007; Dong
and McWilliams 2007; Dong et al. 2009; Mitarai et al.
2009). Potential connectivity to and from each
nearshore patch was then calculated from the Lagran-
gian particle trajectories, resulting in a potential
connectivity matrix. We refer the reader to Mitarai
et al. (2009) and Watson et al. (2010) for more
information on these Lagrangian particle simulations
and the derivation of potential connectivity.

From these Lagrangian particle simulations we
obtained 135 x 135 potential larval connectivity
matrices for abalone and sea urchin, defined by their
spawning month, year and PLD (Tables S1, S2,
Supporting Information), for the period 1996-2002
(Watson et al. 2010). Since abalone spawns year-
round in the SCB, we calculated the yearly potential
connectivity by taking 12 monthly averages. In
contrast, for sea urchin, the yearly potential connec-
tivity was calculated as the average of December
(from the previous year), January and February, which
covers its spawning period.

In addition to these estimates of potential connec-
tivity, we constructed spatial maps of the distributions
of abalone and sea urchin in the SCB using substrate
type, kelp bed cover and depth GIS layers from the
California Department of Fish and Wildlife (https://
www.dfg.ca.gov/marine/gis/downloads.asp) and the
California Seafloor Mapping Program (Johnson et al.
2013). We overlaid hard substrate, kelp cover and the
30- and 60-m-deep isolines for abalone and sea urchin,
respectively (Fig. S1, Supporting Information). To
linearize the coastline of Southern California, we used
the approach used by Kaplan et al. (2009) and divided
it into 2-km-wide latitudinal and longitudinal bins (the
substrate-type GIS layer shows 2-km grids). In gen-
eral, horizontal sections of the coastline (mainland and
islands) were divided into longitudinal bins; the rest
was divided into latitudinal bins. To capture small
isolated patches, bins with more than 0.1 km? of hard
substrate or kelp cover were considered with suit-
able habitat. Each bin corresponded to a node in the
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network. This approximation captures the spatial dis-
tribution of the habitat, simplifies the computational
analysis, and suits better the potential connectivity
data described above. We obtained a total of 379 bins:
1-195 (mainland), 196-299 (Northern Channel
Islands), 300-331 (Santa Catalina 1.), 332-360 (San
Clemente 1.), 361-374 (San Nicolas 1.), and 375-379
(Santa Barbara 1.). Of the 379 bins, 291 contained
suitable habitat for abalone and 293 for sea urchin. The
final step was to assign the probability that a larva in
site i ended in site j, by interpolating the nearest
potential connectivity values. This resulted in a
379 x 379 potential connectivity matrix C which we
then used in the metapopulation simulations described
below.

Simulation of nearshore metapopulations

We have developed a general model of nearshore
metapopulation dynamics for sedentary species,
whose parameterization leads to species-specific
results (Tables S1, S2, Supporting Information). In
the model, larval dispersal follows the potential
connectivity matrix, where some larvae are lost in
the system and some find suitable habitat to settle.
Settlement is followed by the juvenile phase that
groups all individuals before reaching age at maturity,
thus natural mortality is very high. All individuals that
have reached age at maturity are in the adult phase,
which can be subject to natural and fishing mortality.
Reproduction is subjected to a pre-dispersal Allee
effect at low densities.

Population dynamics are iterated forward in dis-
crete annual intervals and defined by juvenile (J) and
adult (A) growth equations:

Jir=(e™-(1=1/1)-J+Cx (2-A,-R)) - B,
(1)

Ayt = ((1 /1) - J, + e Math) -A,) ‘B, 2)

where J, and A, are vectors over space with juvenile
and adult densities at time ¢, M; and M, are natural
juvenile and adult mortalities, and F is fishing
mortality. o is the number of mature eggs produced
by a female in a year, and 7 is the age at maturity. C is
the transposed of the potential larval connectivity
matrix described above, which in the model is
multiplied times the production of new individuals
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(o0 A; R,), resulting in the realized larval connectivity
matrix L, Therefore L contains the amount of larvae
coming to place j from place i. Every time step (year)
the algorithm randomly chooses one matrix C from the
7-year period quantified in the previous section and
calculates its corresponding matrix L. B; is a vector
containing 379 random deviates drawn from a Beta
distribution with mean g, which determine individual
mortality due to environmental stochasticity. R, is a
modified version of the Beverton—Holt function that
describes the Allee effect (Myers et al. 1995; Gas-
coigne and Lipcius 2004):

Ro=x""/(1+B-x%) (3)

where d controls the strength of the Allee effect: when
d = 1 the expression models standard negative den-
sity dependence; & > 1 leads to the Allee effect, where
greater values result in stronger Allee effects. B (=45)
is a scaling factor that makes density curves look
similar at high values (Gascoigne and Lipcius 2004).
As broadcast spawners both abalone and sea urchin
were simulated with moderate Allee effects & = 3.
The minimum value within a node is 0.0001, below
which the node goes extinct.

Modularity and spatial structure

The modularity index indicates whether any division
of the network exists and takes values most often
within the 0-1 interval (Newman 2006a; Fortunato
2010). Larger values generally indicate that the
number of connections within the groups of popula-
tions is greater than the connections between the
groups. In this study we used the walktrap algorithm,
which is based on the criterion a random walker tends
to be trapped in dense parts of a network (Pons and
Latapy 2006). The walktrap community function of
the igraph package in R (Csardi and Nepusz 2006)
implements this algorithm to calculate the number of
modules or communities (M), the modularity index
(Q) and the membership vector. This algorithm is
advantageous because it can be used for weighted
networks (Pons and Latapy 2006) and is less compu-
tationally costly than other algorithms, but performs
well at identifying community structure (Steinhaeuser
and Chawla 2010; Yang et al. 2016). In our exercise,
we used 4 steps as the length of the random walks. The
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algorithm used weights, but not directionality of
edges.

To detect spatial structure of abalone and sea
urchin, we calculated the average of the seven
potential connectivity matrices of each species and
performed the modularity analysis. This average will
give us a spatial-temporal baseline of the modularity
of the metapopulations, while only considering larval
dispersal. We also performed the modularity analysis
on each yearly potential connectivity matrix to
observe its temporal changes without the simulated
fishing pressure.

Modularity and fishing pressure

To explore the temporal changes of modularity under
fishing pressure, we used our metapopulation model to
simulate various fishing scenarios (F' = 0, 0.3, 0.4,
0.5) for abalone and sea urchin. In each case, we
performed 1000 simulations over a time span of
200 years; in this way we had a large time span to
observe any change even at low fishing pressure. Here,
all nodes (bins) started with the same high density and
fishing mortality along the coast. Even though fishing
mortality was constant in our model, it was propor-
tional to local density; hence more was taken in denser
locations. Our algorithm quantified occupancy of the
node, to detect the occurrence of local extinctions, and
the realized larval connectivity matrix for each time
step. With the matrix we obtained the average larval
connection strength of the network and performed the
modularity analysis to calculate the modularity index
and the number of modules. We chose one simulation
of both abalone and sea urchin with similar time-span
under strong fishing pressure (F = 0.5) to visualize
and compare the dynamics of the nearshore metapop-
ulations and the realized larval connectivity patterns.

Results
Modularity and spatial structure

Modularity analysis revealed a strong spatial signature
for abalone in both its average (Q = 0.5320) and yearly
larval connectivity patterns (Q = 0.5268 £ 0.0277
SD). We found 6 modules in the averaged patterns
and 4-8 modules in the yearly patterns (Fig. 1). All
connectivity patterns showed two persisting breaks

along the coastline that divided the SCB mainland into
3 modules: southern, central and northern. These breaks
coincided with large areas of soft substrate, i.e.
unsuitable habitat (Fig. S1, Supporting Information).
Only in 1996 the southern module split near Carlsbad,
an area with suitable habitat, indicating an important
change in connectivity patterns that year (Fig. 1).

The Northern Channel Islands form one single
module in the averaged patterns and 5 of the 7 years
analyzed (Fig. 1). In 1999 they joined the northern
module, and in 2000 only Anacapa I. and part of Santa
CruzI. joined the northern module. These results show
significant larval exchange between these areas than
with any other area of the SCB.

The Southern Channel Islands form two modules in
the averaged patterns and 3 of the 7 years analyzed:
Santa Catalina, Santa Barbara and San Nicolas Islands
form one, and San Clemente 1. another one (Fig. 1).
However, in 1996 San Nicolas I. forms another
module, in 1998 all islands form one module, but half
of Santa Catalina I. joins the central module, and in
1999 Santa Catalina I. joins the central module and the
other islands join as one module.

In the case of sea urchin, the average patterns have 4
modules (Q = 0.1472), but the yearly patterns show
3-8 modules (Q = 0.1568 + 0.0666 SD) (Fig. 2).
The low modularity indexes indicated a weak spatial
signature for sea urchin. Distant nodes can be grouped
into modules, indicating low spatial correlation. Here,
the averaged patterns show the northern and central
coastal area and the Northern Channel Islands forming
one single module, the Southern Channel Islands
forming another one, and the southern coastal area
splitting at around Carlsbad into two modules (Fig. 2).
However, the yearly patterns show distant locations
grouping into single modules. These results indicate
more mixing among distant modules of the sea urchin
metapopulation.

Modularity and fishing pressure

Without fishing mortality, the simulated abalone
metapopulation showed a strong modular structure.
The analysis showed the modularity index varying
mainly between 0.43 and 0.55, and the number of
modules between 5 and 10 (Fig. 3). When the
metapopulation underwent moderate fishing pressure,
the modularity index diminished and dropped below
0.45, but there was no metapopulation extinction as
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«Fig. 1 Modules and modularity indexes based on potential
larval connectivity estimates (Mitarai et al. 2009; Watson et al.
2010) of abalone in the Southern California Bight for the period
1996-2002

fishing continued. As fishing pressure increased,
modularity showed a rapid drop between 30 and
50 years of fishing, followed by a plateau around 0.2,
until the metapopulation collapses. When fishing
pressure was strong, modularity decreased more
rapidly after 20 years of fishing, to slow down after
30 years until metapopulation collapse. Therefore,
before the extinction of abalone metapopulation, we
can observe one important drop in modularity; as
fishing pressure continues modularity drops until
extinction.

As modularity dropped there was a rapid increase in
the number of modules detected by the algorithm, after
which the number of modules decreased until extinc-
tion (Fig. 4). During these time spans, the average
larval connection strength decreases and occupancy
oscillates until it finally drops to extinction (Figs. S2,
S3, Supporting Information). As fishing pressure
increases, time to extinction becomes more uniform
(Fig. S3, Supporting Information). These results
indicate a decrease in the ratio of within-module
connections and between-module connections of the
simulated abalone metapopulations. Moreover, large
modules, such as the southern module, breakdown into
smaller modules of weakly interconnected nodes that
go extinct rapidly (Fig. 5). Despite the collapse of the
southern module, the northern modules (mainland and
Northern Channel Islands) and those nodes connected
to them seem to last longer under strong fishing
pressure.

For the sea urchin metapopulation, the picture is
different. Without fishing mortality, the analysis
revealed relatively low modularity compared to
abalone. Over the course of time, modularity oscil-
lated widely between 0.03 and 0.33, where modules
fluctuated between 2 and 16 (Figs. 3, 4). When fishing
mortality increased, modularity behaved similarly
over time, stopping abruptly when metapopulations
collapsed (Fig. 3). There was no clear indication of
modules splitting over time; only in about 3% of the
simulations we observed large picks 2—4 years before
collapse (Fig. 4). The largest pick for F = 0.4 and 0.5
appear 12 years before collapse. The average

connection strength oscillated greatly over time, and
decreased more rapidly as fishing pressure increased
(Fig. S2, Supporting Information). Occupancy in the
sea urchin metapopulation did not show temporal
oscillation before collapse like in the case of abalone
metapopulation (Fig. S3, Supporting Information).
These results indicate that sea fishing pressure weak-
ens sea urchin’s larval dispersal evenly across the SCB
until the metapopulation collapses (Fig. 6).

Discussion

In the present study, we used network modularity to
assess spatial structure of nearshore metapopulations
and the impact of fishing mortality on their temporal
and spatial dynamics. The modularity analysis showed
a strong spatial signature for abalone and a weak one
for sea urchin. Genetic research however shows some
indication of spatial genetic structure for both species
without geographic correlation (Kirby et al. 1998;
Moberg and Burton 2000; Debenham et al. 2000;
Gruenthal et al. 2007). The analysis also revealed step-
wise drops in modularity and a rapid increase in the
number of modules that abalone simulated metapop-
ulations under exploitation experienced on the path to
extinction. Weakening of within-module connections
result in a fragmentation of large modules into small
modules, followed by module extinction, and
metapopulation extinction. In contrast, sea urchin
simulated metapopulations showed great modularity
variation, but collapsed abruptly under fishing pres-
sure. We propose that abalone’s lack of recovery in
different areas of the SCB mainland might be due to
diminished larval supply from regional ocean connec-
tions. In sum, these results emphasize the ability of
modularity analysis to detect not only spatial structure
in marine metapopulations, which varies among
species, but also early changes in the spatial structure
of metapopulations under exploitation.

However, there are notable caveats to modularity
analysis especially that of resolution limit (Fortunato
and Barthélemy 2007). Jacobi et al. (2012) suggests
that modules identified from connectivity matrices are
subpopulations. Therefore, the ability to detect small
modules would be important to identify distinct
subpopulations. Identifying modules would mean
genetic and behavioral differences with consequences
on its local dynamics (Sterner 2007), giving more
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«Fig. 2 Modules and modularity indexes based on potential
larval connectivity estimates (Mitarai et al. 2009; Watson et al.
2010) of sea urchin in the Southern California Bight for the
period 1996-2002. To differentiate modules formed by distant
locations, we used different lines

support for the use of metapopulation theory to study
marine populations. Different within-module dynam-
ics could also mean different harvest potential and a
different management approach (Svedéng et al. 2010).
On the other hand, the ability to detect small modules
will depend on the spatial scale of subpopulations
(which is often a choice by the investigator), as well as
the metapopulation, and ultimately the network algo-
rithms applied to identify modules. For instance, we
used the walktrap algorithm (Pons and Latapy 20006),
which is designed to detect modularity at both small
and large networks. Other algorithms could have been
used for the analysis, for example betweenness
(Girvan and Newman 2002) and eigenvector (New-
man 2006b) modularity, but several of these are
limited in their ability to identify small modules
(Fortunato and Barthélemy 2007). As a consequence,
when attempting to identify subpopulations or mod-
ules within a metapopulation, for example for spatial
management purposes, an exploration of results cre-
ated by different algorithms is suggested.
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Fig. 3 Modularity time series obtained with the walktrap
algorithm for simulations of abalone and sea urchin metapop-
ulations with increasing fishing mortality. The figure depicts one
simulation highlighted for illustration

Red abalone Red sea urchin
60
. 150 1
407 100 F=0
20 4 50 -
B
0 T T T T 0 T T T T
60
a0 150 1
40
2 * 100 F=0.3
8 20: J * 50
M A s MM A A
.g 0+ T T T T 04 T T T T
5 60 300 + "
. 150
Q -
E 407 100 A F=0.4
Zz 204 50 ,
0+ T T T T C'_ll I“ e T T
60 ?08 I
] 50 4
407 100 F=0.5
ZO-MW 50 4
0- 0

T
0 50 100 150 200 0 50 100 150 200
Time (years)

Fig. 4 Module-number time series found by the walktrap
algorithm for simulations of abalone and sea urchin metapop-
ulations with increasing fishing mortality. The figure depicts one
simulation highlighted for illustration

Our results suggest that the abalone metapopulation
in the SCB could have presented a spatial structure
with distinct subpopulations (modules) with geo-
graphic correlation. Although genetic research on
abalone show no geographic correlation along the
coast of California, it does show some genetic
differentiation (Kirby et al. 1998; Gruenthal et al.
2007). We also show the breakdown and extinction of
modules under exploitation. This may be important for
the application of metapopulation theory in the study
of marine populations, which emphasizes connectivity
dynamics, but downplays extinction and colonization
(Kritzer and Sale 2004). Our study shows that under
fishing pressure, these systems may behave as frag-
mented metapopulations, much like the terrestrial
systems (Opdam 1991). Here, extinction rate would
depend on the breakdown of large modules into small
modules (within module connections), and recolo-
nization rate of modules (between module
connections).

The repeated divisions of modules identify a
disruption in larval connectivity, revealing a sort of
fragmentation without the disruption of the habitat.
These dynamics however cannot be corroborated by
genetic studies given that abalone has been depleted in
most of the SCB (Karpov et al. 2000). Only some
populations remain in the Northern Channel Islands,
especially San Miguel Island. This distribution
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Fig. 5 Network of the
abalone metapopulation in
the SCB under intense
fishing pressure (F = 0.5) at
years 1, 10, 20, 30, 40 and
50. Vertex size is
proportional to the
logarithm of the local
density, and vertex color
defines a module. Edge
color is proportional to the
logarithm of larval dispersal
rates

matches patterns that we saw in our simulations, where
the Northern Channel Islands stayed longer. We
hypothesize that historical abalone collapse in the
SCB may have been influenced not only by exploita-
tion patterns (Karpov et al. 2000 show proportional
landings from the mainland and the islands), but also
by slow deterioration of region-wide larval connec-
tivity pathways. In general, these qualitative similar-
ities between our simulations and real-world events
indicate that connectivity is an important factor when
trying to understand extirpation events and region-
wide collapses of fish stocks, relative to other possible
contributing factors such as habitat fragmentation.
Sea urchin has shown a weak spatial structure with
modules grouping distant nodes. This pattern has also
been found in previous genetic research (Moberg and
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Burton 2000). However, our results also reveal great
variation in modularity values, where high modularity
could indicate years of low mixing. This variation
most likely depends on temporal variability of ocean
currents (Treml et al. 2008). Nevertheless, years of
low mixing could be reflected in greater genetic
differentiation among recruits without great effect on
the adults (Moberg and Burton 2000). These results
could have implications on the management of sea
urchin. Fishing has already begun to decline densities
in the SCB, and it has been hypothesized that juvenile
recruitment has mitigated fishing pressure so far (Leet
et al. 2001). It is likely that high variation in their
modularity also reflects years of high mixing that favor
replenishment of fished areas. However, this effect
may only be masking the road to regional collapse,
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Fig. 6 Network of the sea
urchin metapopulation in the
SCB under intense fishing
pressure (F = 0.5) at years
1, 10, 20, 30, 40 and 50.
Vertex size is proportional
to the logarithm of local
density, and vertex color
defines a module. Edge
color is proportional to the
logarithm of larval dispersal
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which could be a point of no return for sea urchin in the
SCB.

Highly connected networks can show resistance to
change, but collapse abruptly when a critical stress
level is reached, while modular networks are expected
to adjust gradually to stress (Dunne et al. 2002; van
Nes and Scheffer 2005; Scheffer et al. 2012). As seen
above, this may be true for the weakly modular sea
urchin metapopulation. However, as fishing continues
and mortality increases, modularity shows step-wise
changes for the abalone metapopulation. Borthagaray
et al. (2014) proposes modularity as an early-warning
tool that measures distance to tipping points consid-
ering its gradual response to dispersal ability. Our
study, which analyzes both spatial and temporal
dynamics, shows that modularity could also capture

early changes in the spatial structure of exploited
systems. Therefore, the modularity index might be
used as an early warning signal (Scheffer et al. 2009)
for tipping points in metapopulation connectivity.
These tipping points are not critical transitions, in the
dynamical systems sense, but an important change in
the spatial structure that can affect the overall state of
the system. In that sense, modularity of metapopula-
tions could be used as an early warning signal of
region-wide collapse, but only under certain ecolog-
ical conditions (e.g. short PLD).

Metapopulation modularity is also useful when
designing spatial forms of marine policy, such as
marine protected areas, because it suggests the pres-
ence of distinct subpopulations divided by dispersal
barriers (Jacobi et al. 2012). For instance, managing
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fish stocks as single large entities can lead to over-
estimates of growth and harvest potential (Sterner
2007). Therefore, in order to improve upon this, spatial
management should acknowledge the spatial structure
and presence of distinct subpopulations (modules)
within metapopulations. Abalone in northern Califor-
nia still holds an important abalone fishery (California
Department of Fish and Game 2005) and a previous
study has shown genetic differentiation between
subpopulations there (Gruenthal et al. 2007). How-
ever, abalone in this region is managed as one single
stock and the results presented here suggest that more
spatially nuanced management in this region would
lead to a healthier stock (California Department of
Fish and Game 2005; Sveding et al. 2010). Past
experience in cod have demonstrated that ignoring
subpopulations for management can lead to stock
collapse and slow recovery (Sterner 2007).

In conclusion, when analyzing the modularity of
nearshore metapopulations we detected a relationship
between spatial and temporal dynamics. The analysis
of potential connectivity showed us a strong spatial
structure in the abalone metapopulation and a weak
one in the sea urchin metapopulation of the SCB. The
analysis of realized connectivity showed us a step-
wise decline of modularity, a serial fragmentation and
ultimate collapse for abalone, whereas sea urchin
showed great modularity variation and an abrupt
collapse of the metapopulation. These results could
indicate a pattern of subpopulation collapse for
abalone, driven by heavy exploitation over several
decades that reduced within- and between-module
larval dispersal rates. We propose that the observed
patterns of collapse could be a factor determining its
current distribution. These differences highlight pre-
viously unappreciated nuance to metapopulation
modularity, which has been simply hypothesized to
(always) increase the resilience of metapopulations to
perturbation (Kashtan et al. 2009; Fletcher et al. 2013).
Last, abalone and sea urchin have similar distribution,
and as a consequence they might be considered similar
in terms of their management requirements. However,
as we have shown, they show dramatic differences in
their spatial metapopulation structure and temporal
dynamics in response to exploitation. As a conse-
quence they actually demand very different
approaches to spatial marine management. This will
be true of other marine species with similar life history
strategies, e.g. purple sea urchin, (Rogers-Bennett

@ Springer

2013), other abalone species (Leet et al. 2001), and
other benthic species. Ultimately, modularity analyses
can be used to group species based on their potential
spatial response to exploitation. In doing so,
approaches to spatial management like marine pro-
tected areas, can be designed more effectively.
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