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Abstract

Dispersal is the ecological procesajanismamovement away from the location of birth.
Emerging from the process of dispersal is the concept of connectivity, in which animal
movement links spatially distinct populations, thus generating a landscapeattern from

process. Quantifying connectivity is a central challenge in marine ecology, with implications for
our understanding of population dynamics and the effective management of biodiversity. Yet,
there remains a limited understanding of connégtfor many marine ecosystems in terms of

the dispersal patterns that emerge from the influence of physical seascape features and biological
traits. This knowledge gap presents an opportunity to assess the connectivity of understudied
coastal ecosystenas novel spatial and temporal scales. In this thesis, | model the potential
dispersal and connectivity of coastal marine species on the Pacific coast of Canada. In Chapter 2,
| identify and evaluate connectivity patterns of the invertebrate communityiatssowith
seagrassZostera marinahabitat. | uncover the spatial and temporal scale of networks of habitat
connected by dispersal, and | identify the contribution of individual seagrass habitat patches to
maintaining overall seagrass network connegtitit Chapter 3, | assess the connectivity of the
existing Marine Protected Area (MPA) network for a variety of nearshore invertebrate species,
and | find that the majority of MPAs are connected and support persistent populations. In
Chapter 4, | exploredw connectivity can cause cascading effects of human activities that

impact seagrass meadows by altering invertebrate dispersal thereby indirectly affecting other
meadows in the seascape. | find that robust dispersal connections can support the pefsistence
most populations despite the negative effects from human activities. In sum, my thesis generates
predictions on the spatial scale of dispersal, and it highlights the ecological insights gained from
analyzing the emergent connectivity as a network. Ffagethe methodological framework and
results from this thesis provide essential ecological knowledge to support our understanding of
biodiversity and aid in the management and conservation of marine ecosystems.



Lay Summary

The movement of animals amodiferent areas of the ocean can connect the population of a
species in one location to the population in a distant location. This connectivity determines how
populations of a species are distributed in space and how populations persist through time.
Therefore, understanding the extent of connectivity is useful for effectively managing and
conserving biodiversity across large spatial scales. In this thesis, | use a model to simulate the
movement of marine invertebrates on the Pacific coast of Canadaratgepredictions on the
degree of connectivity among seagrass habitat asastblé connectivity among the current
network of marine reserves. | also model the changes to connectivity when animal movement is
negatively affected by human activities. By analyzing the patterns of connectivity that emerge
from movement | uncover the spatscale of connectivity and predict how connectivity supports
the persistence of marimevertebratgopulations.
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Chapter 1: General Introduction

1.1 Background

Dispersali the once in a lifetime movement of an organism to a new locai®a
fundamental ecological process that influences individual survival and structures populations and
communities of species across space and (neitel & Miller 2003, Loreau et al. 2003,
Massol et al. 2017)This movementas related tanearly-life stageor as a rare chance
movement, is distinct fromoutinemigrationor foraging(Guzman et al. 2019For many marine
organisms, dispersal may océa an early life stage as a strategy to maximize growth, reduce
inbreeding, and promote colonization of new habitat. In the adult life stage, dispersal can link
distant habitat of mobile species, or it may occur by chance for sedentary adult organisms if
transported by another organismdebristMcEdward 1995, Winston 2012 the ocean, spatial
processes of the fldienvironment, such as currents and tides, combine with tHesti@ry traits
of marine species to influence the extent and direction of movement possible during dispersal
(Werner et al. 2007From this movement, patternsaannectivityemerge, in which spatially
discretepopulationsare successfully linked by dispersal. When populations are functionally
connected by dispersal, the transfer of individuals maintains a regional population structure, so
that the effects of local populatidlnctuations are dampened by regional dispersal across the
seascapéHanski 1998, Bostrom et.&2011, Thompson et al. 2016, Carr et al. 20TRgrefore,
understanding the biophysical drivers of dispersal and the resultant patterns of connectivity is
central to our understanding of biodiversity maintenance in the sea and is currently a key

challenge in marine ecology.



Connectivity is also an important mechanism for population resilience, in which
interconnected populations afspecies can promote the recovery of the overall ecosystem to its
previous state following a disturban@@umming 2011, Micheli et al. 2012, Gerber et al. 2014,
Hock et al. 2017)Because of this benefit to ecosyststability, connectivity has become an
important ecological property to consider for the effective conservation and management of
biodiversity in the face of mounting global pressufesr et al. 2017, Harrison et al. 202Bpr
example, information on connectivity can be used to optimize the design of protected areas
(Andrello et al. 2015)improve the performance of restoration projébltsrrie et al. 202Q)
identify nursery habitat@/Vilson White 2015)improve fisheries managemdRrbntoura et al.

2022) and idetify areas of climate refugi@riesen et al2021) In particular, connectivity is a
design principle to consider when creating Marine Protected Areas (MBANSEBD 2010)

The design oMPAsthat considesthe dispersal among populatgoan create a netwaosifect

in which the contributions of connected populations ensure stability across space and time
(Harrison et al. 2020)Therefore, MPAs must be strategically placed to account for the dispersal
patterns of multiple species. Despite the importance of connectivity, it édwegs considered

in the design and assessment of MPBalbar & Metaxas 2019hand this gap presents a critical

challenge for the future conservation of biodiversity.

1.2 Research goals and motivating questions

The goal of this thesis is to examine the potential dispersal of coastal marine organisms
and to analyze potential patterns of ecological connectivity in the context of regional ecology and
conservation. Most marine connectivity research has focused oarthectivity of rocky reef or

coral reef associated species, and there remains a gap in knowledge of the connectivity of other

2



patchy nearshore habitat types, such as seagrass associated (@myaalBrown et al. 2017)
Generating predictions of connectivity will be essential for understanding how ecological
communities are structuredross spatially heterogeneous seascapes and how this sets the scale
at which we should be managing these sysi@hase et al. 2020Furthermore, there is a
methodological knowledge gap in how we can effectively combine spatially explicit connectivity
data with population models and additional habitat data (e.g., cumulative impact data) to gain
additional insights on marine populatigisttman et al. 2021) draw on concepts from the life
history theory of marine species, as well as from appulation/community theory to frame

my work across scales of biological organization. Usimgmbination of modeling tools, and
framed by ecological theory, | address these knowledge gaps to advance our understanding of
marine ecosystems. | ask:

1 Are populations of seagrass associated species connected by digpersalw do
individual seagrasgatches contribute towards maintainimgworkconnectivity?

1 Is a network of marine reserves connected by dispersal, and does network connectivity
support population persistence as well as larval supply to unprotected areas of the coast
via spillover?

1 How does population persistence change when local human activities negatively impact

dispersal potential and reduce regional connectivity?

1.3 General approach
Central to all the chapters in this dissertation is the biophysical Individual Based Model
(IBM) of dispersal. The decisions for how to model dispersal involve fundamental aspects of the

spatial and temporal scale of the physical processes that influence movement, as well as
3



assumptions of the biological traits associated with disp@igainer et al. 2007, Maxas &
Saunders 2009Y ogether, these considerations set the scope of analysis in this thesis, and
therefore this modeling approach merits its own introduction here.

A challenge to understanding any physical or biological process is identifying the
appropriate spatial and temporal scale that that process operates on. For example, quantifying the
population dynamics of one generation requires a smaller spatial and temporal scale of
assessment than quantifying the processes that shape the genetity dizansopulation, which
may be influenced by rare loftlistance dispersal events as well as genetic drift and mutations
occurring over year@.evin 2006,Selkoe et al. 2016Because of these large differences in
scale theconnectivityof smallmarineorganismsas been assessed using a variety of
techniques, each related to a different aspect of connectivity (e.g., uncovering specific movement

pathwaysvs. uncovering genetic relatedness among populations) (Fighre 1

10000 o .
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Figure 1.1 Tools to assess connectivity of small marine organisms and the spatial and temporal scales where
they are mostapplicable. Adapted fromLevin (2006) and Jones et al. (2009)



In this thesis, | am interested in ecologically relevant conneciiitg level ofexchange
of individuals that can influence population and community dynafiesnl et al. 2012)Direct
observations of movement would require tagging and monitoring individuals, which is expensive
and intractable for snlaorganismg(Jones et al. 2009Alternatively, a modelingpproach with
an IBM, in which software is used to simulate movement, can potentially generate accurate
predictions of dispers#élruelove et al. 2017, Rasmuson et al. 20¥@jh this approach
individuals are tracked through time as they move across the seascape. Movement at each time
step is determined by a set of rules generated from a hydrodynamic model of ocean currents as
well as speciespecific biological characteristi¢s.g., larval development time, mortality rate).
An IBM is a bottomup approach that can link the behavior of individuals to emergent properties
of population connectivity. For example, spatially, they can uncover the way individuals are
influenced by phgical features of the seascape, thus generating predictions on the mechanisms
shaping distributionéThomas et al. 2014, Jahnke et al. 20Témporally, an IBM can link the
dispersal process occurring over minutes to processes occurring over ges¢eagionhe
consequences of gene flof@ytham & Simpson 2007, Crandall et al. 2012)

An important characteristic of the dispersal modgizetd in this thesis is that it only
predicts potential connectivityn contrast, @ill population connectivity requires that an
individual dispersing between two spatially distinct populations also survives and reproduces,
thus creating a genetic connieat(Cowen & Sponaugle 2009Despite this limitation,
understandingransport and movement pathways is crucial for understanding population
connectivity. While a genetic analysiandetect patterns afispersal angene flowthatmay
align with biophysical modelingJahnke & Jonsson 2022he signal of connectiyitthat would

be detected by a genetic analysis mayahwtysproperly assess patterns of connectivity



relevant for understanding shorter term ecological processes. For instance, genetically similar
populations may not be currently connected by dispersal but can still show a signal of historical
connectivity, or they may be indirectly connected by multgidgpingstones of movement

(Hedgecock et al. 2003, Selkoe et al. 2016)

1.4 Thedss overview

This thesis is comprised of three analysis chapters incorporating novel data (Chapters 2
4), followed by a conclusion chapter that places the research findings in a broader context and
discusses future directions and applications (Chaptd@h®&)three analysis chapters were
designed to build on each other by expanding the methodologies in each chapter to answer new
guestions and provide a robust assessment of connectivity (Eiglre

In Chapter 2 | identify and evaluate connectivity pateyhthe invertebrate community
associated with eelgrasddstera maringhabitat in the Salish Sea of British Columbia, Canada.
| use a biophysical individuddased model to simulate dispersal and a network analysis to
evaluate the emergent patterns afroectivity. | evaluate how overall network connectivity
changes with dispersal ability, and | identify how individual seagrass meadows contribute to
maintaining connectivity. &lso identify clusters of connected meadows and use these clusters to
estimatethe spatial scale of community dynamics.

In Chapter 3 | assess the connectivity of the existing Marine Protected Area (MPA)
network on the coast of British Columb@onnectivity is a stated design principle for Canadian
Marine Protected Area Network design, but few studies have quantified teipéc a robust
way for the entire west coast of Canada, particularly for coastal sydtasgsa similar

biophysical model of dispersal as in Cha@eand | focus on populations of nearshore



invertebrate species that have commercial, conservati@anjtaral interest. | then use a
metapopulation model of persistence to determine if the network configuration of MPAs can
support persistent populations through dispersal. Lastly, | built a statistical model to evaluate the
influence of species drift timand the wave exposure at the origin of dispersal on the distance
traveled.Together, these analyses provide a robust and novel assessowmiaitivity to

support marine reserve planning.

In Chapter 4 Bssess howuman activities that may impact aageass meadow locally
may indirectly affect other meadows in the seascapdeleteriouseffects onnvertebrate
dispersal. combineseagrass connectivity information from Chag@erith metrics ofhuman
impactsto model changes thabitat connectivity @tterns | then use a similar metapopulation
model from ChapteB to determine the overall effect on the persistence of populafibis
chapter provides a framework in which to evaluate the regional transfer of local impacts to

seagrass meadows with ingations for marine spatial planning and conservation.
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Chapter 2: A biophysical model and network analysis of invertebrate
community dispersal reveals regional patterns ofonnectivity among seagrass

meadows

2.1 Summary

The dispersal of marine organisms is a critical process for the maintenance of
biodiversity anl ecosystem functioning across a seascape. Understanding the patterns of habitat
connectivity that arise from the movement of multiple species can highlight the role of regional
processes in maintaining local community struct@Queantifying the probabilit and scale of
dispersal for marine organispisoweveryremains a challenge. Here, we use a biophysical model
to simulate dispersal, and we conduct a network analysis to predict connectivity patterns across
scales for the community of invertebrates assediavith seagrass habitat in British Columbia,
Canada. We found many possible connections and few isolated habitat meadows, but the
probability of most connections was low. Most habitat connections occurred thiteedays of
dispersal time over shortslances, indicating potential limits to long distance dispersal and little
effect of speciespecific dispersal abilities on the potential spatial extent of habitat connectivity.
We then highlight the different roles that individual seagrass meadowsagaim phaintaining
network connectivity. We also identify clusters of connected meadows and use these clusters to
estimate the spatial scale of community dynamics. The connectivity patterns generated by our
dispersal simulations highlight the importanceonsidering marine communities in their broad
seascape context, with applications for the prioritization and conservation of habitat that

maintains connectivity.



2.2 Introduction

A key challenge in marine ecology and conservation science is to identifyatia s
scale of biodiversity patterns and the relative role of the complex oceanographic processes that
may influence these patterns. This requires moving beyond the study of biodiversity in single
habitat patches to instead considering the seascapeasa® rof habitat patches connected by
dispersalBostrom et al. 2011, Pittman et al. 201Djspersal, a foundational process in
metacommunity theory as been shown to be a key driver determining diversity patterns at local
and regional scald&neitel & Miller 2003, Loreau et al. 2003, Mouquet & Loreau 2003, Massol
et al. 2017, Thompson et al. 202[p) coastal systems, the diversity of a region or any habitat
within the region can depend on the spatiedragement of habitats and the variation among
organi smso6 abil it i(Gsent&&ponaagle00® Bastim et al. 2010)e m
Therefore, understanding the ecological consequences of movement requires spatially explicit
knowledge of functionalannectivityi how dispersal behavior and habitat configuration
combine to influence the movement of an individual across the sed&tagienann & Burel
2008, Kool et al. 2013)

Spatially explicit movement information facilitates the analysis of dispersal patterns as a
network in the context of mefaopulation/community theorfHanski 2001, Leibold & Chase
2018) which can reveal emergent spatial properties of the seascape and focal communities that
would otherwise not be evident without a network perspedtiviean et al. 2009)A
disconnected network would indicate isolated communities that do not interact, whereas a highly
connected network of habitat patches may operate as a single regional community. Furthermore,

identifying patcles of habitat that are central, in terms of how they link populations in other
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patches through dispersal and colonization, indicates areas of habitat that may provide stepping
stones that are important for maintaining regional connectivity and thus maigthiodiversity
patterngSaura et al. 2014, Albert et al. 201&)network analysis can also identify clusters of
patches based on higher levels of ecological exchange within than outside thg Thasteas et

al. 2014, Gilarranz et al. 2017his can identify dispersahrriers and subsequently reveal the
spatial scale of metapopulations or provide a first prediction of the scale of metacommunities in
the absence of local biological and environmental influences on persistence. These and other
seascapscale patterns thatve consequences for biodiversity only emerge from a network
approach that can consider movement rates among many patches simultaneously.

Marine connectivity research has primarily focused on the connectivity of coral reefs or
pelagic species, but thermmectivity of other patchy nearshore habitat types and the species that
disperse among them remains poorly unders(BoganBrown et al. 2017)Seagrass, like coral,
provides foundational biogenic habitat for a high level of biodive(€ityh et al. 1984)
including communitiesf epifaunal invertebratg$ieck & Thoman 1984, Duffy et al. 2019)he
patchy distribution of seagrass meadows across the seascape may create the structure for a
metacommunity of seagraassociated species that are connected by animal movéBedint
2006, Bostrom et al. 2006, Whippo et al. 20I8)ere are a variety of life histories present in
this communitythatresults in a range of dispersal abilities. These species may move as larvae,
juvenilesor adults through mostly passive transportation in ocean currents and settle on distant
meadows of seagrad3ostrom et al. 2010Dispersal and connectivity have been suggested as
one of thamportant drivers of local and regional biodiversity patterns in eelgsssciated
communitiegFrance & Duffy 2006, Yamada et al. 2014, Whippo et al. 208k ®t al. 2020)

These inferences were based on spatial biodiversity patterns and in the absence of
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oceanographically informed estimates of potential connectivity. Consequently, spatially explicit
dispersal information is essential to gain furtherghsinto how these communities are
structured across spatially heterogeneous seascapes.

In the nearshore seascape, connectivity patterns are determined by physical
oceanographic processes (e.g. tidal, wind, and freshwater forcing), dispersal ecologsaldispe
and post settlement survival), and the physical arrangement of Hséater et al. 2007)A
biophysical model that incorporates hydrodynamic models and biological properties can be an
effective tool for predicting movement pathways and quantifyingectivity between habitats
in the form of probabilities linking a matrix of habi(&iegel et al. 2003, Treml et al. 2012,
Sunday et al. 2014, Schill et al. 2015, Wren et al. 20M6yeling nearshore dynamics is
however difficult compared to pelagic studies. While we kndwe broaescale movement of
ocean currents adjacent to the coast of a continent (e.g. California current, Alaska current),
predicting connectivity for spatially complex coastal areas and for species with low dispersal
abilities requires high resolution hydtynamic models and spatial habitat d&t&erner et al.

2007)

A biophysical model for nearshore habitat would allow for the quantification of
connectivity at the smaller spatial and temporal scales relevant to ecological processes. While
genetic studies casupport inferences of connectivity from parentage analysis, logistical
constraints limit the spatial scope of these studi&d Al oi a et al . ,théyl5, Bod
may only be applicable at very large scgRginos et al. 2019)and regional genetic stiure
may not reflect the levels of connectivity that influence the population dynamics that maintain
biodiversity at the community level. For example, in areas influenced by past glaciation, genetic

structure may still be detectable from historical géow patterns and may not reflect current
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pathways of exchandéledgecock et al. 2003, Sunday et al. 2014, Selkoe et al..2016)
Biophysical modelinghowevercan still predict what may be considered weak connections but
genetically significant dispersal eus (e.g. one migrant per generation), as even minimal levels
of gene flow can homogenize populatigigaples 1998, Jenkins & Stevens 2Q18)addition,

an ecological connectivity analysis based on a biophysical modelling appeoashpply the
information most relevant to conservation and the design of a network of connected protected
areas, such as population rescue effects, source sink dynamics and trophic dyBangiess et

al. 2014, Guzman et al. 2019)

The objetive of this study is to quantify potential connectivity among communities
inhabiting seagrasZ ¢stera maringhabitat on the British Columbia coast of Canada in the form
of the functional connectivity that is generated by the varying dispersal alufitigf$erent
species of the seagrass associated epifaunal invertebrate community. We expect that asymmetric
ocean currents, dispersal ability, and the spatial arrangement of habitat create patterns of
connectivity that vary spatially across the region. We a biophysical modelling and network
analysis approach to answer the following questions: (1) To what degree is an invertebrate
community, consisting of multiple lifaistory strategies, likely connected by dispersal among
seagrass meadows? (2) Do gases in dispersal potential result in higher habitat connectivity?
(3) Which seagrass meadows are important for maintaining network connectivity, and does
habitat location and/or size determine this importance? (4) Do coastal topography and water
currentscreate distinct clusters of meadows likely to be ecologically connected? Together, these
guestions allow us toomprehensively identify aressess patterns of connectivity across spatial

scales and for multiple taxa.
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2.3 Methods
We used a biophysical modelling approach to simulate dispersal and estimate potential
connectivity of the community of seagrass ass
connect i Vit ThemodeTl carsikteof five components3 (D). seasgae physical
structure information, (3.2) invertebrate community trait data that influences dispersal ability,
(2.3.3) hydrodynamic model results that contain ocean current velocitid<)(@n individual
based particle tracking mod@BM) to estimatalispersal trajectories with the influence of
dispersal traits, (3.5) and a network anclusterdetection analysis to interpret the connectivity

of the dispersal trajectories in an ecological context (Figue
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Table 2.1 Glossary of key terms

General connectivity:

Community
connectivity

Ecologically relevant
connectivity

Dispersal

Biophysical model

The movement of multiple species (thatanzur and interact) among a spatially distinct habitat (@aer et al.
2017)

The level of exchange of individuals that can influence population and community dynamicseabhaionary
time scales (Treml et al. 2012).

A once in a lifetime movement to a new habitat patch, which meyrde a gamete or larval phase, or by char
as a juvenile or adult on marine debris, and is distinct from migration and foraging movéeemtsn et al.
2019)

Pelagic propagule
duration (PD)

Mortality rate
Settlement behavior

Stranding behavior

Time period

Network analysis

The maximum time that a species can disperse by drifting in the pelagic environment. This term is gener:
include dispersal at all life stages of an organism and is inclusive of planktonic larval duration (PLD) and |
on seagrasand algal debri§Shanks 209). We simulated PD times of 1,3,7, 21 and 60 days. For species the
not have a planktonic larval phase, we considered them capable of rafting on seagrass debris, which can
buoyant for up to three weeks.

The dailyprobability of mortality during dispersal. This was set at 15% per day.
If an organism drifts over another seagrass meadow, it will stop drifting and settle on that meadow.

If an organism drifts into the coastliderring dispersal, it will remain at that position for the remainder of the
simulation.Waveaction induced by Stokes drift can increase the probability of stranding (Bosi et al. 2021)

The experimental range when we ran a dispersal simulaiity datespecific hydrodynamic data. The selectec
times are intended to capture variation in connectivity by year, season, and tidal cycle. We ran simulation
years (2011, 2014, 2017), and for 3 seasons within eachwie#er{ JanMar, spring:May-Jul, summer:Aug-
Oct). In each simulation, we released particles every 4 hours for 2 weeks.

Node

Connection
probability

Community averaged
connectivity

Probability of
Connectivity (PC)

dPC (intra, flux,
connect)

Cluster detection:

A point in a graph that represents a habitat patch (i.e., seagrass meadow).

A link between two nodes ingraph that results from the dispersal between seagrass meadows. The probe
of a connection is directional and is calculated as the number of particles that settle on a distant meadow
by the total amount of particles released from the origiadoe (x 100).

A connectivity network that is averaged across all PD levels and time periods to represespecids
connectivity( Me I i = et al . 2 0.F& eachxdénAektion, \ee aectaged the. confe@tivity )
established by each PD level within a time period, and then averaged across all time periods.

A graphwide metric that quantifies the total amount of habitat connected by dispersal. It combines the ha
area available for movement within a patch (intraconnectivity) with the area made available by connectior
between patches (interconnectivity). Tarea of habitat connected by infeEatch movement is weighted by
connection probabilitySaura & Rubio 2010)

The contribution of each node to the overall PC metric. It is calculated by removing a node and calculatin
percent change in PC. It is comprised of three fractions: intra, flux, and camirectepresents the intra
connectivity of a patch (i.e., ¢harea available for within patch movemehRtyux quantifies all the areaeighted
connections in and out of that pat€fonnectormeasures how much a patch is included in the paths betweer
other patches and therefore acting as a stepping stone in thm §yatira & Rbio 2010)

Cluster

Weighted
connectivity length
scale

Groups of nodes that are strongly connected to each other and weakly connected to other nodes

The average connectivity length scaled by connection probability within a cluster, used to compare the ve
in connectivity among cluste(§homas et al. 2014)Calculated as:

B WéEE QRO BOHOE XBO
B ©EEE Qo BDE
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Figure 2.1 Flow chart of the biophysical model and network analysisSeascape structure data, dispersal trait

data, and hydrodynamic model results are used in the OpenDrift dispersal simulation. The biology module applies
settlement and mortality to the resulting trajectories and creates weighted and directional confieetidriét
simulations are run for up to 60 days and for 9 date ranges. We then average the connectivity for different pelagic
propagule durations (PD). Finally, we calculate connectivity metrics on the entire graph for the Salish Sea and for
each meadoynode), and we detect connectividgfined communities across tim@raphics: Sylvia Heredia

Study system

We focused on the Salish Sea region of the British Columbia (BC) and Washington coast.

The Salish Sea is a semmnclosed system bounded by Vancoustand ancconnected to the

Pacific Ocean through the Juan de Fuca Strait in the south and narrow chatimeisorth
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(Figure22) . The topographic complexity and gl aci a
influence species distributioifRielou 1991)creates unique challenges for ralg and as a
result nearshore connectivity is poorly understood. In this region, there are also two important
climatic changes that drive strong seasonal differences in hydrodynamics and have ecological
relevance: (1) the spring transition between Akeut.ow and North Pacific High pressure
dominance over the northeast Pacific that suppresses winter storm activity resulting in
phytoplankton bloom&athleen Collins et al. 2009, Bakri & Jackson 2Q0E9)d (2) the summer
freshet, dominated by the undammed Fraser River that increases the stratification and reduces the
residence time ohe surface laygiPawlowicz et al. 2007)

The dominant habitebrming seagrass is eelgragoétera marinawhich is patchily
distributed along the ein¢ coast of BC in sheltered intertidal and subtidal areas. Eelgrass occurs
to a maximum depth of 10 meters depending on turbf@ityistiaen et al. 2015nd can form
meadows that range in size from a few seasonally intermittent shoots to more permanent
meadows greater than 30k(@viurphy et al. 2021b)As a primary producer and coastal habitat
forming species, eelgrass provides habitataamportfood source for multiple trophic levels
(Heck et al. 2008, Amundrud et al. 2015, Duffy et al. 2015, Huang et al..ZbdI§yass has also
been identified as an ecological conservation priority for current marine eatisarplanning
efforts in BC(Gale et al. 2019, Rubidge et al. 2020)

Eelgrass provides biogenic habitat for a variety of epifaunal and infaunal invertebrates.
Common taxa include Amphipoda, Isopoda, DecapodgcRaéta and Bivalvia, and may
include the full life cycle of a species or just the juvenile or adult stages. While not all species
within these groups are eelgrass habitat specialists, together they constitute a uniqgue assemblage

distinct from communities the surrounding substrates, and we are focusing on their
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probabilities of connecting spatially distinct habitat as a possible route of dispersal. In general,
most species in this community are direct developers or planktotrophic/lecithotrophic, and they
are semimobile or sessile as adu(Bostrom et al. 2010)n additionto larval drifting, pelagic
dispersal may also occur by rafting on seagrass and epiphytic algae which has been shown as a
viable mode of transport for small invertebrates and can enable kitesoele dispersal for

sessile specigVorcester 1994, Brooks & Bell 200IReproductive egtass shoots can remain
buoyant for up to 26 day#larwell & Orth 2002, Kallstrom et al. 20Q8)hile species with a
multi-day pelagic larval phase may have the greatest dispersal distance potential, species that are
direct developers may still make short movements through rafting that can be more influential to
population dynamics than longer diste low probability dispers@lohannesson 1988)

Therefore, we included all sampled species in the community regardless of development type

andmobility.
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Figure 2.2 The Salish Sea and seagrass meadowse basin boundary and major rivers are highlighted to show

the significant freshwater inputs in this estuarine system. The SalishSeaCast a@@nsgodel extends from

Puget Sound in the south to Johnstone Strait in the north, with open boundaries to the Pacific Ocean at Johnstone
Strait and Juan de Fuca Strait. The model has aumgfmrm grid spacing of 440 m x 500 m and-& femporal

resoluion. Seagrass meadows range in size from <0.001 km2 to 50 km2, with a total area of 519 km2. Seagrass
polygon size is exaggerated in this map for visualization.
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2.3.1 Seascape structure spatial data

The first component of the biophysical model is the strukctlata of the seascape,
consisting of coastline and seagrass spatial data. A coastline vector dataset was derived from a
1:20,000 scale provincial government dataset which provided the sufficient detail to represent
nearshore features. Small islands (<o) were removed to reduce the complexity of the
dataset. Eelgrass spatial data was obtained from multiple government agoveommental
sources, which used a variety of survey methods. While the dataset achieves near coastwide
coverage, only presence®re consistently documented and there are likely areas of incomplete
sampling effort which means there are likely meadows that exist that are not included in our
analysisMuch of the datahoweverhave been groundruthedby field surveys or aerial
observations and we are confident that most major meadows are included. The seagrass dataset
was simplified to more closely match the resolution of the oceanographic (@dtlkin)

Primarily, this involved aggregating seagrass polygons that were within d0€ach other.

2.3.2 Parameterize model with dispersal trait values

To simulate the dispersal of the seagrass invertebrate community we compiled dispersal
related traits from a literature search for 63 species that were identified in biodiversity surveys of
meadows along the coast of B@/hippo et al. 2018, Stark et al. 202We considered the
potential pelagic propagule duration (PD) and a daily mortality rate in the biophysical model.
Propagule duratiors inclusive of larval drift, adult movement and raftif®hanks 2009)in
addition, all species were assumed to have a settlement behavievhieit simply means that
they will settle if they drift over suitable seagrass habitat (see Fxfaifer a diagram of

processes that influence connectivity). We binned PD value§ivettevels, and to achieve
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equal width bins we used valuessbidays,where n21234 which we rounded to 1,3,7,21,60

days on a linear scaldpendixAl). Although some species have a PD longer than 60 days,

early testing showed that the coastal boundary constraints of the Salish Sea prevent most larvae
from drifting longer than 60 days before strandifrgr species that do not havelanktonic

larval phase, we considered them capable of rafting on seagrasswhlmiiscan remain

buoyant for up to three weeklldarwell & Orth 2002, Kallstrom et al. 20Q8)

We applied a single instantansomortality rate for all species due to a lack of
information for individual species. Frequently used rates of invertebrate larvae mortality range
between 0.15 and 0.23 daglepending on methodologRumrill 1990) White et al. (2014)
revisitedthe Rumrill (1990) data and estimated mortality rates of <0.15 dsing a different
methodology Therefore, we used 0.15 datp ensure that an adequate mortality rate was still
represented for all species but that it was not set unrealistically high.

We did not include swimming behavior in the biophysical model. There is limited
information on swimming speed of invertebrate larvae for many of these species. In addition, the
sustained swimming speeds of small larvae are usually much less than cugeest@ph
1992, Daigle et al. 2016 herefore, weassumedhat modelling passive dispersal as influenced

by advection and diffusion is adequate when considering-krgle movements.

2.3.3 Hydrodynamic model

The hydrodynamic fields used to force the dispesimulations were obtained from the
SalishSeaCast configuration of the Nucleus for European Modelling of the Ocean (NEMO), a
finite-difference, hydrostatic, community ocean mgd&lrvan et al. 2017)5alishSeaCast is

described in detail by Soontiens et al. (2016), Soontiens and Allen (2017) and Olson et al.
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(2020). Briefly, the configuration uses approximately 0.5Harizontal resolution and 40 z
coordinate layers ranging in thickness from 1 m near the surface to 27 m at depth. Hourly surface
wind and meteorological forcing fields are sourced from the 2.5 km High Resolution
Deterministic Prediction System (HRDPS) mtained by Environment and Climate Change
Canada (ECCQMilbrandt et al. 2016)Runoff at 150 riversvasprescribed using monthly
watershed climatologigd/orrison et al. 2012along with daily observations from the ECCC
Fraser River flow gauge at Hope, BC. Oceanic forcing of temperature, salinigigimtdal
constituents is implemented at open boundaries in Juan de Fuca Strait and Johnstone Strait.

SalishSeaCast is optimized for the Strait of Georgia and reprodueesigrt
observations of water levéboontiens et al. 201@&nd temperature and salin{@lson et al.
2020)in that portion of the domain with competitimecuracyrelative to similar mndels of the
region (e.g.Khangaonkar et al. 20L8Thisaccuracywas achieved through careful tuning of
tides, bathymetry and stdrid scale physics tesolve several important features of the
circulation, including mixing over sills and annual flushing of the deep Strait of Georgia
(Soontiens & Allen 2017)While the SalishSeaCast velocity fields have not been directly
evaluated against observations, the lack of signifianperature and salinity bias in the
presence of strong spatial gradients suggests thasadace currents are statistically accurate.
Aside from model tuning, this accuracy is primarily owed to the-héglolution wind forcing as
wind is a dominant dvier of surface currents along with rivers and tigi¢alverson &
Pawlowicz 2016)

We used hourly current velocities from the SalishSea@eadelfor three years (2011,
2014, 2017). Within each year we considered three distinct time periods that may have

ecological significance: Janualarch (winter), May-July (spring) and AugusOctober
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(summer) Pawlowicz et al. (2019)oted distinct differences in circulation between winter and
summermwing todifferences in freshwater inputs and upwelling over the outer $heléidition,
peak seagrass reproductioccurs during Augusfollowed by senescendge the fallwhen shoots
are most likely to breafallstrom et al. 2008)which may be a time when more rafting occurs.
Only the surface layer of the model was used for our dispersal songlaiVe justify this
assumption because seagrass is a shallow subtidal habitat and we are interested in successful
connections between meadows and not the fate of particles that sink.

Despite the high resolution of the model, there wereastlhs othe Salish Setoo
narrow to be resolvegk.g., inlets, passaged)he hydrodynamic model criteria requiges
modelled are#o be at least two grid points wide, amatrow areasvere either widened or not
consideredSoontiens et al. 2016J herefore, we removed seagrass meadbatsoverlap with
any narrow area not considered in the hydrodynamic matsl resulted in the removal of only

24 out of 994 meadows.

2.3.4 Dispersal simulation

The dispersal of eelgrasssociated invertebrates was simulated using the Ptised
framework OpenDrift an individuatbased modglIBM) for Lagrangian particle tracking
(Dagestad et al. 2018n addition to the Forwar8uler numerical integration scheme provided
by OpenDrift, we wrote a custom module to incorporate PD, mortality, and settlement. The basic
description of a simulation is as followier each of th@ineexperimental time periodshree
seasons x three yearparticles are released simultaneously from all seagrass meadows every
four hours forthe first twoweeksto account for tidal variatigrihey are tracked as they are

advected andiffused across the seascape, daily mortality is applied by randomly selecting
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particles and removing them from the simulation, if a particle drifts over another seagrass
meadow or returns to the same meadow it is considered settled and removed fromldt®sj

the simulation is run until the end of the PD or until all particles have settled or stranded on the
coast(Figure2.3). These simulations modpbtential connectivitytransport and settlement

only), whereasealized connectivityequires the idividual to reproduce and establish a genetic
connection.

The number of particles released per meadow scales with meadow area and release
locations are spaced evenly within a meadow. In total, 3.8 million particles were released per
period, which was suffient to capture the variation of particle destinations while scaling within
the computing resources availablte position of particles was updated every 30 seconds in the
simulation A 1.5n¥/s diffusion rate ) was used to represent the effect of sithgcale
turbulent motions on particle displacement. We implemented this diffusion using a statistical

relationship betweeK and the particle velocity varians

— QU
Q0

where dt is the time stdpaCasce 2008)A random walk was then applied to the particle

displacements usingGaussian distribution defined by the velocity variance.
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Figure 2.3 Examples of dispersal scenarios and the processes that contribute to connectiviiach numbered

scenario representi potential fate of a particle. Four representative species are shown, but a scenario is not specific
to any one species. In a simulation, particles are released from a seagrass meadow. Release Variables) The timing
of release varies by year, seasor haur within a tidal cycle. The abundance released is proportional to meadow

size. Particles can drift as pelagic larvae or by rafting on seagrass as a juvenile or adult (if rafting, pelagic duration =
21 days). Transport Variables) During transporttiples are advected and diffused by the hydrodynamic model

and they experience a 15% daily mortality rate (randomly applied), thus reducing density and abundance through
time. When a particle drifts over another seagrass meadow, it settles and is remiovin: fsimulation. If a

particle encounters the coastline, it strands and is unable to drift further. A particle can drift for as long as its pelagic
propagule duration (PD). We do not model any swimming behavior, but for our species it is negligitdeecbiop

the advection speeds. Scenarios) In scenario 1, the particles experience mortality before reaching suitable habitat. In
scenario 2, a particle reaches its maximum PD before drifting over any suitable habitat. In scenario 3, a particle
reaches suitde habitat before experiencing mortality or reaching its max PD. Reaching this stage is considered
6potential connectivityod. Full oérealized connectivityd
connection. In our simulations, we onlyode! up to potential connectivity. In scenario 4, a particle is advected back

to its meadow of originGraphics: Sylvia Heredia
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2.3.5 Network analysis

We conducted a network analysis to answer our first three questions on quantifying and
characterizing potenti@onnectivity. Network methods analyze connections resulting from the
dispersal simulation in graphical form to study their topological relationships and uncover spatial
patterns of connectivity. With a graphical approach, seagrass meadows are nodgzseasal d
connections are edges in a graph, which are directional and weighted by connection probability
(Minor & Urban 2007) The probability of connectivity was calculated as the percentage of
particles released from the origin meadow that settle on a destination meadow.

To answer our first question on the probability of cativity of whole seagrass
invertebrate communities, we averaged connectivity across PD scenarios and across time to
move from populatiofkevel to communitylevel estimates of connectivity. This appro#h
useful for characterizing the functional rolehafbitat to multispecies patterns of movement
(Mel i " et al . 2 0.1In6he avbrégihg scherae, veetweighted conRettibrs by
how common they were across all PD scenarios and time periods. For example, if a connection
between two meadows was made in just the@®PPD scenario in onlgneof theninetime
periods, then it woultde considered less important to overall community connectivity than a
connection made at multiple PD levels and in every time period.

To answer our second question on the relationship between dispersal ability and overall
habitat connectivity, we calculated the Probability of Connectivity (PC) metric from the Conefor
software package for each PD le(@hura & Torné 2009, Saura & Rubio 201B)obability of
Connectivity incorporates dispersal probabilities and weights them by an additional patch
attribute, typically area, to calculate a mea

connected (i.e., available for movement) therergystem is. By incorporating patch area, we
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start with the assumption that a patch itself provides area for movement, which may be important
for seagrassissociated invertebrates with limited dispersal abilities. Then, any connections made
between patats add to the area available for an organism to move between. For instance, a
connection probability of 10% between two large patches connects more habitat than the same
strength connection between two smaller patches. Thumittheonnectivity of a netark
provides a baseline measurement of connectivity to compare to the additional area made
accessible binterconnectivity. This allows us to move beyond simply knowing a quantity of
nodes connected which may not be as informative for understanding thwange of a patch to
the overall network. An additional benefit of considering intraconnectivity is to avoid
characterizing isolated meadows as having no functional role in supporting animal movement,
and therefore in supporting community diversity.

By weighting connections by area as the patch attribute in the PC calculation, we are
using area as a proxy for intrapatch movem@éfd.also intend area to be a general proxy for
other patch importance metrics that may scale with area, biingamly, such akabitat quality,
local retention, and species divergiginor & Urban 2007, Saura & Rubio 2010, Pereira et al.
2011, Engelhard et al. 201 Bince our patch areas spansedenorders of magnitude with a
right-skewed distribution, we letzansformed areas tachieve a normal distribution of patch
areas, so as not to overweight the importance of large patches or deem small patches as
completely insignificant to the multiple functional roles that they may play in influencing
connectivity patterns.

To answer outhird question on characterizing the contribution of individual seagrass
meadows to the overall connectivity, we calculated the change idART) (vhen that meadow is

removed, indicating the importance of that node to contributing to and maintainirgctioiy.
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We calculatedlPC for each dispersal scenario and averaged the réu#dPC is comprised of
three component partsitra, flux, andconnector These components represent the different ways
a node can contribute to connectivity. They are-oerlapping properties of the network and
provide a more comprehensive assessment of connectivity than just considering traditional
connectivity metrics separately (e.g., betweenness centrality, node dagraegpresents the
intra-connectivity of a path (i.e., the area available for within patch movemétit)x represents
how much a patch is connected to other patches by considering all tiveegghted connections
in and out of that patci€onnectomeasures how much a patch is included in the ratdfp
paths between other patches and therefore acting as a stefgriego link the system.

Together, these metrics show the different ways that a seagrass patch can contribute to the
overall connectivity of the netwoilSaura & Rubio 2010)Given that we are intested in
dispersal as a fundamental ecological process, it was important to use ecologically relevant
metrics that have both a structural and functional basis and relate pattern and(pitioess
2018) The PC metric and its component parts allow us to interpret the functional role of seagrass

habitat connectivity patterns in the context of the invertebrate dispersal process.

2.3.6 Cluster detection
To answer ar fourth question on identifying distinct clusters of connected seagrass
habitat that may arise from topography and ocean currents, wécasechunity detectio
methods. Community detection algorithms identify clusters of nodes that are strongly abnnecte
to each other and weakly connected to other n
graphical property and not an ecological community of spetwes/oid confusion with an

ecol ogi cal community, we r ef erlustepoThimallagvswesp h t he
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to quantify the spatial scale of dispersal between interachiistersand potentially identifies
ecologically distinct regions.

We used the CPM function in the Leidenalg Python package to idem#gow clusters
of varying clusteing strength(Traag et al. 2019)he CPM functiongives the user control over
a resolution parameter that sets a threshold of connectivity for communityemrsgipb
Maintaining control over the resolution parameter allows for different ecological interpretations
of the network clustering, as opposed to just identifying the one mathematically optimal
partitioning which may not be ecologically interpretable. iRstance, setting a low threshold
value will select for largelusterswhich will identify where the strongest barriers to dispersal are
in the system as only very rare connections would coruhgsters Alternatively, setting a high
threshold value wilkelect fewer nodes pelusterand identify the strongest connected clusters
of nodes, but the boundaries oflasterare more permeab(@homas et al. 201).

We used aemporalclusterdetectionmethod to identiffmeadows potentially clustered
across time period®lucha et al. 2010, Traag et al. 2019¥ing this multidimensional method,
nodes could take onembership in multiplelusterswhich allowed us to identify how variable
seagrass meadoslustersare through time. To implement this method, the user provides
6intersliced weightings to indicate how si mi/l
periods( e a c h a n should e eansderedc Kn@dnjng that hydrodynamics vary seasonally
in the Salish Sea with less interannual variation, and with evidence that community composition
and abundance for meadows can vary seasofiafgheck et al. 2016a, Whippo et al. 2018
chose to focus on seasonal variation. Therefore, we weighted our interslices so that-between
season membership could vary more compared tetggagar variation. This allows the

seasonladynamics to be more prevalent.
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We followed similar methodology to Thomas et. al (2014) and calculated a range of
temporalclusterconfigurations by varying the connectivity probability threshold. To identify
potentially unique configurations from thisnuge, we plotted the amount of connectivity
occurring betweeplustersagainst the connectivity threshold. At threshold values where the
connectivity betweenlustersplateaus or scales inconsistently, this indicates a stable
configuration where a barriel@wvs the connectivity within thelusterto increase but not the
connectivity betweenlustergAppendixA2). For the configurations at the plateaus, we then
calculated theveighted connectivity length scdier eachcluster(see Table 1) and compared
these values betweastusters This comparison assesses if connectivity probability scales with
distance consistently across the region. Configurationshigtily varying weighted connection
lengths amongetected clusteiiadicate unique dispersal pattethat may be the result of
spatially distinct hydrodynamic/topographic features that are only evident at that resolution.

Ultimately, our approach analyzes connectivity at three graphical levels: awjidgh
level (PC metric), a node levaelRC metric), ad a regional cluster level (temporal community
detection) (Figur®.1). The multilevel approach allows us to assess rmapgcies dispersal as it
relates to the Salish Sea, individual seagrass meadows, andraggutaldynamics(i.e., sub

sections oflie Salish Sea)

2.4 Results
2.4.1 Community-level connectivity

An overall average of community connectivity probabilities is presented when averaged
by PD and through time (Figug4), which highlights the relative importance of a connection to

all species in theommunity. The biophysical model predicted many possible connections and
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few isolated meadows, but the probability of most connections was low. Connection probabilities
ranged from 0.0001% to 84@median: 0.03%, mean: 3.9%&nd connection probability got
weaker as distance between meadows increased (Riglr®ispersal was not limited to
immediately adjacent meadows. While the strongest connections were madepaoximgte
meadowghat werenearby on the same sectioncofastline, there was significant crdsasin
movement (Figur@.4). Only 35 of 970 meadows were completely isolated throughout all
simulations and these were primarily located in sheltered channels or bays. Most of these
isolated meadows were in Johnst&@tmit towards the northern end of the model domain and
therefore may not be isolated if the model boundary was extended. The meadows in the north are
technically not part of the Salish Sea.

In all iterations of the simulatior99% of particles eithe(1) settled on another seagrass
meadow, (2) were retained by the source meadow, (3) stranded on the caagéiheere
selected for mortality. The remainder of active particles after 60 days were at the model
boundary at the exit of Juan de Fuca Stiidits indicates that the Salish Sea operates as a mostly

closed system when considering regular ecological exchange for nearshore habitat.
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Figure 2.4 Averaged community connectivity and individual pelagic popagule duration (PD) level

connectivity. Connection probability is the percentage of particles released from the origin meadow that
successfully settled on another meadow. The individual PD scenarios are for one period to show differences of
connectiviy for one run of the model. The overall connectivity results from averaging the PD scenarios within each
period and then averaging across all time periods. Most connections will decrease in probability because not all
connections were common among PDs time periods. This prevents weighting the network towards higher
dispersing species and it represents community connectivity.
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Figure 2.5 The relationship of connection probability and distanceProbability decreased with increasing

distance. Each point represents a directional connection between seagrass meadows. Connection probability is the
percentage of particles released from the origin meadow that successfully settled on another meadow. An
exponential curve was fitted to the data, y0-52x038,r2 = 0.46. Connections are symbolized by the pelagic

propagule duration (PD) interval that the connection was made. Generally, longer distance connections are made by
species with longer PDs.

2.4.2 Dispersal potential and habitat connectivity

We used the graplide metric, PC, to answer the question of how overall connectivity of
the network changes with dispersal potential. We compared the percentages of connectivity that
are attributable tmnterconnectivity, asntraconnectivity(i.e., the total seagrass area of the
network)is the same for atlispersal abilitiegand provides a baseline @dnnectedrea (Figure
2.6). The relatively small amount of area attributable to inteadow movement (~440.7%) is
due to the low dispersal probabilities connecting most meadows. The total area made available
from intermeadow movement increased with PD, as species that were able to drift longer were
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