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Using larval connectivity to
inform conservation
management of the endemic
and threatened Atlantic mud-
piddock (Barnea truncata) in the
Minas Basin Canada
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Understanding metapopulation dynamics is critical for effective species
conservation, but they are not always considered for marine species due to
difficulties in assessing connectivity in marine environments. This is particularly
true for species that are rare or threatened, as demographic and life history data
are usually sparse. We employ Lagrangian Particle Tracking (LPT) to assess
metapopulation dynamics and inform spatial management measures for the
Atlantic Mud Piddock (AMP; Barnea truncata), a poorly studied and threatened
marine bivalve mollusk in Canada, whose distribution in the country is limited to
a single population in the Minas Basin, Nova Scotia. In a series of simulations
designed to account for uncertainty in biological attributes of AMP, we
identified that sub-populations along the southern coastline of the Minas
Basin were the most strongly connected to other sub-populations by acting
as the greatest sources and sinks of simulated larvae. Propagules released from
the Minas Basin dispersed as far as the US coast of the Gulf of Maine, which
harbors the closest known population of AMP outside of the Minas Basin.
However, there was no exchange of larvae in the opposite direction, from the
US population of AMP in the Gulf of Maine to the Minas Basin. These results
suggest that sub-populations in the Minas Basin are self-sustaining (i.e., sub-
populations that exchange larvae and ultimately act as a meta-population),
supporting the need to protect critical source sites along the southern
coastline for the regional persistence of this species. More generally, these
results show how LPT outputs can be directly applied to conservation planning,
and used to identify key knowledge gaps to address with future work to reduce
uncertainty in model predictions.
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Introduction

Maintaining metapopulation connectivity has emerged as a
primary goal of species conservation due to its role in supporting
resilience in seascapes and landscapes where disturbances are
heterogeneous in space and time (Crowder et al., 2000; Botsford
et al., 2001; Gaines et al., 2003; Samways et al., 2020).
Disturbances can cause significant population loss on local
scales, but this can be mitigated by the immigration of
individuals or propagules from nearby sub-populations
(Brown and Kodric-Brown, 1977; Pulliam, 1988; Heinrichs
et al, 2018). Protecting multiple connected sub-populations
(i.e., metapopulation) and the mechanisms by which they are
connected reduces the likelihood that a species will become
extinct due to a local disturbance (Hanski 1998; Cowen et al.,
2006; Treml et al., 2008), and supports resilience by promoting
genetic diversity (Hanski and Gilpin, 1997). However, it is not
always practical to protect entire metapopulations, so sub-
populations are often prioritized for conservation based on
their relative contribution to overall metapopulation
sustainability, with sub-populations identified as primary
sources of individuals receiving the highest priority (Crowder
et al., 2000).

Conservation measures may fall short of meeting target
objectives if they fail to account for source-sink dynamics
(Burgess et al,, 2014), yet in many cases connectivity is not
accounted for in conservation planning (Gilroy & Edwards,
2017). This is likely because of the complexity of describing
source-sink dynamics, which traditionally requires detailed
estimates of population growth rate based on births, deaths,
and emigration/immigration (Holt, 1985; Pulliam, 1988; Runge
et al., 2006). Immigration and emigration can be estimated from
direct measurements of species movements between sub-
populations (e.g., tagging, tracking and mark/recapture
studies), but such measures are difficult or impossible to
acquire for marine species that are microscopic and/or those
that disperse during larval stages. (DiBacco et al., 2006)). As a
result, connectivity via larval dispersal remains one of the most
common areas of uncertainty in the design and optimization of
Marine Protected Areas employed to identify and protect meta-
populations (Cowen and Sponagule, 2009; Burgess et al., 2014)

Conservation planning is especially challenging for rare and
cryptic species for which distribution and demographic data are
usually sparse or incomplete. Genetic analysis may be a powerful
tool in these situations for describing population structure (Storfer
et al,, 2006; Peery et al., 2008), but genetic techniques have their
limitations (Lowe and Allendorf, 2010). Moreover, collecting tissue
samples for genetic analysis can be difficult and potentially
damaging for populations of rare and threatened species. Coupled
biological-physical models are a complementary and, in some cases
primary method for evaluating population connectivity and
assessing source/sink dynamics. Lagrangian particle track (LPT)
modelling is used to describe the movements of simulated larvae,
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spores, sediments, plastics, etc. (i.e. particles) in the ocean
environment, and has a range of applications (van Sebille et al,
2018), including modelling larval dispersal and assessing population
connectivity (North et al., 2008; Botsford et al., 2009; Davies et al.,
2014; van Sebille et al., 2018). Model outputs can be used to quantify
larval exchange among extant sub-populations or defined regions
and to generate connectivity matrices. Particle tracking is
advantageous over other methods of assessing connectivity in that
it demands relatively limited empirical biological data and can be
used more easily than other methods to investigate connectivity
over a range of spatial scales. Moreover, LPT offers the opportunity
to analyze connectivity over a range of time scales, including those
which are shorter than detected by genetics, and the influence of
stochastic events, seasonal and interannual change. Where there is
uncertainty in the biology of a species, LPT can be used to explicitly
test the effects and sensitivity of unknown parameters on
connectivity (e.g, swimming speeds, larval development time
[PLD]). Prior studies have shown good concordance between
particle modelling results and other methods of assessing
connectivity, such as genetics and empirical connectivity data
(Haase et al, 2012; Sponagule et al., 2012; Pujolar et al, 2013,
Davies et al., 2014).

Barnea truncata, commonly known as the Atlantic mud-
piddock (AMP) is a threatened species of bivalve in Canada
(COSEWIC, 2009). Throughout its global range, it is found
intertidally in soft muds, mudstones, and peats (Frank, 2009),
but it’s distribution in Canada is limited to the red mudstone
found only at its northern range limit in the Minas Basin, Nova
Scotia. The viability of available red mudstone habitat for AMP
in the Minas Basin has been variable through time, owing to
strong tidal forces, storm-driven coastal erosion, and sediment
deposition, leading to sub-population instability in some parts of
the Minas Basin (COSEWIC, 2009; Clark et al., 2019). Moreover,
climate change, dredging, coastal development, and tidal energy
extraction pose more recent and serious threats to the
persistence of AMP sub-populations (DFO, 2010; Wu et al,
2015). Given the restricted range of the species in Canada,
limited habitat availability, and current and future threats to
its population, AMP was listed as Threatened on Schedule 1 of
the Species at Risk Act (SARA) in 2017. The nearest known
population outside of the Minas Basin is at least 350 km away in
the US portion of coastal Gulf of Maine, and currently it is
unknown whether these two distant sub-populations are
connected. Such information is critical towards understanding
whether the AMP population in the Minas Basin is potentially
self-sustaining and what implications population loss in the
Minas Basin or coastal Gulf of Maine has for the regional
persistence of the species.

Identifying critical habitat and describing sub-population
connectivity within the Minas Basin and between the US and
Canada are key aspects of the AMP recovery strategy (DFO,
2010). In response to this, field surveys were conducted in 2017-
2018 to describe the current distribution and extent of known
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sub-populations of AMP in the Minas Basin, and to provide
some qualitative estimates of changes in sub-population sizes at
extant sites based on limited historical data (Clark et al., 2019).
Clark et al. (2019) identified 16 AMP sub-populations within the
Minas Basin, but there is no existing information on sub-
population connectivity among these sites (COSEWIC, 2009;
Clark et al.,, 2019). More generally, little is known about the
biology of the species, with most information available for
Canadian sub-populations originating from personal
communications, records of occurrence, and taxonomic and
morphological descriptions (COSEWIC, 2009; Clark et al.,
2019). There have been only a few studies of AMP throughout
its global range published in the primary literature (see
COSEWIC, 2009), with one study of larval development rates
conducted in Virginia, USA (Chanley, 1965).

In this study, we conduct model experiments to investigate
factors influencing metapopulation dynamics of AMP by
simulating the dispersal of AMP larvae (i.e. particles) within
and outside of the Minas Basin using LPT modelling. We
parameterize the model based on the best available
information on the species’” distribution, spawning seasonality,
larval development, and sinking and swimming behavior. Model
outputs are used to describe potential connectivity (hereafter
referred to as connectivity) between local, disjunct sub-
populations and distinct sub-regions within the Minas Basin.
Given uncertainty in some of the biological characteristics of the
species, we also investigate how connectivity varies among
spawning months, planktonic larval durations (PLD), and
larval behaviors (i.e. passively sinking vs. active vertical

45°N

FIGURE 1

(A) Site locations (yellow and black circles) within sub-regional delineations (as colored bands) in the Minas Basin. (B) Broader regional
delineations, including the Minas Basin (NW, NE, SW, S, SW 1 and SW 2), inner, middle, and outer regions of the Bay of Fundy (BoF), and

northern, middle and southern regions of the Gulf of Maine (GoM).
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swimming). Connectivity was also assessed for larvae
originating from known sub-populations in the Minas Basin to
regions of the Bay of Fundy and Gulf of Maine, which represents
the northern range limit of B. truncata outside of Canada
(COSEWIC, 2009), and from the Gulf of Maine to the Minas
Basin. Our results describe source-sink dynamics and inform the
prioritization of sub-populations within the Minas Basin for
conservation measures. We highlight key issues for future study
on this species, including where future field sampling efforts
should be directed to better characterize the distribution of the
species in Atlantic Canada and New England, USA.

Materials and methods
AMP characterization

To simulate spawning and larval dispersal, particles were
seeded in particle tracking simulations at 16 sites where AMP are
known to occur within the Minas Basin (i.e. suitable habitat,
Figure 1), as identified by field surveys in Clark et al. (2019). Sites
were defined as circles whose centroid points were located where
noted by field surveys (Clark et al., 2019) and size scaled to the
population area recorded in Clark et al. (2019). Particles were
then randomly seeded throughout each site, with the numbers of
particles per site proportional to the total area for each site (total
50,000) (Figure 1). To
investigate the potential for larvae released in the Gulf of

particles summed across sites =

Maine to reach the Minas Basin, particles were released in 2
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bands of varying widths (0.5 km and 1 km) that extended
continuously along the outer New England coast from Ipswich
Bay, Massachusetts to the Canada/US border (0.5 km width
band shown in Figure SI). This approach was used because
reports of AMP populations along the Gulf of Maine are
anecdotal with no coordinates associated with observations
(COSEWIC, 2009). Using a band gives the best chance at
identifying any location in the Gulf of Maine that potentially
contributes as a source of larvae to the Bay of Fundy. The chosen
band widths represent our estimate of the potential distribution
of larvae spawned from this high intertidal species in the early
days of larval release. The 0.5 km band width represents the most
likely nearshore distribution of the larvae within a couple days of
spawning but including a 1.0 km band allows us account for
some uncertainty in this estimate in our assessment of
potential connectivity.

In addition to advection and diffusion, particles moved
vertically according to two particle vertical “behaviors™ 1)
sinking (i.e. passive), and 2) sinking plus vertical swimming
(i.e. swimming). For swimming simulations, larvae would swim
towards a preferred depth at each model time step at a
swimming speed that was randomly selected from a normal
distribution with a mean and standard deviation of 2.4 and 2
mm s, respectively, to a maximum of 3 mm s' and a minimum
of zero (Chia et al., 1984; Tremblay and Sinclair, 1990). There
have been no direct studies of swimming behaviour in AMP, so
we based this behaviour in our model on in situ observations of
other bivalve larvae studied in the Bay of Fundy (e.g., Tremblay
and Sinclair, 1990). The mean preferred depth was set at 15 m,
which corresponds approximately to the model’s estimate of the
average summer mixed layer depth throughout the Bay of
Fundy. Where the bathymetry was shallower than 15 m, the
particle’s preferred depth was instead set to half of the
bathymetry. A random quantity within the range of 75% of
the distance between the preferred depth and the bathymetric
depth (to a maximum of 10 m) was added to the preferred depth
to give some variation in particle preferred depth in a given
location. The sinking rate of particles was set to a random
quantity sampled from a normal distribution with a mean and
standard deviation of 0.6 and 0.3 mm s, respectively, to a
maximum of 1.3 mm s and minimum of zero (Mann et al,,
1991). If particles reached the surface or lowest depth limit of the
model domain or the coastline, they were reflected at a
displacement equal to the distance the particle would have
travelled out of the model domain.

Planktonic larval duration (PLD) has been estimated at
around 35 days from a laboratory study conducted in Virginia,
USA (Chanley, 1965). It is expected that the PLD may be longer
for the population in the Bay of Fundy, however, as cooler waters
typically result in longer larval development time (Widdows,
1991; COSEWIC, 2009; Talmage and Gobler, 2011). Given this
uncertainty, we evaluated source/sink connectivity at two
maximum PLDs (40 days and 56 days) and implemented a
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competency period corresponding to the last 8 days of the PLD,
during which larvae can settle if they encounter suitable habitat
(i.e. realized model PLDs are 33-40 days, and 49-56 days) and
particles are assumed to settle at first contact with suitable
habitat (defined as suitable habitat sites, as above, or sub-
regions defined within the Minas Basin, Bay of Fundy, and
Gulf of Maine, see below). Chanley (1965) spawned AMP in
Virginia from mid-May through September, but spawning has
been observed to start later in the Minas Basin due to colder
water temperatures (A. Hebda, pers. Comm.). Therefore, we
simulate spawning in July and August.

Model description

The hydrodynamic model used in this study is based on the
Finite-Volume Community Ocean Model (FVCOM), which
solves the free surface, employs mode time split technology,
and uses sigma coordinates in the vertical direction and a
triangle mesh system in the horizontal directions (Chen et al.,
2003; Chen et al., 2006). The highest resolution is in shallow
coastal waters, including the Minas Basin. The model
topography is based on high resolution survey data (50 to 200
m) from the Canadian Hydrographic Service (CHS) and
smoothed to reduce sigma-coordinate pressure gradient
truncation errors. The model is vertically discretized into 45
layers based on a hybrid terrain-following coordinate, with the
vertical resolution of the model increasing near the surface and
bottom (0.3-3m resolution in the surface layers above 15m). The
triangle grid system is spatially flexible to fit complex coastal
lines with the grid cell size ranging from 0.0028 km? in near-
shore waters to 73.85 km? in the open ocean. At the same time,
flooding and drying processes in tidal flat areas are simulated
with mass-conserving wetting and drying treatment. The model
domain covers the Bay of Fundy, Gulf of Maine, Georges Bank
and Scotian Shelf, extending to the shelf break. The model runs
under air forcing, initial conditions and lateral boundary
conditions of water elevations, currents, temperature, and
salinity derived from the daily reanalysis results of
GLORYS12v1l (Jean-Michel et al., 2021). At the ocean
boundaries, harmonic constants (amplitudes and phases) of
seven major tidal constituents (M,, S;, N,, Oy, Ky, Py, and Q)
are derived from the tidal dataset of FES2014 (Lyard et al., 2016).
The model has been validated with observational data including
water elevations, currents, temperature, and salinity. Models
were run in FORTRAN, and more detailed information about
the model can be found in Feng et al. (2022).

The LPT model used in this study includes the modules for
three-dimensional advection, vertical and horizontal turbulence
and biological behavior (Feng et al., 2018). The particle tracking
model was run offline using hourly data from the hydrodynamic
model. The fourth-order Runge-Kutta scheme with a time step
of 120 seconds was used to model 3-D particle displacement due
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to advection, while displacement due to vertical turbulence was
modelled with a random walk that accounts for the gradient in
vertical diffusivity (Visser, 1997). The time step used in the
random walk was set to 5s. Hydrodynamic fields used in the
model were from the year 2017.

Simulations

All particles in the Minas Basin were released at 1 m below
the sea surface at the spring high slack tide on two dates: 25 July
and 24 August 2017 (Figure S2). Release timing was limited to
high spring tides, when adult AMP distributed in the mid to high
intertidal are completely submerged (Clark et al., 2019). All
combinations of release date and behavior (passive and
swimming) were run for 56 days total, ending on 18
September for the July simulations and 19 October for the
In the Gulf of Maine
simulations, particles were released at 1 m below the surface
on 24 August 2017 at high slack tide and run for 56 days with
swimming behaviour, ending on 19 October (Table S1). To

August simulations (Table S1).

investigate the potential for release timing to effect connectivity
with the Bay of Fundy, Gulf of Maine particles were also released
one hour before and one hour after this time.

Analysis

Model outputs were analyzed to describe site and sub-
regional connectivity in each simulation at two maximum
planktonic larval durations (40 and 56 days). Site-to-site
connectivity within the Minas Basin was estimated by

10.3389/fmars.2022.926442

enumerating the number of particles originating at each site
that settled within each of the other site delineations (black
circles shown on Figure 1) within an 8-day competency period
(33-40 days, 49-56 days). The number of particles arriving in
each suitable habitat site was then standardized to the total area
of each settlement site (Table 1) to assess the number of particles
settled per unit area (m?).

The study area was also delineated to assess connectivity on
a sub-regional scale based on knowledge of local bay dynamics.
Within the Minas Basin, the intertidal zone was defined as
model grid nodes that were dry at any point in time in August
(colored polygons shown in Figure 1A), and this intertidal area
was divided into 6 sub-regions based on cardinal direction and
cross-shore features suspected to affect connectivity [e.g.
Economy Point, Burntcoat Head (Figure 1A)]. Outside of the
Minas Basin, the Bay of Fundy was delineated into inner,
middle, and outer regions, while the Gulf of Maine was
divided into northern, middle, and southern regions
(Figure 1B). Regional delineations outside of the Minas Basin
do not include any definition of suitable habitat or intertidal
area. Site-to-region connectivity was assessed by enumerating
the number of particles that originated at each site and
subsequently arrived within a defined region (intertidal sub-
regions within the Minas Basin, northern, middle, and
southern Gulf of Maine, and inner, middle, and outer Bay of
Fundy) by the end of each competency window. Within the
Minas Basin (only), particles ending up in any area outside of
defined sites (site to site connectivity analysis) or intertidal
sub-regions (site to sub-region connectivity analysis) were
designated as arriving in unsuitable habitat. Outside the
Minas Basin, there was no designation of suitable or
unsuitable habitat.

TABLE 1 Site number, name, and corresponding sub-region, as well as the GPS location (centroid latitude, centroid longitude) size (site area), and

the number of particles seeded at each site.

Site Number Site Name Sub-region Centroid Latitude Centroid Longitude Site Area (m”) Particles Seeded
1 Burntcoat Lighthouse (central) SE Minas 45.3139918 -63.8021424 58,017 1,580

2 Burntcoat Lighthouse (east) SE Minas 45.3182115 -63.7912128 101,676 2,769

3 Burntcoat Lighthouse (west) SE Minas 45.3091491 -63.8130401 220,487 6,004

4 Economy NW Minas 45.3540164 -63.9161670 75,621 2,059

5 Evangeline SW Minas 2 45.1367595 -64.3332291 3,254 89

6 Five Islands NW Minas 45.3890759 -64.0638786 20,306 553

7 Kingsport SW Minas 2 45.1672860 -64.3454766 9,242 252

8 Mungo Brook SE Minas 45.3194300 -63.6415317 295,093 8,036

9 Noel Bay SE Minas 45.3167307 -63.7580997 149,423 4,069

10 Parrsboro (east) NW Minas 45.3920669 -64.2248374 28,318 771

11 Parrsboro (west) NW Minas 45.3913028 -64.2310048 3,502 95

12 Port Williams SW Minas 2 45.1020034 -64.3790383 31,122 847

13 Shad Creek SE Minas 45.3214429 -63.6733201 356,436 9,706

14 Sloop Rocks SW Minas 45.3259359 -63.7103596 259,970 7,079

15 Spencer Point NE Minas 45.3857267 -63.6285098 17,517 477

16 Tennycape S Minas 45.2816174 -63.8931420 206,098 5,612
Frontiers in Marine Science 05 frontiersin.org
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Site to site connectivity results were analyzed using
generalized linear mixed effects models (GLMM). To
investigate the relative importance of settlement sub-region
and biological factors on settlement patterns across suitable
habitat sites, the first model evaluated the effects of PLD (33-
40 days, 49-56 days), spawning month (July, August), behavior
(passive, swimming), settlement sub-region (NW, NE, S, SE and
SW Minas 1 & 2), and the interaction between all pairs of factors
on the total number of particles settling within suitable habitat
sites within the Minas Basin in each simulation (sampling unit is
simulation-site). The second model analyzed the contribution of
sub-regions as sources of particles by including source sub-
region instead of settlement sub-region in the same model, with
all other factors included. Settlement site was included as a
random factor in these models, while all other factors were
considered fixed. To investigate the effects of biological factors
on settlement patterns across regions within the Minas Basin,
two generalized linear models (GLMs) were constructed. The
first analyzes the effects of PLD (33-40 days, 49-56 days),
spawning month (July or August), behavior (passive vs.
swimming), settlement sub-region (NW, NE, S, SE and SW
Minas 2), and the interaction between all pairs of factors on the
total number of particles settling within intertidal area within the
Minas Basin. The second regional model analyzed the
contribution of sub-regions as sources of particles by including
source sub-region instead of settlement sub-region in the same
model, with all other factors included. Data are counts did not
meet the assumptions of normality and homogeneity of
variances, so the nb.glmer function in the nlme package in R
(Pinheiro et al., 2020) was used to fit a negative binomial model
to the site connectivity data and the glm.nb function from the
MASS package in R was fit to the regional connectivity data.
Statistical significance was assessed at alpha = 0.05.

Results
Site to site connectivity

In all simulations, regardless of spawning season, behavior and
PLD, settlement was highest at sites within the SE Minas and S
Minas regions, particularly sites 3, 8, 9, 13, 14, and 16 (Figures 2F-
M, §3-510, Table S3). Most of these particles originated from sites
within the same two regions, SE and S Minas (i.e., sites 1, 2, 3, 8, 9,
13, 14, 16) (Figures 4F-M, S3-S10, Table S4). Total settlement at
suitable habitat sites within all regions was higher in August
compared to July, with a significant interaction between
settlement region and spawning month driven by a higher
settlement of particles within the S Minas region in August as
compared to July (Figures 3A, B, Table 2, Table S3). Sites within the
NW, NE and SW Minas 2 regions were larger sources and sinks of
particles in August than July (Figures 2A-E, N-P, 3A-D, 4A-F, N-
P, Tables 2A, B), but their importance overall as source and sink
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sites was low in both spawning months relative to the S and SE
Minas regions (Figures 2F-M, 3A-D, 4F-M). The effects of
behaviour and PLD on settlement were inconsistent across
regions, as indicated by a significant interaction with settlement
region in statistical models (Table 2), with some regions
experiencing higher settlement with longer PLDs and when
particles were swimming (Figure 2). In all simulations, most
particles settled in unsuitable habitat in the Minas Basin (19-63%)
or Inner Bay of Fundy (22-66%, Figure 5), but the percentage of
particles retained within the Minas Basin (suitable or unsuitable
habitat) was higher for particles exhibiting behavior (swimming: 40-
76%, passive: 26-42%) during simulations in both spawning months
and at both PLDs (Figure 5).

After standardizing the number of particles settled at each
site by the site area, site 16 (S Minas region) received the highest
or second highest density of particles of all sites in nearly all
simulations (except for July passive, both PLDs) (Figure 6).
Select sites within the NW (i.e., sites 6, 11), SW Minas 2 (i.e., 5,
7), and NE Minas Basin (i.e., 15) regions also received relatively
high numbers of particles per unit area. These patterns were
most prominent in the August simulations (Figure 6).

Site to sub-region connectivity

On a sub-regional scale, settlement dynamics were
significantly different between July and August (Figures 7, 8,
Table 3), though a significant interaction between spawning
month and source/settlement sub-region indicates that seasonal
patterns varied by sub-region. The majority of particles
modelled in July simulations ended up in unsuitable habitat
either in the central Minas Basin (12.9-50%) or the Inner Bay of
Fundy (29.4-61.6%) (Figures 7G-J, 8, 9A, S11). In July, the
highest settlement (p<0.05) in intertidal sub-regions within the
Minas Basin (not just at strictly defined suitable habitat sites)
occurred in the NW (3.8-8.0% of the total number of particles),
SE (2.4-5.8%), and SW Minas 2 (2.3-3.6%) regions (Table S5),
though most particles did not settle in suitable habitat sites,
particularly for the NW and NE Minas sub-regions (Figures 7A-
C, F, 8A-D). Most of the particles arriving in intertidal sub-
regions within the Minas Basin originated from sites within the
SE Minas sub-region (blue bars, Figure S11, statistical
significance in Table S6), and to a lesser extent the S Minas
sub-regions (yellow bars, Figure S11, statistical significance in
Table S6). Sub-regional patterns were largely similar regardless
of behavior and PLD, though there were slightly more particles
retained within unsuitable habitat in the Minas Basin and
arriving in the S Minas basin sub-region when they were given
swimming behavior (26.7-50.0%) vs. passive dispersal (12.9-
26.2%), indicated by a statistically significant interaction
between behavior and settlement sub-region in statistical
models (Figures 7G, 8, S11, Table 3, Tables S5, S6). The effects
of PLD on regional settlement dynamics was inconsistent, and
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FIGURE 2

The number of particles settled at each site (see sites 1-16, Figure 1) in the Minas Basin (A—P) in each simulation. Bar colours show the relative
proportion from each source sub-region, and each panel has a colored horizontal line to indicate settlement sub-region. Percentages above
each bar indicate the total percent of particles settling at each site in each simulation. Simulations with passive particles have gray shaded
backgrounds while simulations with swimming particles have white shaded backgrounds.

this factor interacted with settlement sub-region in statistical
models (Figure 7, Table 3).

This contrasted with sub-regional settlement dynamics in
August, in which settlement within intertidal sub-regions within
the Minas Basin was higher overall than in July (Figures 7A-F, 8,
5§12). Also, in August there was a clear trend towards select southern
regions within the Minas Basin receiving considerably more
particles (ie., S: 11.6-30.1%, SW Minas 2: 7.8-12.2%) than
northern regions (NW: 0.7-4.9%, NE: 2.2-6.2%) (Figures 7A-F, 8,
S12, Table S5). The S (yellow bars, Figure S12, Table S6) and SE
Minas (blue bars, Figure S12, Table S6) sub-regions contributed the
most particles to suitable habitat sites, as compared to sites in other
sub-regions. Behavior had a more prominent effect on sub-regional
connectivity dynamics in August than July, as indicated by a
significant interaction between these two factors (Table 3) with
more particles being retained within the Minas Basin when particles
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were given swimming behavior versus when they dispersed
passively (passive: 36-45.1%, swimming: 65.9-77.6%) (Figures 7A-
F, 8, S§12, Table S5). The majority of the swimming particles in
August simulations were retained in unsuitable habitat within the
central Minas Basin (15.4-28.8%), or the S Minas Basin (24.8-
30.2%), as compared to passive particles in August, which were
mainly exported to the Inner Bay of Fundy (50.1-52.7%) or retained
within the NW (4.6-4.9%), NE (4.8-6.2%), SE (1.5-2.6%), and SW
Minas 1 (0.5-0.9%) or 2 sub-regions (7.8-10.0%, Figures 7A-M, 8,
S11, Table S5).

Connectivity with the Gulf of Maine

Only particles that were assigned swimming behavior
dispersed into the Gulf of Maine (Figure 7). The northern
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(A, B) The mean number of particles settled at suitable habitat sites within each sub-region for the two spawning months, and (C, D) the mean
number of particles settling at suitable habitat sites from each source sub-region in the two simulation months. Means are calculated from all
simulations in each month to show that the effects of spawning month and source/sink subregions are relatively consistent across simulations.

Bars show means +/- standard error.

region of the Gulf of Maine received the most particles at a PLD
of 49-55 days (July: 337 particles, 0.7%; August: 279 particles,
0.6%) followed by the middle region (July: 47 particles, 0.1%;
August: 16 particles, 0.03%), while no particles dispersed to the
southern Gulf of Maine (Figures 7, 9A). Fewer particles
dispersed into the northern (July: 27 particles, 0.1%, August: 5
particles, 0.01%) and middle regions (July: 0 particles, 0%,
August, 3 particles, 0.01%) of the Gulf of Maine at the shorter
PLD of 33-40 days.

Particles seeded in the Gulf of Maine generally moved
southward with shoreward retention (Figure 9B). There were
no particles initialized in the Gulf of Maine that reached the
Minas Basin, and eftectively no particles (i.e., only one out of
7080 total particles) released entered the southernmost part of
the outer Bay of Fundy (Table S2, Figure 9). This particle
originated from the northernmost part of the seeded 1.0 km
band, while none of particles seeded closer to shore (i.e., 0.5 km
band) reached the Bay of Fundy (Table S2). Release timing
effected this connectivity somewhat, with the only instance in
which particles seeded in the 1 km band reached the Bay of
Fundy being when they were release at one hour past slack tide
(19:00, Table S2)

Discussion

In this study, we used LPT modelling to quantify source/sink
dynamics among extant sites for the AMP in the Minas Basin,
including evaluating how connectivity was affected by variations
in spawning seasonality, behavior and planktonic larval duration
(PLD). Our results show that sites along the southern coastline
of the Minas Basin (S and SE sub-regions) serve as the most
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important sources and sinks of particles (e.g., Figure 3). This
finding was consistent across simulations, regardless of
variations in spawning month, behavior, and PLD. Prior field
surveys highlighted that the S and SE Minas sub-regions have the
highest concentration and most extensive sub-populations of
AMP, and largest suitable habitat area in the Minas Basin (Clark
etal., 2019). These sub-populations have also remained relatively
stable through time as compared to sites in other sub-regions of
the Minas Basin, such as Economy Point and Parrsboro in the
NW Minas sub-region (Clark et al., 2019). Given the high sub-
population density, large cumulative sub-population area,
relatively high habitat stability, and strong role of sites in the
region as sources and sinks of particles, our results combined
with existing field data provide evidence that sites along the S
and SE coast of the Minas Basin should be prioritized for
protection against coastal development activities that may
disturb this critical habitat.

Sub-regional connectivity modelling showed that the NE
and NW Minas sub-regions also receive a consistent larval
supply from the S and SE Minas sub-regions (Figure 2, SI11,
12), and when the number of particles settling in these sub-
regions is standardized per unit area, settlement is among the
highest of any sub-region within the Minas Basin (Figure 6).
Field studies have noted that red mudstone habitat area along
the northern coastline of the Minas Basin is relatively small and
unstable through time with several AMP sub-populations in that
sub-region having been extirpated over the past couple decades
due to an increase in the presence of fine silt and sediment (Clark
et al,, 2019). This suggests that the relatively small sub-
populations in this area may be the result of limited suitable
habitat, rather than larval supply. However, this also suggests
that if there were an increase in suitable habitat in the area due to
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FIGURE 4

The number of particles from each source site that settled at suitable habitat sites (A—P) in each simulation. Bar colours show the proportion in
each settlement sub-region, and each panel has a colored horizontal line to indicate source sub-region. Percentages above each bar indicate
the total percent of particles settling at each site in each simulation. Simulations with passive particles have gray shaded backgrounds while

simulations with swimming particles have white shaded backgrounds.

changes in sedimentation and scouring dynamics, larval supply
may promote sub-population establishment and growth.
Though there was a high degree of consistency across
simulations in the relative importance of sites as sources and
sinks of particles, the overall magnitude of settlement at suitable
habitat sites was significantly higher in August as compared to
July (Figure 5). Most particles retained within the Minas Basin in
July simulations ended up in unsuitable habitat in the central
basin and Minas Passage, whereas more particles were
transported shoreward to southern sub-regions (e.g., S and SW
Minas 2) in August. Monthly changes in circulation patterns are
driven by variation in atmospheric conditions, particularly
rainfall, winds, temperature, and stochastic events (e.g. storms)
(Chen et al., 2006). Our results suggest that even within-season
(e.g. summer; July vs. Aug) variation in resulting circulation
patterns was sufficient to significantly affect settlement dynamics
of AMP. The magnitude of variability due to inter-annual
changes in atmospheric forcing conditions is not assessed in
this work, which employed 2017 conditions to drive model
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hydrodynamics. The relatively high sensitivity of our
modelling results to monthly changes in hydrodynamic
conditions suggests that the impacts of environmental
variability on connectivity is an important consideration for
future study, including the effects of inter-annual variability and
extreme (stochastic) events.

Larval swimming behavior and PLD also affected transport
and settlement patterns of AMP to some degree within the
Minas Basin, but this effect was inconsistent across sub-regions
and spawning months as indicated by statistically significant
interactions between behavior, PLD, settlement sub-region, and
spawning month. Swimming had a stronger effect on sub-
regional connectivity dynamics, with more particles reaching
the outer Bay of Fundy and the Gulf of Maine when they were
assigned swimming behavior than when they were dispersing
passively (Figure 7). Larval swimming speeds are generally
comparable to or greater than vertical transport processes
(Queiroga and Blanton, 2005). However, high tides in the
Minas Basin cause turbulent velocities in the vertical

frontiersin.org


https://doi.org/10.3389/fmars.2022.926442
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Krumhansl et al.

10.3389/fmars.2022.926442

TABLE 2 Results of generalized linear mixed effects models (GLMM) examining factors affecting settlement at suitable habitat sites within the

Minas Basin.
Site to Site Connectivity

A. Settlement site model

Fixed Effect Chisq df p-value
Spawning month 229.6 1 <0.01
Behavior 2.5 1 0.11
PLD 0.9 1 0.33
Settlement Sub-region 26.7 4 <0.01
Spawning month x Behavior 2.0 1 0.15
Spawning month x PLD 37 1 0.05
Spawning month x Settlement Sub-region 116.4 4 <0.01
Behavior x PLD 0.01 1 0.91
PLD x Settlement Sub-region 31.8 4 <0.01
Behavior x Settlement Sub-region 47.0 4 <0.01

B. Source sub-region model

Fixed Effect Chisq df p-value
Spawning month 532.9 1 <0.01
Behavior 1.9 1 0.17
PLD 0.9 1 0.33
Source Sub-region 1446.6 4 <0.01
Spawning month x Behavior 9.8 1 <0.01
Spawning month x PLD 1.8 1 0.18
Spawning month x Source Sub-region 109.0 4 <0.01
Behavior x PLD 0.5 1 0.47
PLD x Source Sub-region 1.2 4 0.88
Behavior x Source Sub-region 12.1 4 0.02

Models examine the effects of spawning seasonality (spawning month), behavior, PLD and A. Settlement Sub-region or B. Source Sub-region on the number of particles settling in suitable

habitat sites within the Minas Basin. Shown are the fixed effects, the Chisq goodness of fit metric, the degrees of freedom, and the p-value. The “x

dimension that exceed larval swimming speeds, causing larvae to
mix throughout the water column in those sub-regions (Figure
S13A). This likely contributed to the inconsistent effect of larval
swimming behavior on connectivity within the Minas Basin. By
contrast, swimming particles in the Bay of Fundy maintained a
noticeably shallower position in the water column (associated
with their preferred depth being the mixed layer depth) than
particles that dispersed passively (i.e. sinking only), which
tended to be distributed throughout or concentrated in bottom
layers of the water column due to gravitational sinking (Figure
S13B). As a result, swimming particles were transported farther
southwestward down the coasts of New Brunswick and Maine
than in simulations where particles were sinking only (Figure
S13) due to higher mean currents in a southwestward direction

@,

denotes an interaction between two factors.

near the surface (e.g. Greenberg, 1984) as compared to
considerably weaker currents at depth (Figure S14). This is
evidence that implemented vertical swimming behavior at
swimming velocities realistic to bivalve larvae (Chia et al,
1984) can have a dramatic effect on lateral transport dynamics
where turbulent processes are minimal and as horizontal
currents vary with depth (Tremblay and Sinclair, 1990;
DiBacco et al., 2001; Queiroga and Blanton, 2004; DiBacco
and Therriault, 2015).

Across all simulations, most particles (~90-95%) ended up in
unsuitable habitat within the Minas Basin or in the Inner Bay of
Fundy (Figures 5, 7). No AMP populations have been identified
in the Bay of Fundy despite our modelling results that suggest
many coastal areas in this region likely receive a high supply of

Passive, PLD = 33-40 days

a. July

b. August

FIGURE 5
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Passive, PLD = 49-56 days Swimming, PLD = 33-40 days Swimming, PLD = 49-56 days

The proportion of total particles in each simulation settling at suitable habitat sites, colored by sub-region within the Minas Basin, as well as
unsuitable habitat within the Minas Basin, and regions in the Bay of Fundy and Gulf of Maine.

Region/Sub-region Name
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FIGURE 6

The number of particles settled at each site in each simulation, standardized by the settlement site area (shown in Figure 1). Bars are colored by
the settlement sub-region, and results from July simulations are in the top row (A—=D), while results from August simulations are in the bottom

row (E-H).

AMP larvae. Despite the lack of mudstone substrate in the Bay of
Fundy, the fact that AMP are known to establish in other habitat
types (e.g. muds and peats) (COSEWIC, 2009) suggests that
larval supply from the Minas Basin could support population
establishment in the Inner Bay of Fundy in these substrates
(Greenlaw et al., 2012). Our modelling results suggest that future
work to characterize suitable AMP substrate types could help
establish currently unidentified sub-populations and monitor for
the establishment of new populations along the Inner Bay
of Fundy.

The US coast of the Gulf of Maine hosts the closest anecdotal
populations of the AMP, but these populations are separated
by ~350 km from those in the Minas Basin (COSEWIC, 2009). It
is currently unknown whether populations in these regions are
connected via larval dispersal. Our simulations suggest that there
is the potential for larvae released in the Minas Basin to reach the
Northern and even the middle coast of Maine. Particles arriving
in the Gulf of Maine (295 and 385 total in July and August)
originated at all sites within the Minas Basin, but larger sites
located in the NW Minas sub-region and closest to the entrance
of the Minas Basin (Economy, site 4; Parrsboro, site 10)
contributed the most particles (20% and 49% of the particles
reaching the Gulf of Maine in July and August). The opposite
was not true since particles originating at sites within the Gulf of
Maine did not disperse to the Minas Basin. There was only one

Frontiers in Marine Science

11

particle originating at the northern region of the release bands
with a width of 1.0 km from shore that dispersed to the western-
most region of the Outer Bay of Fundy. This is consistent with
regional circulation characterized by surface flow to the
southwest along the northern coasts of the Bay of Fundy and
Gulf of Maine (Greenberg, 1984). The fact that particles
concentrated and released closer to shore (i.e., 0.5 km release
band) did not supply any particles to the Bay of Fundy provides
additional evidence that AMP larvae released from intertidal
areas are unlikely to disperse northwards to the Bay of Fundy or
the Minas Basin. Overall, these results indicate some potential
for sub-populations within the Minas Basin to supply larvae to
the Gulf of Maine, but no connectivity in the opposite direction.
Therefore, it is likely that the Minas Basin metapopulation is
self-sustaining, further supporting the need for the protection of
critical habitat and especially predominant source/sink sites
along the southern coastline of the Minas Basin.

Implications for conservation planning
and future research directions

Overall, our results demonstrate how outputs from Lagrangian

Particle Tracking (LPT) can directly inform conservation planning
by elucidating sub-population source/sink dynamics, even for a
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FIGURE 7

The number of particles settled by region. Within the Minas Basin, sub-regions represent all intertidal area (not just strictly defined sites), while
outside of the Minas Basin, regions include all intertidal and subtidal area. Bar colours represent settlement sub-region, and percentages show
the percent of total particles released that settled within that sub-region. Also shown are particles settled in unsuitable habitat in the Minas Basin
(G). Panels A-F denote settlement sub-region within the Minas Basin, panels H-J denote settlement within the Bay of Fundy, and K-M denote
settlement within the Gulf of Maine. Simulations with passive particles have gray shaded backgrounds while simulations with swimming particles
have white shaded backgrounds.
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A July Passive, PLD = 33-40 days

64°W 30
C July Passive, PLD = 49-56 days

64°W 30
August Swimming, PLD = 3340 days

64°W
August Passive, PLD = 49-56 days

FIGURE 8

Density plot showing the number of particles settling in 0.005 x 0.005 degree bins within the Minas Basin for the July (A—D) and August (E—H)
swimming simulations at PLDs of 40 (A, B, E, F) and 56 (C, D, G, H) days. Yellow colors indicate higher particle numbers, and blue colors
indicate lower particle numbers. Note, the total number of particles in some cells was higher than 25, but the scale was capped at this value to
show spatial variation more clearly in particle densities (data also shown in Figure 7).

species with sparse demographic and life history data. Our model
was parameterized using the best available information for AMP,
including the locations and area of substrate colonized by AMP
sub-populations, as well as information for related taxa when it was
not available for AMP. We designed our simulations to consider the
greatest sources of uncertainty for AMP, which included the
spawning seasonality, larval behavior and development time, and
compared simulations to describe common patterns in source-sink
dynamics. Our simulations consistently pointed to sites along the
southern coastline of the Minas Basin as the most highly connected
to other sites and sub-regions, both supplying the most particles to
suitable habitat within the Minas Basin and receiving the highest
number particles across simulations. This is supported by field
surveys, which identified the largest and most persistent AMP sub-
populations in these areas (Clark et al,, 2019). This suggests that
sites along the southern coastline likely play any important role in
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contributing to metapopulation sustainability and should be a
priority for spatial conservation measures.

Model outputs also highlight the need for future studies, in
particular sensitivity analyses for model parameters that
contributed the most to variability in connectivity estimates
and dynamics. Of the parameters we considered, settlement
dynamics varied most strongly between simulation months,
with significantly higher settlement in suitable habitat in
August as compared to July. This highlights the sensitivity of
our model results to variability in environmental conditions, and
points to the need to characterize potential impacts of intra- and
interannual variability, extreme events, and climate change on
AMP dispersal dynamics. This is particularly important since
our model results employed hypodynamic conditions for a single
year (2017). Running our model for additional months and
years, including climate-based projections, would help to assess
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TABLE 3 Results of generalized linear models (GLMs) examining factors affecting settlement within sub-regions of the Minas Basin.

Site to Sub-region Connectivity

A. Settlement sub-region model

B. Source sub-region model

Fixed Effect Chisq df p-value
Spawning month 13.7 1 <0.01
Behavior 0.1 1 0.74
PLD 0.001 1 0.97
Settlement Sub-region 161.3 5 <0.01
Spawning month x Behavior 0.2 1 0.64
Spawning month x PLD 0.2 1 0.63
Spawning month x Settlement Sub-region 102.7 5 <0.01
Behavior x PLD 1.5 1 0.22
PLD x Settlement Sub-region 123 5 0.03
Behavior x Settlement Sub-region 13.0 5 0.02

Fixed Effect Chisq df p-value
Spawning month 125.8 1 <0.01
Behavior 7.5 1 <0.01
PLD 0.20 1 0.65
Source Sub-region 633.1 4 <0.01
Spawning month x Behavior 1.1 1 0.29
Spawning month x PLD 0.03 1 0.87
Spawning month x Source Sub-region 18.6 4 <0.01
Behavior x PLD 1.9 1 0.33
PLD x Source Sub-region 1.2 4 0.87
Behavior x Source Sub-region 1.0 4 0.90

Models examine the effects of spawning seasonality (spawning month), behavior, PLD, and A. Settlement Sub-region or B. Source Sub-region on the number of particles settling in intertidal

sub-regions of the Minas Basin. Shown are the fixed effects, the Chisq goodness of fit metric, the degrees of freedom, and the p-value. The “x” denotes an interaction between two factors.

the sensitivity of source/sink dynamics to these different
parameters. Further, while our results indicate a low potential
for connectivity of AMP in the direction of the Gulf of Maine to
the Minas Basin, extreme events could alter these dispersal
dynamics and effect our conclusions about potential
connectivity with Gulf of Maine populations. Nevertheless,
prior studies show the same generalized flow dynamics in the
Bay of Fundy and Gulf of Maine (Greenberg, 1984; Brickman
2014), with the mouth of the Bay of Fundy representing a well-
known biogeographic barrier characterized by limited
connectivity from the Gulf of Maine to the Bay of Fundy
(Einfeldt et al., 2014; 2017). In addition to the long-term
effects of climate change on circulation patterns, the increased

A
July, Swimming, NW Minas, PLD = 56 days
45°N
N F e
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" 49,‘\, 3
43°N g T
:
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41°N

FIGURE 9

30 71°W 30" 70°W 30" 69°W £ B8°W 30 67°W 36 selvw 30 65W 30 64°W 30 63°W

frequency and intensity of storms (Knutson et al., 2015) is likely
to influence the availability and suitability of habitat within the
Minas Basin through changes in sedimentation, which can be
modelled and examined in relation to source/sink dynamics
(Clark et al., 2019).

Simulation results can also be used to direct further study into
the distribution and biology of AMP. In particular, they can be used
to inform future efforts to delineate populations that may exist, but
are currently unknown, such as in regions of the Inner Bay of Fundy
that received a high larval supply or the areas west of Tennycape
(site 16) along the southern coastline of the Minas Basin. Our
simulation results can also be used to prioritize resources for
monitoring areas of the coastline for AMP sub-populations where

6 days

W 70W  6o'W 71°W

68°W 67°W

Results showing examples of connectivity between Minas Basin and the Gulf of Maine. (A) shows the location of particles released from sites
within the NW Minas sub-region after 56 days when released in July and given swimming behavior. (B) shows the final locations of particles
released in a 1 km width band along the coast of the Gulf of Maine in August 24, 2017 at 17:00 and given swimming behaviour. The green circle
on the right panel shows the final location of the only particle that entered the Bay of Fundy from the Gulf of Maine.
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the amount of suitable habitat may change in the future, for
example the NW Minas sub-region where larval supply is
relatively high, but sub-population abundance is low due to a lack
of suitable habitat. The sensitivity of our modelling results to the
seasonal timing of particle release also points to the need for further
study into the seasonality of AMP spawning, including the timing of
larval release with respect to the tidal cycle and number of spawns
per year. Also, better characterizing aspects of their larval behaviour
and development during dispersal, including swimming speeds, the
response of larvae to environmental cues (e.g. vertical density
gradients/mixed layer depth), and environmental effects (e.g.,
temperature) on larval development rates will improve
predictions of source/sink dynamics within the Minas Basin, and
further resolve potential linkages between the Minas Basin and Gulf
of Maine populations, as particles only dispersed into the Gulf of
Maine when they were assigned swimming behavior. It is also
important to note that only 50,000 particles were used per
simulation due to computational limitations, which is a
significant underrepresentation of the actual number of larvae
released naturally. True metapopulation connectivity could be
established by including data on sub-population density,
fecundity at size, larval mortality, and the number of spawns per
year into our model, if they become available, and these data would
help to elucidate the role of recruitment dynamics in driving the
lack of AMP at sites that were extirpated or with small sub-
populations (Clark et al., 2019). Genetic analyses could also help
to elucidate regional connectivity dynamics between the Minas
Basin and Gulf of Maine, which are important to resolve given their
implications for the regional persistence of the species.

Our results also help to highlight the other anthropogenic
factors that are likely to most affect AMP in the future,
particularly those activities that alter circulation dynamics
within the Minas Basin. Tidal energy development is expected
to significantly alter the magnitude and direction of advective
currents (Neill et al., 2009; Wu et al., 2015), which clearly has the
potential to impact source/sink dynamics of AMP, as well as the
availability of suitable habitat for the species through changes in
tidal ranges and sedimentation dynamics (Neill et al., 2009).
Source/sink dynamics will also change in response to losses and
gains of suitable habitat due to dredging and coastal
development, as sub-populations disappear and become
established in different areas of the Minas Basin. In particular,
activities that threaten sites along the southern coastline of the
Minas Basin should be carefully monitored and managed, as
they have the greatest potential to impact the stability of the
entire metapopulation in the short and long term.

In general, our results provide a useful example of how
maintaining metapopulation sustainability can promote the
persistence of a species (Hanski and Gilpin, 1997; Cowen et al,
2006; Treml et al., 2008). Suitable habitat is highly dynamic within
the Minas Basin by nature of strong tidal flows, with some areas
experiencing more frequent disturbances that can cause local
species extinctions (Clark et al, 2019). Our results suggest that
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sub-populations along the southern coastline of the Minas Basin,
which have remained relatively stable through time, are likely
responsible for enabling sub-population recovery in areas where
the availability of suitable habitat is more variable (e.g. northern
coastline of the Minas Basin). Moreover, our result show that sub-
populations within the Minas Basin may supply larvae to the Gulf of
Maine, with the potential for sub-populations in the Minas Basin to
mitigate the effects of disturbance on Gulf of Maine populations. It
is evident in this case how conservation measures may fall short of
promoting species persistence within the Minas Basin and over the
broader region if they fail to account for these connectivity
dynamics and prioritize key source-sink sub-populations for
protection. Though our results would undoubtedly be improved
by refinements to model parameters, including estimates of sub-
population size, fecundity, and larval mortality, they are
immediately useful for designing spatial management measures,
and for identifying the most pertinent areas for future research into
this poorly understood and threatened marine species.
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