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Abstract

Salt marshes, productive and important ecosystems, represent a large proportion of
coastline in Maritime Canada (particularly in the Bay of Fundy and the southern Gulf of
St. Lawrence), despite historic losses. Despite the large landmass, salt marsh ecology is
understudied in our area. However, knowledge about salt marshes elsewhere may not be
fully applicable to their ecology and restoration in our north temperate region. A better
understanding of the geographic variation allows for improved management of salt
marshes, which confer substantial ecosystem services to surrounding areas. Recently in
Maritime Canada, restoration of salt marsh ecosystem functioning has become popular
amongst managers to reduce lifetime (implementation and maintenance) infrastructure
costs. My research investigated two salt marsh related topics at north temperate latitudes,
(i) the mutualist relationship between two notable salt marsh species near their northern
range limit (Chapters 2 and 3) and (ii) recovery trajectory of salt marshes exposed to high
tidal, wave and winter disturbance (Chapter 4). For the former, | assessed the strength of
the relationship between Spartina alterniflora (saltwater cordgrass) and Geukensia
demissa (ribbed mussels) in Maritime Canada using sampling and manipulative
experiments. Spartina alterniflora and G. demissa were found to co-exist in the
Northumberland Strait; however, G. demissa has lower densities than in marshes in the
mid and southeastern USA. The mutualistic relationship between these species was
limited in Maritime Canada, but might be useful in possible future salt marsh restorations
in the Northumberland Strait. For the latter, | examined a restoration assessment

technique, bounds of expectation, for Bay of Fundy salt marshes, while quantifying their



early successional dynamics. | provided guidance for acceptable expectations in an
environment with high sediment dynamics. Overall, my research contributes to enhanced
knowledge of salt marsh ecosystems in Maritime Canada, including their restoration

potential, and supported several ongoing ecological and restoration salt marsh projects.
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Chapter 1: Introduction

Salt marsh ecosystems

Salt marshes are a type of coastal and tidal ecosystem that develop along
hydrodynamically low-energy shorelines and are comprised primarily of halophytic plant
species. They have a worldwide distribution (McOwen et al. 2017) and are especially
prominent along the east and south coast of USA (Bertness 2007) and the United
Kingdom (French 2006). At more northern latitudes on the east coast of North America
(i.e. Maine, Atlantic Canada), salt marshes typically make up a small proportion of total
coastal landmass because of previous glacial scour (Bertness 2007). However, the
coastlines of Maritime Canada associated with the Bay of Fundy and southern Gulf of St.
Lawrence are actually dominated by soft-sediment ecosystems (like mudflats, salt
marshes, beaches, and dunes); indeed, salt marshes make up ~47% of the coastline in
New Brunswick (Bérubé 2021, Commission of Environmental Cooperation 2021). Given
the historical oversight about the prominence of soft-sediment habitats in Maritime
Canada, salt marsh ecology has received limited study in this region to date. Knowledge
about salt marshes elsewhere may not be fully applicable to our region and a better
understanding of the geographical variation will allow for improved management of these
ecosystems in the future (Ziegler et al. 2020).

Salt marshes are among the most productive ecosystems worldwide and were
historically converted by human populations into more economically viable landmasses
(e.g., agricultural land; Burdick et al. 1996). Worldwide, it has been estimated that 50%

of historical salt marshes have been lost (Gedan et al. 2009, UN 2016). Inthe Bay of
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Fundy and southern Gulf of Saint Lawrence alone (for New Brunswick, Nova Scotia and
Prince Edward Island), it has been estimated that up to 65-85% of historical salt marsh
has been converted for other uses (Thomas 1983, Conservation Council of New
Brunswick 2007).

Salt marshes provide substantial ecosystem services to the surrounding areas
(Bertness 2007). Salt marshes have an important role in primary and secondary food
production (Boesch et al. 1984), storm protection and erosion control (Gedan et al. 2009,
Chmura et al. 2012), and atmospheric carbon storage/sequestration (McLeod et al. 2011).
Salt marshes also act as vital habitat refugia and as a nursery area for various important
commercial fish species (Lewis and Eby 2002). Salt marsh vegetation can also filter
coastal waters from nutrient loading from adjacent agricultural lands (Bertness 2007) and
can be used in waste treatment procedures (Chmura et al. 2012). Assalt marsh habitat
can adjust to sea level rise, it will provide substantial protection to projected sea level rise
in the future (Gedan et al. 2009; Bowron et al. 2015).

Due to the important ecosystem services provided by salt marshes and historical
worldwide habitat loss, there has been growing interest in increasing salt marsh landmass
(Burdick et al. 1996). Restoration of degraded marsh systems has become popular
recently as a means to mitigate the increasing costs associated with rising ocean levels,
and also to increase the amount of suitable habitat for various important species (both
permanent and transient; Roman and Burdick 2012). While commonly enacted in the
southern USA and the United Kingdom, deliberate salt marsh restoration has only been

pursued in Atlantic Canada in the past few decades (Chmura et al. 2012).



Salt marsh restoration practices

Due to the historical reduction in salt marsh habitat worldwide by “reclamation”
for human use, salt marsh restoration has become a useful method to reinstate ecosystem
functions (and therefore beneficial services to surrounding regions). Inthe past, humans
have used dikes (hard, man-made structures) to reclaim land as well as to protect valuable
infrastructure on the landward side. Specifically, physical structures were constructed
around the salt marsh to inhibit flooding by seawater. With regard to restoration back to
salt marsh, several techniques exist — the most coveted today being managed realignment.
Managed realignment alters existing hard coastal defenses (e.g., dikes) to allow
previously protected land mass to be tidally flooded (French 2006). This landmass tends
to revert back to its original state (i.e., the goal of restoration) but the degree to which it
does can be difficult to predict resulting in varying levels of success. Managed
realignment has been used as a successful restoration technique in the United Kingdom
for decades but has only recently been implemented in Maritime Canada. Therefore, the
usefulness of this technique in this region has been minimally tested. Inthe USA, where
salt marsh restoration is being used to combat sea level rise, managers often use many
species (including Spartina alterniflora and Geukensia demissa) to shorten the timeline
(by several years) and increase the success of restoration projects. Geukensia demissa
allows S. alterniflora to thrive in sub-optimal areas where it ameliorates the
environmental conditions for further marsh development (Derksen-Hooijberg et al.

2018).



Mutualism between Spartina alterniflora and Geukensia demissa

Salt water cord grass (Spartina alterniflora) is the characteristic perennial grass
species that inhabits the low marsh zone along the east coast of North America from
Newfoundland to the Gulf of Mexico. It has stiff, smooth, hollow stems which can grow
up to 1.5 m or more in height. The low marsh zone in salt marshes is composed primarily
of this species and it can reach aboveground biomass of 2000 g m2y-! (Dame and Kenny
1986). Due to the shorter annual growing period, the biomasses are lower in north
temperate latitudes (400-700 g m-2 y-1; Hatcher and Mann 1975, Smith et al. 1980,
Gordon et al. 1985). Spartina alterniflora is an important ecosystem engineer as it
asexually spreads (through rhizomes) into uninhabited areas and ameliorates
environmental conditions so that other species can colonize the area (Bertness 2007).

Ribbed mussels (Geukensia demissa) are a mollusk species found partially buried
in salt marsh sediments along the east coast of North America from the Gulf of Saint
Lawrence to Florida (Bertness 1984). They typically inhabit the low marsh zone of salt
marshes and are often attached to S. alterniflora stems. Geukensia demissa can form
dense aggregations (with densities of >1000 individuals m2; Bertness 2007). Our sites in
Maritime Canada are near the northern range limit of the species and therefore | predict a
much lower density.

Spartina alterniflora and ribbed mussels have been shown to have a mutualistic
relationship in salt marshes in the USA (Bertness 1984; Angelini et al. 2016). In this
relationship, S. alterniflora benefits from its association with G. demissa by increased
sediment stability (by byssal threads), increased nutrient availability (through nitrogenous

waste production), and improvement of soil conditions in times of drought. Geukensia
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demissa benefits from S. alterniflora by decreased desiccation (because of shading) and
predation (due to the robust and protective grass stems), increased nutrients (by water
baffling), and increased reproductive success (by increasing probability of gamete
contact; Bertness 1984, 2006). Many facultative mutualisms (including the relationship
between S. alterniflora and G. demissa) have been theorized to be density dependent and
cease to exist at low population densities (Bertness 1984). This is what | predicted for salt
marshes in our region.

In southern USA salt marshes, the relationship between S. alterniflora and G.
demissa is used as a restoration technique (Derksen-Hooijberg et al. 2018). These species
are co-planted in areas where salt marsh development is required. This technique takes
advantage of the capacity of S. alterniflora to act as an ecosystem engineer to further
ameliorate the abiotic conditions and develop new areas of salt marsh development.
Geukensia demissa acts to stabilize and provide nutrients to S. alterniflora to increase its
overall health and ability to affect ecosystem change.

Note: The taxonomic name of salt water cord grass (as well as salt marsh hay) is
currently being debated between the genus Spartina or Sporobolus (Peterson et al. 2014,
Bortolus et al. 2019). Asthis discussion is still ongoing, | have maintained the original

nomenclature (i.e., Spartina) in the present thesis.

Thesis structure

My thesis is presented in “thesis-format” and reflects two projects that | have
been working on related to salt marshes. These two projects are linked in that they both

contribute to the understanding of geographical differencesin salt marsh patterns: one



related to ecology, and the other related to restoration. Specifically, my two main
objectives were:
1) To examine the strength of the mutualistic relationship between salt marsh cord
grass S. alterniflora and ribbed mussels G. demissa in Maritime Canada (Chapters
2 and 3);
2) To examine early salt marsh restoration in an area that is influenced by mega-
tides, high water sediment load and winter conditions (including ice), while

assessing the usefulness of the bounds of expectation technique, in the Bay of

Fundy, Maritime Canada (Chapter 4).

In Chapter 2, | examined the co-occurrence and densities of S. alterniflora and G.
demissa in multiple salt marshes in Maritime Canada. Along the east coast of USA, these
species can be conspicuous members within the low marsh zone in salt marshes and can
frequently reach biomasses up to 2000 g m2 y-! for the grass and densities up to 1600
individuals m2 for the mussels (Dame and Kenny 1986, Bertness 1984). The more
northern latitudes of Maritime Canada have lowered productivity values of S. alterniflora
(€700 g m2 y-1: Hatcher and Mann 1975, Smith et al. 1980, Gordon et al. 1985). Prior to
my research, there was no rigorous sampling of G. demissa distribution and abundance in
Maritime Canada. Following my first year of sampling (Appendix 1), | found that G.
demissa does not occur in the Bay of Fundy; this makes sense since it is a filter-feeding
invertebrate and high-water sediment load (as found in the Bay of Fundy) likely
adversely affects it to the point of exclusion from such areas. | also found that it was most

abundant in the Northumberland Strait (compared to the other two water bodies). |



focused on assessing the possible mutualistic relationship between these two species by
implementing a sampling program and examining correlations between species-specific
variables at multiple sites in the Northumberland Strait. The mutualistic relationship
between these species has been hypothesized to cease to exist at lowered densities
(Bertness 1984), but this had yet to be assessed.

In Chapter 3, I directly evaluated the possible mutualistic relationship between S.
alterniflora and G. demissa by conducting two manipulative field experiments. |
manipulated the stem density of S. alterniflora in one experiment and the density of G.
demissa in another, concurrent, experiment to quantify the effect on several aspects of the
other species. As mentioned above, S. alterniflora has been shown to affect G. demissa
by reducing predation and desiccation while increasing reproductive success. Geukensia
demissa positively affects S. alterniflora by increasing the local nutrient content and
stabilizing the sediments. Since my study locations are near the northern range limit of
both species, their densities are hypothesized to be lowered and therefore | predicted that
the relationship would be weakened in Maritime Canada. Assessing the presence of
processes and patterns over large spatial scales is important to do in ecology, but it is not
done enough in some areas. My study adds to the growing body of scientific research that
looks at the generalizations of ecological process over large geographical areas.

Note that three additional comments are needed here to help the reader understand
the structure of my thesis. Firstly, | started my graduate work with a large-scale sampling
program of salt marshes in Maritime Canada, specifically Bay of Fundy, Northumberland
Strait, and the Atlantic coast of Nova Scotia, to gain information about where ribbed

mussels are located as well as to compare the salt marsh community composition in these
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three regions. A summary of the data for this sampling is provided in Appendix 1, and led
me to conduct more focal sampling (Chapter 2) as well as experiments (Chapter 3)
involving ribbed mussels in the Northumberland Strait. Secondly, almost nothing was
known about ribbed mussels in Maritime Canada before my work. As | sampled and
studied ribbed mussels and their relationship with S. alterniflora, it became obvious that
there needed to be a project on the population biology of ribbed mussels. Consequently, |
assisted in the initiation of an Honors project led by Spencer Virgin on the reproductive
biology of ribbed mussels (Virgin 2015), which later led to his MSc project on the
population dynamics of ribbed mussels (Virgin 2018), both conducted in the
Northumberland Strait. Thus, my research (Chapters 2 and 3) and that conducted by
Spencer Virgin complement each other to better understand the biology and ecology of
ribbed mussels in Maritime Canada. Thirdly, in my studies of ribbed mussels, | have
always been interested in their potential in salt marsh restoration but did not reach the
point of directly studying ribbed mussels in a restoration context, mostly because salt
marsh restoration opportunities were in the Bay of Fundy and ribbed mussels do not
occur in the Bay of Fundy. Because of my interest in salt marsh restoration, and my
involvement in the first time managed realignment was used in a salt marsh restoration
project in Maritime Canada, | decided to focus a thesis chapter on this work.

Thus, in Chapter 4, | examined the early plant community trajectories (in which S.
alterniflora plays a dominant role) for a salt marsh restoration project in the upper Bay of
Fundy. For the chapter, I built on my work published in a book chapter (Boone et al.
2017) and a scientific paper (Virgin et al. 2020) to present and evaluate the usefulness of

a management technique (i.e., bounds of expectation) for salt marsh restoration in our
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region. Due to the unique environmental conditionsin upper Bay of Fundy (including
very high tidal amplitudes, high water sediment loads, and winter conditions), restoration
within this region is especially interesting to study.

In Chapter 5, | provided an overview of my findings with discussion of
geographical differences for (i) an important ecological relationship (the interaction
between ribbed mussels and S. alterniflora) and (ii) salt marsh restoration trajectories
between locations in Maritime Canada (north temperate latitudes) and further south (in

the USA). | finished by commenting about potential future research.



Chapter 2: Spatial and temporal patterns for two notable salt marsh
species, the salt water cord grass (Spartina alterniflora) and the ribbed

mussel (Geukensia demissa), in Maritime Canada

2.1 Introduction

Variation in ecological processes over spatial and temporal scales is an important
concept in ecology (Wiens 1989). Spatial and temporal scales are known to greatly affect
various aspects of species (including species interactions). Dayton and Tegner (1984)
cautioned against studying an isolated component of a system without properly
appreciating the larger scales (spatial and temporal) as this may cause a skewed view of
the system. Many examples in ecology exist of patterns changing dramatically
depending on the scales at which they were studied (Sherry and Holmes 1988, Wiens et
al. 1986, Beals 1973, Carpenter and Kitchell 1987). For example, Least Flycatchers and
American Redstart were found to have a negative association when studied at relatively
small scales (4 ha plots); however, they become positively associated regionally (Sherry
and Holmes 1988). When surveying the literature, Wiens (1989) found that detection of
species interactions was especially sensitive to the scale at which they are being observed
as the important scales of variation to each species may vary between them. A certain
type of relationship may be apparent between two species at one scale but not be detected
at others. Thus, a main theme in the present thesis chapter on the possible interaction
between two salt marsh species (the salt water cord grass Spartina alterniflora and the
ribbed mussel Geukensia demissa) was to assess their scale of variation as it may affect

whether | can detect an interaction between them.
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Another main theme in my thesis chapter is that I am studying a biotic interaction
near the northern range limit of the two focal species (S. alterniflora and G. demissa;
Abbott 1974, Walkup 2001), in addition to at a north temperate latitude. Species richness
is generally observed to be highest in equatorial latitudes and to decline steadily as one
moves towards the poles (Latitudinal Diversity Gradient; Schemske et al. 2009). A co-
occurring pattern of special interest for my thesis research is the generally observed
decrease in strength of species interactions with increasing latitude (Schemske et al.
2009, Anstett et al. 2016). A well-studied salt marsh example is herbivory pressure and
plant palatability (measured as tissue toughness, nitrogen content, concentration of
chemical deterrents), which are reduced at higher latitudes compared to lower latitudes
(Pennings et al. 2001, 2007, 2009). Reasons hypothesized for decreased strength in biotic
interactions at higher latitudes are the lower number of species present, the lower
population densities, and the increased relative importance of physical factors such as
temperature and winter disturbance on population dynamics. So, it may be that biotic
interactions in my study system, located at a relatively northern latitude, are weaker than
observed at southern latitudes.

The interaction of interest for my two study species, the ribbed mussel (G.
demissa) and salt water cord grass (S. alterniflora), documented in USA salt marshes is a
mutualistic relationship (Bertness 1984, Jordan and Valiela 1982, Angelini et al. 2016).
Both species benefit from the association with the other. Geukensia demissa benefits
from increased food supply, protection and reproductive success, while S. alterniflora

benefits from reduced erosion and increased nitrogen supply. Bertness (1984), however,
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hypothesized that this interaction may be density dependent and not occur at lowered
densities of these species.

The first steps of my overall study on the possible interaction between ribbed
mussels and S. alterniflora were to determine the densities of both species in Maritime
Canada, and to assess their scales (temporal and spatial) of variation. These aspects are
particularly important to consider when evaluating whether the mutualistic relationship,
previously documented elsewhere, between these species occurs at a relatively poleward
latitude and near their range limit. Thus, the present chapter integrated these first steps in
its two main objectives: (i) to assess the spatial and temporal variation in both G. demissa
and S. alterniflora for response variables such as densities and biomasses (and underlying
components such as plant heights, stem widths, inflorescence lengths and root masses for
S. alterniflora) and (ii) to begin to examine the generality of occurrence of the mutualistic
relationship between S. alterniflora and G. demissa in more northern salt marshes. |
addressed these objectives by conducting a hierarchical sampling program over multiple
regions and multiple locations within regions, as well as multiple years and dates within
years. My thinking is that if the two species vary on similar scales (especially the smaller
scales, where | have the most replication), then | should be able to detect an interaction if
it exists. | then examined correlations between response variables for the species. This
sampling study (in Chapter 2) provided a strong foundation for the manipulative study
presented in my next thesis chapter (Chapter 3). Maritime Canadian salt marshes provide
an interesting location to test the mutualistic relationship hypothesis between ribbed

mussels and S. alterniflora, because they lay near the northernmost end of the species’
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range and therefore have naturally lowered densities than their more southern

counterparts.

2.2 Methods

2.2.1. Patterns in Maritime Canada

2.2.1.1. Sampling design and data collected

With my field team, | sampled monthly from June to August 2010 along the coast
of three Maritime Canadian water-bodies (or regions): upper Bay of Fundy,
Northumberland Strait and the Atlantic Ocean (along the eastern shore of Nova Scotia).
Within each region, | selected three salt marsh sites (Figure 2.1). Sites in the upper Bay
of Fundy were Daniels Flats (45° 50'N, 64° 34'W) and Coles Island (45° 52'N, 64° 19°W)
in New Brunswick, and John Lusby (45° 49'N, 64° 15°W) in Nova Scotia.
Northumberland Strait sites were Shemogue (46° 9'N, 64° 10'W) and Cape Jourimain
(46° 8'N, 63° 49'W) in New Brunswick, and West Pugwash (45° 51'N, 63° 42'W) in
Nova Scotia. Sites along the Atlantic coast of Nova Scotia were Cole Harbour (44° 39'N,
63° 25'W), Chezzetcook (44° 43'N, 63° 15'W) and Petpeswick (44° 45'N, 63° 9'W).

At each site, | established three permanent transects (100-600 m length,
depending on the across-shore distance of the marsh) perpendicular to the seaward edge
of the marsh, and sampled 15 quadrats (0.25 m?) per transect in a stratified random
manner (using a random number generator; 3 quadrats in each of 5 equidistant strata)
during each sampling round. All plant stems and invertebrates were identified and

counted, including S. alterniflora stems and G. demissa, within a quadrat. For the present
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chapter, 1 analyzed both the overall community structure to specifically determine the
contribution of G. demissa and S. alterniflora, as well as their densities from the 3
quadrats within the most seaward section of each transect (where ribbed mussels would
be found if present) to assess temporal and spatial patterns. See Appendix 1 for

information on the other species observed.

2.2.2. Patterns in Northumberland Strait

2.2.2.1. Sampling design

To further study the association between G. demissa and S. alterniflora variables,
| sampled multiple salt marshes along the coast of the Northumberland Strait: Shemogue,
Cape Jourimain and West Pugwash in 2010 plus one additional site, Baie Verte (46° 0’N
64° 4'W), in 2011 (Figure 2.1). Each year, sites were sampled monthly from June to
September, to enable me to assess the plant life cycle (growth, reproduction and
senescence), as well as whether the responsiveness of S. alterniflora to mussels might
vary with timing in the growing season.. Sampling did not occur during winter or early
spring months because there is little-to-no aboveground biomass prior to June and
senescence starts to occur in September. At each site and for each sampling period, |
placed 7 transects (10 m long) randomly using a map and a random number generator
within the low marsh (S. alterniflora) zone, parallel to the seaward marsh edge. Along the
length of each transect, | sampled 5 random quadrats (0.25 m?) to quantify plant and

mussel variables.

14



2.2.2.2. Plant variables

I counted the numbers of live, flowering and dead stems of S. alterniflora within
each quadrat. | measured plant height and stem width for 10 randomly chosen individual
stems, measured to the nearest 0.1 cm (using a ruler) and 0.01 mm (using digital
calipers), respectively. Stem width was measured directly adjacent to the sediment. I
further used number of live stems, plant height and stem width to estimate the total live
aboveground biomass of S. alterniflora within each quadrat (see Appendix 2). |
quantified root-rhizome mass (henceforth, called root mass) in 3 quadrats per transect to
assess belowground biomass in 2010 only. A 10-cm diameter core was taken just inside
the quadrat edge and kept frozen until sieving (once thawed, cores were sieved within 48
h). Since the low marsh zone is a monoculture of S. alterniflora, | was confident the root
mass was that of S. alterniflora. Cores were sieved using a 250-um sieve and thoroughly
washed to remove all sediment. Root masses were then dried for 72 h at 90°C to constant
mass in a drying oven, and weighed to the nearest 0.01 g. In 2011, when inflorescences
were observed, | also measured inflorescence length of 10 randomly selected plants. |
used the number of inflorescences and inflorescence length to approximate reproductive

output within each quadrat.

2.2.2.3. Mussel variables

I counted and sized (using digital calipers, to the nearest 0.01 mm) ribbed mussels
in each quadrat. Mussel shell length was measured as the length of the longest axis, from
anterior apex (in front of the umbo location) to posterior-most valve edge. After

measurement, the mussels were placed back in their original position in the quadrat. Total
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dry mussel biomass (g) per quadrat was estimated from shell length (mm) for each
mussel using the equation from Lent (1967):
Logio[Weight] = -4.056 + 2.768*Log10[Shell Length].

I then summed the individual mussel biomasses for a total dry biomass per
quadrat, which reflects the size frequency distribution of the mussels. For example, if
most mussels are big, then numerical density and total dry weight will provide similar
patterns, but if most mussels are small, the numerical density and total dry weight will

likely provide different patterns.

2.2.3. Statistical analysis

I performed statistical analyses using PRIMER v6 statistical package with
PERMANOVA add-on (Clarke 1993) on 6 data sets: (i) community structure of Maritime
salt marshes, (ii) densities of S. alterniflora and ribbed mussels from the 3 regions, and
for the Northumberland Strait region, (iii) aboveground grass variables (stem width, plant
height, number of live stems, number of dead stems), (iv) belowground grass biomass
(root mass), (v) reproductive grass variables (number and length of inflorescences) and
(vi) mussel biomass (numerical density, total dry biomass per quadrat). | used
permutational multivariate analyses of variance (PERMANOV A with 999 permutations)
to assess the spatial and temporal variability in each data set.

For the multi-region data set, a resemblance matrix was constructed by fourth root
transforming densities to reduce prevalence of dominant species, adding a dummy
variable of 0.01 to deal with quadrats with zero densities (Clarke 1993), and using Bray-

Curtis distance similarities. The statistical linear model for the PERMANOV A was:
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Month + Region + Month*Region + Site(Region) + Month* Site(Region) + Transect
(Site(Region)) + Month* Transect (Site(Region)) + error,

with Month (3 levels: June, July, August) and Region (3 levels: upper Bay of Fundy,
Northumberland Strait, Atlantic coast of Nova Scotia) as fixed factors, and Site (3 levels)
nested in Region, Transect (3 levels) nested in Site and Quadrat (i.e., the error term,
n=15) as random factors.

For the Northumberland Strait data sets, resemblance matrices (one per data set)
were constructed by normalizing the data and using Euclidean distance similarities (no
other data transformations were used). The statistical linear model for the
PERMANOVAswas:

Year + Month + Site + Month*Site + Year*Month + Year*Site + Year*Month*Site +
Transect (Year*Month*Site) + error,

with Year (2 levels) and Month (4 levels: June, July, August, September) as fixed factors,
and Site (3-4 levels), Transect (5 levels) nested in Site and Quadrat (i.e., the error term,
n=7 for most dependent variables, n=3 for root biomass) as random factors. Since the
three-way interaction Year*Month*Site was significant for all data sets, | conducted
analyses for each year separately with Month having 4 levels (June-September). | also
calculated variance components for random factors and interactions involving a random
factor to determine the amount of random variation accounted by the different spatial
scales. Non-metric Multidimensional Scaling (nMDS) was used to visualize multivariate
patterns, with overlaid vectors representing the correlations (Pearson correlation
coefficients) between the variables and the nMDS axes. Stress for each nMDS plot was <

0.2, indicating an adequate 2-dimensional representation (Clarke 1993).
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To identify species contributing to differences in the multi-region analysis, and
the grass and mussel variables contributing to differences for significant spatial or
temporal scales in the Northumberland Strait data sets, Similarity Percentages analyses
(SIMPER; Clarke 1993) were conducted for each significant factor from the
PERMANOVA:s. | used the proper unit of replication for the SIMPER analysis of a given
factor using the above linear models and the denominator of the pseudo-F ratios as a
guide (i.e., site-month combinations are the proper unit of replication for the month
effect, transects for the site effect, and quadrats for transect effect; see also Underwood
1997). | used the “Average” tool in PRIMER to have the data organized with the
appropriate unit of replication. The SIMPER results (Diss./SD for the multi-region
analysis or square distance/SD for the Northumberland Strait analyses, and %
contribution) for the pairwise tests for a given factor were averaged (= SE) to give an
overall view of the contribution of each variable. The pairwise comparisons for Transect
were only done for all transect pairs within a site (not among sites). “Diss./SD” is the
average Bray Curtis dissimilarity for a given species and “Square distance/SD” is the
average square Euclidean distance for a given variable between two levels (two months,
sites, or transects) divided by its standard deviation, and are a measure of how good a
species or variable is at consistently discriminating between the two levels. Percent
contribution indicates how much a variable accounts for the difference between two
levels.

To determine if an association exists between the response variables of the two
species in the multivariate Northumberland Strait data sets, | used RELATE (with BIO-

ENV with Spearman correlation option; Clarke 1993). Correlations were conducted
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between the aboveground grass and mussel resemblance matrices, the belowground grass
and mussel matrices, and the aboveground and belowground matrices (the latter two for
2010 only). For all combinations with a significant RELATE test, a BEST analysis was
performed to determine which variables best correlated with the original data matrix.

To assess the spatial and temporal patterns in G. demissa and S. alterniflora in the
multi-region data set, ANOVAs were conducted using Minitab v.16.2.4 statistical
package. The statistical linear model was the same to that used in the multivariate
analyses of the regional salt marsh community structure (see above) with Month (3
levels) and Region (3 levels) as fixed factors, and Site (3 levels) nested in Region,
Transect (3 levels) nested in Site and Quadrat (i.e., the error term, n=3 seaward quadrats)
as random factors. If a significant fixed effect was detected, | used Tukey’s post-hoc test

for multiple comparisons (not presented) to help determine patterns.

2.3. Results

2.3.1 Patterns in Maritime Canada

Individual salt marsh sites within the regions had significant differences in
community composition, but the regions themselves did not, above the site-level
variation (Table 2.1). Likewise, no significant monthly community changes were
detected. Based on SIMPER analyses, the common grass species (Spartina patens and S.
alterniflora) were key and consistent contributors to the variation among sites (Table
2.2). Geukensia demissa also contributed to the variation but not in a consistent manner
(ratio of mean to SD of dissimilarities or "Diss/.SD” < 1). Densities of both S.

alterniflora and G. demissa were highest in Northumberland Strait sites and intermediate
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at sites on the Atlantic coast of Nova Scotia (Figure 2.2). In the upper Bay of Fundy, stem
densities of S. alterniflora were the lowest of any region, and G. demissa was absent from
all sites which may indicate a mutualistic interaction does occur in our region.

For the univariate analyses, the spatial and temporal patterns were different for S.
alterniflora and G. demissa. The grass species showed a predictable monthly pattern with
higher stem density in June than in later months. As well, as mentioned above, stem
densities were higher in the Northumberland Strait region that other regions and showed
significant differences among sites (nested in regions; Table 2.3, Figure 2.2). Geukensia
demissa showed high variation in density, with a number of quadrats with zero densities
even in Northumberland Strait (Figure 2.2), making it difficult to detect patterns. Ribbed
mussel density did not vary significantly temporally (although sampling only occurred
for one year). Furthermore, no regional differences were detected above the site level
variation; however, significant differences among sites (nested in regions) were detected
(Table 2.3, Figure 2.2). My regional sampling program informed how to improve the

subsequent sampling design for my focal region (Northumberland Strait).

2.3.2. Patterns in Northumberland Strait (the focal region)

2.3.2.1. Grass variables

The aboveground plant biomass significantly varied on all temporal and spatial
scales for both years (Table 2.4). In 2010, the majority of the random variation was at the
lower spatial scales, that of transects (32%) and quadrats (46%). In 2011, variation was
greatest at the smallest scale (quadrats, 43%), and moderate and similar among the larger

scales (17-21% for each of transect, site, and month*site). Not surprisingly, plant height
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contributed most (~40-43%) and did so consistently (ratio of mean to SD of squared
distances or “square distance/SD” >1), to the Month effect in both years (Table 2.5); to
support this, sites tended to group by months on the nMDS plots (Figures 2.3, 2.4).
Number of live and dead stems were also strong contributors to the Month effect,
whereas stem width was the poorest contributor. Based on the natural lifecycle of S.
alterniflora, the contribution due to the number of live and dead stems became more
important later in the growing season (L.K. Boone, unpublished data). Plant height was
also the best contributor to the Site effect (36-37%) but was not very consistent (square
distance/SD < 1). At the scale of transects, all variables (number of live and dead stems,
plant height, stem width) contributed nearly equally (~29-35%), and all did so
consistently (Table 2.5; vector overlays in Figure 2.3).

Inflorescence density in August 2010 varied significantly among sites (Table 2.4;
Figure 2.5, 2.6), but did not among transects within a site. One site (Shemogue) had a
much lower inflorescence density than the other sites in 2010 (as well as in 2011; Figure
2.6). Associated with this, site accounted for most of the random variation, followed by
guadrat, then transects in 2010. For August 2011, | combined inflorescence length with
density into a measure of reproductive biomass; reproductive biomass varied significantly
among sites as well as transects, and all spatial scales accounted for nearly equal random
variation (~30-36%). Inflorescence density contributed most (57-66%) and consistently
to both the site and transect effect (Table 2.5), while inflorescence length contributed
moderately and consistently (40-43%). When inflorescence density was added to the
aboveground non-reproductive grass biomass (Table 2.4), statistical patterns were similar

to the aboveground grass biomass alone, except that not surprisingly (since flowering
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occurs in one of the months, namely August) there was a small increase in the variance
component for the month-site interaction.

Belowground biomass (measured in 2010) varied significantly at all sampling
scales (Table 2.4) with the majority of the random variation being at the smaller spatial
scales, among transect (27%) and cores (43%). Site accounted for a moderate amount
(~17%) of the random variation. Root mass showed much variation within site (Figure
2.7). Temporal patterns in belowground biomass were not consistent among sites (Table
2.4, Figure 2.7); root mass was low at the onset of sampling at Cape Jourimain, and
increased in July, whereas it was fairly similar among months at the other sites (Figure
2.7). This was confirmed with the Tukey’s post-hoc analysis, in which the only month
that was found to be significantly different was June in Cape Jourimain. No other

differences between months at any other site were noted.

2.3.2.2. Mussel variables

Mussel biomass did not have a significant temporal (month) patternin 2010 and
2011, although the trend approached significance in 2011 (Table 2.4); the nMDS plots
showed no grouping by month (Figure 2.3). However, mussel biomass varied
significantly at the different spatial scales. The majority of the variation in both 2010 and
2011 was due to patchiness at the smallest spatial scale (quadrats, 49-62%; Table 2.4), as
can also be seen with the dispersion of symbols (representing quadrat values) on the
nMDS plot (Figure 2.3) and the scatter of data points within site-month combinations in
the boxplots (Figure 2.8). In 2011, site accounted for a moderate amount of random

variation (23%; Table 2.4), with Cape Jourimain and Baie Verte having the highest
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densities observed in quadrats (Figure 2.8). Total dry weight per quadrat and mussel
density contribute approximately evenly, but not consistently, to both the Site effect and
Transect effect (Table 2.5); the non-consistency reflects high variation at the transect and
quadrat scales when testing for the site and transect effects, respectively. Over all sites,
mussels ranged from 1.2-105.9 mm shell length, but were mostly large, with an average
(£SE) shell length of 55.3 £ 1.0 mm for Shemogue (n=483 mussels for 2 years), 50.0 =
0.4 mm for Cape Jourimain (n=2175 mussels for 2 years), 45.1 + 0.5 mm for Baie Verte
(n=1150 mussels for 1 year) and 50.6 £ 0.9 mm for Pugwash (n=529 mussels for 2

years).

2.3.2.3. Correlations between mussel and grass variables

Mussel biomass weakly but significantly correlated with aboveground grass
biomass in 2010, but did not with belowground grass biomass, even though aboveground
and belowground grass biomass were correlated (Table 2.6). A significant correlation
between mussel biomass and aboveground biomass was not detected in 2011. More in-
depth analysis (BEST analysis) of the 2010 correlation indicated that the density of dead
stems or combination of live and dead grass correlated most with mussel biomass (Table

2.7).

2.4 Discussion

Differences in the scales at which variation occurs in interacting species may
cause difficulties in detecting relationships between them. Both S. alterniflora and G.
demissa were found to vary across differing temporal and spatial scales, but both showed

the majority of their variation at the smallest spatial scales. This similar scale of variation
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should enable me to detect and assess the strength of their relationship. However, based
on my sampling program and collected correlative data, this relationship is not as
previously described in USA (Bertness 1984). Even though I sampled with a good
design, and at adequate spatial and temporal scales, | did not observe a strong association

between the two species.

2.4.1 Spatial and temporal patterns

2.4.1.1 Spartina alterniflora and its variables

The spatial variability in S. alterniflora characteristics can be associated with tidal
regions. Marshes located in the Bay of Fundy have lower S. alterniflora stem densities
than those in the Northumberland Strait. The reason for this may be that the marsh
platforms in the upper Bay of Fundy are elevated and do not receive adequate tidal
flooding to sustain a large band of S. alterniflora at the marsh edge. The upper Bay of
Fundy has some of the highest tides in the world (up to 16m) and the water is turbid,
being loaded with suspended sediment (Boone et al. 2017), resulting in an elevated
platform with little slope. In contrast, the tides in the Northumberland Strait are more
typical (maximum 2m) and the water is much clearer; therefore, the marsh platforms in
this region are lower and are frequently flooded. This allows marshes in this region to
support a larger population of S. alterniflora. Spartina alterniflora typically occurs at
lower elevations in a salt marsh (the “low marsh zone”) because it is very tolerant to
flooding and to anoxic soils (Bertness 1991). Aswell, it does not occur in the higher
elevations in a salt marsh (the “high marsh” zone), because it is competitively displaced

by S. patens (Bertness 1991). Thus, it is typically restricted to a band at the marsh edge;
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this band is quite narrow in the Bay of Fundy, whereas it can be large in the
Northumberland Strait.

Within one region, that of Northumberland Strait, there was significant
differences among sites (Table 2.4). Aboveground biomass, belowground biomass,
reproductive biomass and mussel biomass were all found to vary among sites —
specifically, plant heights, mussel density and inflorescence number contributed the most
to these differencesin 2010 and 2011. This may be explained by the physical differences
in marsh structure found at the Shemogue site. The marsh platform at this location is
much more like what would be seen in Bay of Fundy marshes — the marsh platform is
more elevated at these locations which leadsto a smaller band of low marsh developing.
This leads to lowered inundation rates which in turn leads to less S. alterniflora and G.
demissa inhabiting these sites. The overall lowered density of S. alterniflora plants at
Shemogue (Figure 2.4, 2.6) explains these differences as having fewer plants at this site
means that there is less biomass (above and below ground) and fewer are available to
flower. Similarly, fewer G. demissa would have a direct effect on mussel biomass at this
site.

The greatest spatial differences in aboveground biomass of S. alterniflora were
found between individual quadrats within a site. Greig-Smith (1979) found that
differences at the smallest spatial scale in vegetation are more difficult to attribute to a
specific cause; however, it is reasonable to assume that differences in the microclimate
and edaphic conditions would cause these differences. Belowground biomass was also
patchy at the lowest spatial scale. The variability of aboveground and belowground

biomass at similar scales would be expected as the two plant components are intimately
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connected. Spartina alterniflora spreads vegetatively through rhizomes, which allows for
more rapid colonization into areas with optimal conditions and abandonment of areas
with subpar conditions by clones. Spread by rhizomes has been shown to be the primary
way in which this species colonizes (Metcalfe et al. 1986), and rhizomes (and roots) of S.
alterniflora are known to have a maximum spread of 0.5 m (Bertness et al. 2009). The
combination of these processes would account for the patchiness at the smallest spatial
scales in both the aboveground and belowground biomass of S. alterniflora.

Seasonal changes in the aboveground biomass of S. alterniflora were expected
dueto its lifecycle in Maritime Canada. My results showed that there was a large amount
of change in S. alterniflora biomass throughout one growing season, as indicated by the
factor Month being the most important contributor in the SIMPER test. Growth of
aboveground biomass begins mid/late May with rapid development throughout the
summer months. Senescence of aboveground biomass begins with the onset of colder
temperatures with eventual death occurring in late fall. Formation of ice and subsequent
shearing by the ice in winter and early spring months clears the marsh platform of the
dead shoot material. The aboveground biomass cycle then restarts. The variable plant
height contributed the most to this variation in aboveground biomass, as it had the
greatest range of change during the growing season. Interestingly, plant height increased
throughout the growing season while plant density decreased - this is due to the self-
thinning by intra-specific competition (L. Boone personal observation; Liu 2019). Itis
intuitive that the variable showing the greatest between-group variation would contribute

the most to the calculated differences.

26



Another important seasonal variable was reproductive biomass. The reproductive
period of S. alterniflora is brief in Maritime Canada, occurring only fora few weeks
between late July and early September depending on temperature (L.K. Boone
unpublished; Vicaire and Barbeau 2021). The brevity of the reproductive season in S.
alterniflora, when added to the aboveground biomass dataset, contributed to the observed
significant monthly trend.

Insum, | found that S. alterniflora varied at multiple scales with Month being
important temporally and Quadrat spatially. These sources of variation were expected

given the lifecycle and space requirements (e.g., rhizome length) of this species.

2.4.1.2 Geukensia demissa and its variables

As for Spartina grass, regional differencesin G. demissa densities may be
attributed to the differences in tidal regime. As mentioned above, the megatidal
environment in the upper Bay of Fundy is associated with very high sediment in its water.
Ollerhead et al. (2010) and Wildish and Kristmanson (1979) found that the upper Bay of
Fundy had a sediment load of 8 — 30 mg/L, 95% coarse silt content. This high level of
suspended sediments is detrimental to filter feeding (Ostroumov and Widdows 2006).
Geukensia demissa being filter feeders use their gills to process water and capture food
particles. A high suspended sediment load would overwhelm the gills and choke them.
This likely explains why no ribbed mussels were found in the Bay of Fundy marshes.
Relatively highest densities of G. demissa were found in the Northumberland Strait
marshes which are at lower elevations and are flooded frequently with water containing

food particles but much less sediment (Locke and Courtenay 1995).
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The small-scale patchiness (at the quadrat level) of G. demissa across all of our
regions is similar to the findings of other researchers (i.e., Bertness and Grosholz 1985).
Patchiness in this species is apparently driven by the selective settlement by larvae on
adult conspecifics (Bertness and Grosholz 1985). Our higher degree of patchiness (at the
scale of 0.25m?2 — quadrat size) is a result of overall lowered mussel densities in Maritime
Canadian marshes than in marshes further south. Ina Rhode Island salt marsh, Bertness
(1984) reported densities of ribbed mussels (at the marsh edge) of up to 1600
individuals/m?. In contrast, the highest number of ribbed mussels | observed in 4
Northumberland Strait marshes over 2 years was only 500 individuals/m?, with an
average (+ SD) of 18+1.3 individuals/m?. Patchiness and overall lower densities are
likely exaggerated by winter conditions (including heavy ice development and associated
scour) in Maritime Canada (Scrosati and Heaven 2008, Virgin et al. 2019). Within the
Northumberland Strait, annual ice blocks result in the movement of large sediment turfs
from the marsh edges to upland areas. This sediment movement transports clumps of
ribbed mussels to uninhabitable areas of the marsh where mortality occurs (L.K. Boone
personal observation). Unlike USA marshes, the marsh edge does not recover within one
year (Bertness 1984) and damage can be seen for several years (L.K. Boone personal
observation). Small-scale patchiness in G. demissa in the Northumberland Strait may be
mostly due to larval settlement behaviour and winter effects.

Densities of G. demissa varied substantially among sites, but to a lesser extent
than among quadrats. This may be partly explained by the selective settlement of larvae
(Bertness and Groholz 1985). | suspect there is a positive feedback: sites with higher

densities of adult mussels would maintain these elevated densities because larvae would
28



settle selectively on already established mussel patches (Bertness and Groholz 1985,
Virgin and Barbeau 2017, Virgin 2018).

The lack of a temporal trend for ribbed mussel variables is interesting. Sullivan
(1948) and Virgin and Barbeau (2017) found that spat fall in G. demissa occurs in
Maritime Canada from mid-July to late August. Indeed, | observed new recruits in
sampling quadrats during this time period for both years (2010-2011), but there were very
few (see also population size distributions obtained subsequently for similar sites in
Virgin et al. 2019). Thus, juveniles occurred at such low densities that they did not make
any statistical difference. These observations of low numbers of new juveniles led to the
hypothesis that ribbed mussel populations in Maritime Canada are recruitment limited
(Watt et al. 2010, Virgin et al. 2018). A recent population modelling study, however,
indicated that adult mortality (likely due to winter effects) and not juvenile recruitment is
the main driver of population dynamics in Maritime Canada (Virgin 2018)

Insum, | found that G. demissa varied at a different temporal scale than S.
alterniflora; no monthly trend was detected. Spatially, the largest variation occurring at

the smallest spatial scale (quadrat), similar to S. alterniflora.

2.4.2 Interaction between S. alterniflora and G. demissa

A facultative mutualism (where neither species is obligately bound to the other
but both benefit from the association; Addicott 1984) has been determined to exist
between S. alterniflora and G. demissa in southern New England salt marshes (Bertness,
1984) and further south (Angelini et al. 2016; Jordan and Valiela 1982). Specifically,

these species were found to increase the abundance and biomass of each other while
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inhabiting the same area of marsh (Bertness 1984, Jordan and Valiela 1982). Bertness
(1984) also thought that this relationship was density dependent and hypothesized that it
would not occur at low G. demissa densities. The average density of ribbed mussels in
the Rhode Island area where the original study occurred was 171.43 individuals per m2.
Within Maritime Canada, the overall densities of G. demissa were substantially lower
than those found in the original study (see above for densities) and therefore our sites
provide a good location to test this hypothesis. | detected a weak but significant
correlation between the two species in 2010 but not the following year (Table 2.6).
Aboveground biomass and stem densities of S. alterniflora also declined over the same
time period (Figure 2.9), while G. demissa densities remained constant over that time.
Grubb (1986) found that abundant plant species form a matrix which has a substantial
effect on the sparse, patchily distributed species occurring within it. Furthermore, they
found that inter-annual variation in the matrix plant species has a profound effect on the
sparse coexisting species. | hypothesize that a similar pattern seems to occur between S.
alterniflora and G. demissa in Maritime Canada. In good growth years (i.e., with high
amount of annual aboveground biomass, like in 2010), S. alterniflora may be able to
exert an effect on the sparsely distributed G. demissa; however, at a lowered biomass, the
interaction may break down and can no longer be detected. This agrees with the
hypothesis of Bertness (1984) — that the mutualistic relationship between these species is
dependent on densities. This is unlike previous findings where S. alterniflora and G.
demissa were found to influence each other equally in a positive manner. Caution must
be used when interpreting these results, however, as correlation does not equal causation.

A manipulative experiment is required to further assess the phenomenon (see Chapter 3).
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2.5 Conclusion

Spatial and temporal effects on species patterns occurred at all scales observed in
my study. Although individual species characteristics (whether S. alterniflora
aboveground, belowground or reproductive biomass, or G. demissa biomass) changed at
various scales, they showed the largest variation consistently at my smallest spatial scale
(i.e., between quadrats, which is the grain of my study). This similarity in spatial
variation suggests that | should be able to detect an association between the two species,
S. alterniflora and G. demissa, if it exists.

A mutualistic relationship was found to exist between these two species in
southern New England and further south in the USA (Bertness 1984, Angelini et al.
2016; Jordan and Valiela 1982), where ribbed mussel densities are higher. However, in
Maritime Canadian salt marshes, based on my sampling program, mussel densities appear
too low to consistently facilitate such a relationship (but this needs confirmation with
experiments). Since my sites are near the poleward edge of the range of these species, it
may be that this mutualistic interaction strength between S. alterniflora and G. demissa is
weakened, as observed with various types of biotic interaction between other species
(Schemske et al. 2009, Anstett et al. 2016). | next experimentally assessed the possible
mutualistic relationship between S. alterniflora and G. demissa in the field in Maritime
Canadain Chapter 3.

Since Spartina grasses are the most abundant macro-organism within salt marshes
worldwide, changes in their densities would be expected to have substantial effects on the
overall community structure. Spartina alterniflora is commonly viewed as a marsh

ecological engineer species (Bertness 2009) and exerts dominant structuring force on
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marshes in which it is found. If the interaction between S. alterniflora and G. demissa is
not as previously reported, this brings into question whether it could have different

effects on the community successional patterns in salt marsh restoration projects.
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Table 2.1 - PERMANOVA results for the differences in salt marsh community
composition in three regions of Maritime Canada (upper Bay of Fundy, Northumberland
Strait, and eastern shore of Nova Scotia) in summer 2010. Site is nested in Region and
Transect in Site and Region. Quadrat is the Residual (and nested in every other factor).

Densities were fourth root transformed. Significant p-values are bolded.

Source df (VR Pseudo-F p
Month 2 5568.4 1.54 0.124
Region 2 25579 0.82 0.518
Site 6 31030 6.49 0.001
Month*Region 4 3674.9 1.02 0.474
Transect 18 4784.4 4.34 0.001
Month*Site 12 3618.7 1.40 0.084
Month*Transect 36 2582.2 2.34 0.001

Quadrat 162 11024
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Table 2.2 - Condensed results of SIMPER analyses for the site differences (see Table 1)

in salt marsh community composition in three regions of Maritime Canada (upper Bay of

Fundy, Northumberland Strait, and eastern shore of Nova Scotia) in summer 2010.

Transect, nested in Site, was used as the appropriate unit of replication (see text). The

average (SE) for the pairwise comparisons between each site is presented. Diss./SD is the

average dissimilarity fora given taxon divided by its standard deviation and is a measure

of how good a taxon is at discriminating the two communities being evaluated. Note that

the indicated percent contributions do not add up exactly to 100%, because they are

averages of a number of pairwise comparisons. The two species of interest for the present

chapter are in bold.

Factor Species Diss./SD (+SE) Contribution (%; +SE)
Site Spartina patens 1.29 (0.03) 25.5(1.6)
Littorina obtusata 2.80 (0.09) 18.2 (1.2)
Spartina alterniflora 1.32 (0.05) 17.2 (0.5)
Melampus bidentatus 1.10 (0.07) 8.5(0.6)
Juncus balticus 0.61 (0.00) 8.5(0.3)
Littorina saxatilis 0.84 (0.07) 7.7 (0.6)
Suaeda maritima 0.63 (0.06) 6.3 (1.0)
Cicadellidae 0.69 (0.03) 5.8 (0.7)
Salicornia europaea 0.75 (0.04) 5.4 (0.5)
Juncus gerardii 0.35 (0.02) 4.8 (0.4)
Triglochin maritima 0.43 (0.01) 4.6 (0.4)
Glaux maritima 0.58 (0.03) 4.2 (0.4)
Geukensia demissa 0.61 (0.03) 4.1 (0.3)
Solidago sempervirens 0.58 (0.03) 4.0 (0.4)
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Table 2.3 - ANOVA results for the differences in the densities of Spartina alterniflora

and Geukensia demissa in the three Maritime Canadaregions (upper Bay of Fundy,

Northumberland Strait, eastern shore of Nova Scotia) in summer 2010. Site is nested in

Region and Transect in Site and Region. Quadrat is the Residual (and nested in every

other factor). Significant p-values are bolded.

Species Source df MS F p
Spartina alterniflora Month 2 50346  4.07 0.025
Region 2 90027 16.74 <0.001
Month*Region 4 8612 0.70 0.599
Site 6 70566 13.12 <0.001
Month*Site 12 10091 0.82 0.633
Transect 18 5377 0.43 0.969
Month*Transect 36 12365 418 <0.001
Quadrat 162 2961
Geukensia demissa Month 2 16.671 1.01 0.375
Region 2 25412  2.36 0.123
Month*Region 4 1151 0.70 0.599
Site 6 43.156 4.01 0.01
Month*Site 12 11.453  0.69 0.747
Transect 18 10.774  0.65 0.833
Month*Transect 36 16.527 272  <0.001
Quadrat 162 6.078
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Table 2.4 - PERMANOVA results for Spartina alterniflora aboveground biomass,
inflorescence density, belowground biomass and Geukensia demissa biomass for two
years in Northumberland Strait salt marshes. Transect is nested in Month and Site.
Quadrat or core is the residual (and nested in all other factors). Significant p-values are
bolded; p-values approaching significance are in italics. VVariance components were

estimated for random effects only.

Variance
component
Year Type Source df MS Pseudo-F p Estimate %
5010 Ab°"‘:§;‘r’;‘a';‘: grass Month 3 119.43 6.42 0.002
Site 2 68.64 9.38 0.001 0.438 125
Month*Site 6 18.574 2.54 0.001 0.322 9.1
Transect 72 7.3211 4.54 0.001 1.142 325
Quadrat 336 1.6127 1.613 459
'”gg:e):ﬁ‘;ﬂcsetgﬁ'l‘;)“y Site 2 26.324  37.496 0.001 0732 590
Transect 18 0.702 1.5233 0.089 0.482 3.9
Quadrat 84 0.461 0.461 371
Aboveground grass
biomass and Month 3 176.91 5.46 0.001
inflorescence density
Site 2 92.688 11.93 0.001 0.607 139
Month*Site 6 32.419 4.17 0.001 0.704 16.2
Transect 72 7.7691 4.18 0.001 1.182 2722
Quadrat 336 1.8601 1.860 427
Belowground grass
N Month 2 136.69 4.24 0.019
biomass
Site 2 89.994 9.56 0.001 1.279 16.6
Month*Site 4 32.206 3.42 0.001 1.085 141
Transect 54 9.4183 2.87 0.001 2.046 26.6
Core 126 3.2795 3.280 426
Mussel biomass Month 3 15.498 2.34 0.165
Site 2 42.438 12.75 0.001 0.279 136
Month*Site 6 6.6274 1.99 0.078 0.094 4.6
Transect 72 3.3293 2.62 0.001 0.412 200
Quadrat 336 1.2713 1.271 61.8
Aboveground grass Month 3 219.58 7.64  0.003
2011 biomass ’ ’ '
Site 3 88.519 20.73 0.001 0.602 18.2
Month*Site 9 28.755 6.74 0.001 0.700 2122
Transect 96 4.2712 2.98 0.001 0.567 17.2
Quadrat 448 1.435 1.435 434
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Reproductive grass

biomass (for August Site
only)
Transect
Quadrat
Aboveground grass Month
biomass
and Inflorgscence Site
density
Month*Site
Transect
Quadrat
Mussel biomass Month
Site
Month*Site
Transect
Quadrat

24
112

96
447

O w w

414

37

32.094

4.413
0.677

339.08

94.918

34.841
4.8279
1.4369

3.2043

5.8963

1.1446
0.22721
9.79E-02

7.27

6.52

9.73

19.67

7.22
3.36

2.85
26.89
5.17
2.32

0.001

0.001

0.001

0.001

0.001
0.001

0.072
0.001
0.001
0.001

0.791

0.747
0.677

0.645

0.860
0.680
1.440

0.046
0.030
0.027
0.098

357

337
305

178

237
188
397

230
147
136
48.7



Table 2.5 — Condensed results of SIMPER analyses for Spartina alterniflora
aboveground and reproductive biomass, and Geukensia demissa biomass for one or two
years in Northumberland Strait salt marshes. Transect is nested in Month and Site.
SIMPER analyses were done for each pairwise comparison of Month, Site and Transect
(with the appropriate unit of replication; see text); the average (SE) for the pairwise
comparisons is presented. The number of pairwise comparisons were 4 for Month, 6 for
Site, and 36 for Transect. Square Distance/SD is the average Euclidean distance fora
given normalized variable divided by its standard deviation and is a measure of how good
a variable is at discriminating two levels of a factor being evaluated. Note that the
indicated percent contributions do not add up exactly to 100%, because they are averages

of a number of pairwise comparisons.

Contribution (%;
Year Type Factor Variable Square Distance/SD (+SE) +SE)
Aboveground grass
2010 biomass Month Plant Height(cm) 1.43(0.26) 42.5(8.5)
Live Stems (#) 2.33(0.44) 33.0(9.4)
Dead Stems (#) 0.89(0.02) 24.7 (7.0)
Stem Width (mm) 1.03 (0.16) 19.9 (2.3)
Site Plant Height (cm) 0.78(0.03) 36.5(5.1)
Live Stems (#) 0.78(0.02) 22.0(2.1)
Dead Stems (#) 1.01(0.18) 20.8 (4.2)
Stem Width (mm) 0.83 (0.06) 20.7 (4.9)
Transect Dead Stems (#) 1.17(0.02) 34.7 (0.4)
Plant Height (cm) 1.62(0.02) 30.9(0.3)
Live Stems (#) 1.25(0.01) 29.8(0.3)
Stem Width(mm) 1.24(0.02) 29.6(0.3)
Mussel Biomass Site Density (#) 0.95 (0.20) 51.9(5.9)
Total Dry Weight(g) 0.95(0.17) 48.1(5.9)
Transect Density (#) 0.85(0.01) 49.0(0.2)
Total Dry Weight(g) 0.79 (0.00) 51.0(0.2)
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Aboveground grass
2011 biomass

Aboveground grass
biomass

Reproductive biomass

(for August only)

Mussel Biomass

Month

Site

Transect

Site

Transect

Site

Transect

Plant Height (cm)
Dead Stems (#)
Live Stems (#)

Stem Width (mm)

Plant Height (cm)
Live Stems (#)
Dead Stems (#)

Stem Width (mm)

Dead Stems (#)
Live Stems (#)
Plant Height (cm)
Stem Width (mm)

Inflorescences (#)
Inflorescence
Length (mm)

Inflorescences (#)
Inflorescence
Length (mm)

Total Dry Weight(g)
Density (#)
Total Dry Weight(g)
Density (#)

39

1.14 (0.11)
1.26 (0.16)
1.07 (0.12)
0.95 (0.16)
0.92 (0.02)
0.90 (0.07)
0.78 (0.04)
0.86 (0.08)

1.13(0.01)
1.23(0.01)
2.70(0.03)
1.08(0.01)
1.07 (0.13)

1.11(0.08)
1.38(0.04)

1.17(0.03)

0.88(0.11)
0.84(0.07)
0.75 (0.00)
0.75 (0.00)

39.7(6.8)
27.7(7.4)
25.5 (1.6)
19.0 (4.6)
37.5(4.9)
27.9(4.0)
22.8(2.3)
14.6 (1.6)

28.4(0.3)
31.5(0.3)
34.9(0.3)
34.7(0.3)
57.5(5.7)

42.5(5.7)
65.8(1.2)

39.8(1.3)

56.2 (6.0)
43.8(6.0)
59.0(0.2)
41.7(0.2)



Table 2.6 — Results of RELATE analyses for the relationships between Spartina
alterniflora aboveground biomass, S. alterniflora belowground biomass and Geukensia
demissa biomass for salt marshes in Northumberland Strait in 2010 and 2011. Rho is

Spearman’s correlation coefficient. Significant p-values are in bold.

Year Type Rho p
2010 Aboveground grass biomass vs. Mussel biomass 0.121 0.017
Belowground grass biomass vs. Mussel biomass -0.065 0.884
Aboveground grass biomass vs. Belowground
biomass 0.156 0.007

2011 Aboveground grass biomass vs. Mussel biomass 0.028 0.297
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Table 2.7 — Results of a BEST analysis (BIOENYV option) for the relationships between
Spartina alterniflora aboveground biomass and Geukensia demissa biomass (as the fixed

matrix) for salt marshes in Northumberland Strait in summer 2010.

Type Selections Correlation
Aboveground

Biomass Dead Stems 0.214
VS. Live Stems, Dead Stems 0.213
Mussel Biomass Live Stems, Dead Stems, Plant Height 0.174
Live Stems 0.140
Dead Stems, Plant Height 0.138
Live Stems, Plant Height 0.129
Live Stems, Dead Stems, Stem Width 0.124
All 0.121
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Figure 2.1 — Location of study sites. Within the three Maritime Canada water bodies
(Bay of Fundy, Northumberland Strait and Atlantic Ocean coast of Nova Scotia) 3-4 salt
marshes were selected including: Daniels Flat [DF], Coles Island [CI], John Lusby [JL]
(in the Bay of Fundy); Shemogue [SH], Cape Jourimain [CJ], Baie Verte [BV], West
Pugwash [PW] (in the Northumberland Strait); and Cole Harbour [CH], Chezzetcook

[CZ] and Petpeswick [PP] (in the Atlantic Ocean).
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Figure 2.2 - Box plots of A) live Spartina alterniflora and B) Geukensia demissa
densities (n=9 quadrats) for 3 regions (Northumberland Strait [NS], Atlantic Ocean
[ATL] and Bay of Fundy [BF]) in 2010. The box shows the range of data between the
first and third quartile; the horizontal line and the “+” represent the median and mean,

respectively; the whiskers show the range of most of the data; “*”” denotes outliers.
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Figure 2.3 - Non-metric multidimensional scaling (hnMDS) plot depicting differencesin S.
alterniflora aboveground biomass (A) and G. demissa biomass (B) over two years of
sampling (2010 and 2011). Each symbol represents pooled data over transects within
each Month*Marsh combination; the distance between the different symbols represents
the difference in variables between the different transects. Vectors on the nMDS graphs
reflect the correlations between a variable and the nMDS axes. Overlaid vectors reflect
the Pearson correlation between a variable and the nMDS axes. Thus, symbols (i.e.,
transects) in the direction of a vector have higher values fora given variable than those in

the opposite direction.
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Figure 2.4 - Box plots of A) density of S. alterniflora live stems (n= 35 quadrats) and B)
average S. alterniflora plant height per quadrat (n= 35 quadrats), which contributed most
to the spatial and temporal patterns in grass aboveground biomass (based on the results of
SIMPER analyses) in the Northumberland Strait for 2010 and 2011. See Figure 2.2 for

explanation of boxplots.
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Figure 2.5 - Non-metric multidimensional scaling (nMDS) plot depicting differencesin S.
alterniflora reproductive biomass for August 2011. Each symbol represents one transect
(data pooled over quadrats) within each site. The distance between the different symbols
represents the difference in variables between the different transects. Overlayed vectors
reflect the Pearson correlation between a variable and the nMDS axes. See Figure 2.3 for

further explanations of the vectors.
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Figure 2.6 - Box plots of A) density of S. alterniflora inflorescences (number/0.25m?)
and B) average S. alterniflora inflorescence length per quadrat (cm) (n=35 quadrats) in
the Northumberland Strait for August 2010 and 2011. See Figure 2.2 for explanation of

boxplots.
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Figure 2.7 — Boxplot of the grass belowground biomass (n=21 cores) from the sites
(Shemogue [SH], Cape Jourimain [CJ], Pugwash [PW]) in which sampling occurred

during 2010 (June, July, August). See Figure 2.2 for explanation of boxplots.
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Figure 2.8 - Box plots of A) density of G. demissa (number/0.25m?) and B) total dry
weight per quadrat (g/0.25m?)) (n=35 quadrats) in the Northumberland Strait in 2010 and

2011. See Figure 2.2 for explanation of boxplots.
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Figure 2.9 — Boxplot of the proxy for Spartina alterniflora aboveground biomass (n=35
quadrats) from the sites (Shemogue [SH], Cape Jourimain [CJ], Pugwash [PW] and Baie

Verte [BV]) in which sampling occurred during 2010 and 2011. See Figure 2.2 for

explanation of boxplots.
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Chapter 3: The relationship between salt water cord grass (Spartina
alterniflora) and ribbed mussels (Geukensia demissa) near their low-

density northern range limit

3.1 Introduction

The predictability of patterns over large scales is a fundamental question in ecology —
one that has been the focus of a number of studies (Pennings et al. 2003, Bertness and
Leonard 1997). Through these studies, it has been hypothesized that patterns should
change over large spatial (e.g., latitudinal) scales due to changes in abiotic stresses and
species densities (Brown 1984, Pennings et al. 2003). Latitudinal changes in species
density along the length of their range are a common phenomenon. Densities are typically
highest at the center of the range and decline gradually (and more-or-less symmetrically)
towards the range edges. Species become more patchily distributed towards the ends of
their ranges as suitable habitat becomes rare (Brown 1984, Borer et al. 2006, Mlynarek et
al. 2017). Historically, most ecological studies have been conducted at a limited number
of geographically close sites over relatively short time scales, and so the generality of
their findings over larger scales (temporal and spatial) is limited. Repetition of ecological
studies has historically not often been done in other locations due to elevated costs and
perceived redundancy; hence, the understanding of ecological patterns across
biogeographical ranges remains largely theoretical (Pennings et al. 2003, Bertness and
Leonard 1997).

Another topic which is still understudied in ecology is that of mutualist interactions

(Bertness and Leonard 1997, Stachowicz 2001). Mutualisms are a type of interaction in
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which two (or more) species each benefit from the presence of the other(s) (Addicott
1984). Interactions between species have long been thought to be static - either positive,
neutral, or negative. However, recent research suggests that interactions vary on a
continuum where the “net” outcome is based on the cost:benefit ratio to each species
(Bronstein 1994; Borer et al. 2006, Mlynarek et al. 2017). The location of the interaction
along this continuum is hypothesized to be dependent on 3 categories of variables: (1) the
age and size of individuals, (2) the abiotic and biotic setting in which the interaction takes
place and (3) the local abundances of mutualists (Bronstein 1994). My study provides
insight into the occurrence of a mutualistic interaction between two species, within a
range of local densities, near the species’ northern range limit.

Mutualism has been documented between ribbed mussels (Geukensia demissa) and
salt water cord grass (Spartina alterniflora) in a southern New England salt marsh
located in Rhode Island (Bertness 1984). Ribbed mussels can be found in the low marsh
zone of marshes, partly buried in the sediment and attached to S. alterniflora stems. In
this relationship, the mussels benefit through reduced predation, reduced desiccation,
increased nutritional sources and additional attachment sites, while providing increased
sediment stability and nutritional sources to S. alterniflora. Bertness (1984) hypothesized
that this relationship is density-dependent and should not occur at lowered densities.
Ribbed mussels are found along the eastern coast of North America, from the Gulf of St.
Lawrence to northern Florida (Abbott 1974), while S. alterniflora occurs between
Newfoundland and the Gulf of Mexico (Hinds 1999, Hatcher and Mann 1975). Our site
in Maritime Canada s located near the northern range limit of both species. Therefore,

we observe lower densities of ribbed mussels than at the Rhode Island site or other
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geographically close sites (which are located near the range center of this species; Daiber
1982, Fell et al. 1982, Bertness and Grosholz 1985, Franz 1993, Nielsen and Franz 1994).
Primary production (often observed as a combination of plant density and size) of S.
alterniflora is also lowered in our north temperate region. At more southern latitudes,
primary production has been estimated at 550-2000 g of dry weight/m2/y (Marinucci et
al. 1982, Dame and Kenny 1986). Estimates from Maritime Canada were calculated
between 400-700 g/m?/y (Hatcher and Mann 1975, Gordon et al. 1985, Smith et al. 1980)
and have been attributed to the latitudinal change in growing conditions.

My objective in the present chapter was to examine the possible mutualistic
relationship between G. demissa and S. alterniflora at a north temperate latitude (~46°
N). I conducted field experiments to complement the sampling program described in
Chapter 2, in which | quantified the natural densities of G. demissa and S. alterniflora in
Maritime Canadian salt marshes using stratified random sampling. Based on my sampling
results and the theoretical rationale of previous studies (Addicott 1984, Bertness 1984,
Bronstein 1994, Pennings et al. 2003), | hypothesized that the relationship between these
species is neutral in nature in Maritime Canadian salt marshes due to changes in net
outcome of interactions at our northern latitudes. My thinking is that this species
interaction is more neutral in nature than found in mid and southern USA salt marshes
due to the increased environmental pressure (e.g., winter stress), from existing at a more
poleward latitude, causing decreased densities in both species. In other words, this
environmental pressure would skew the cost:benefit between the species to a point where

mutualism is no longer beneficial to either species.
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3.2 Methods

3.2.1 Natural density of Geukensia demissa

For the methods for sampling the densities of Geukensia demissa, please see Chapter

2 (Section 2.2.2).

3.2.2 Experimental design

I conducted two complementary experiments in Baie Verte, NB (Figure 3.1): one
experiment focused on the effect of density of ribbed mussels (G. demissa) on variables
of salt water cordgrass Spartina alterniflora, and the other experiment focused on the
effect of cordgrass stem density on ribbed mussel variables. A preliminary experiment
was conducted in 2010 at Pugwash West (45° 51'N, 63° 42'W; see Appendix 3) on the
effect of mussel density of S. alterniflora density, which provided useful information.
The Pugwash site however was not used for the 2011-2012 experiments as it received
extensive structural damage during a storm in December 2010, and ribbed mussel density
was subsequently very low. The Baie Verte site was chosen because of relatively high
ribbed mussel densities for Maritime Canada, as well as its sheltered orientation from
wind and wave action. The experiments were monitored monthly from June to August
and then once in the fall (September in 2011 and November in 2012) over two years
(2011 and 2012). Sampling did not occur during the winter months as S. alterniflora
biomass is limited to non-existent prior to June and senescence starts to occurs in
September.

To assess the effect of G. demissa density on S. alterniflora variables, | established

four treatment levels:
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1)

2)

3)

4)

Control: original plot densities of G. demissa mussels were maintained (no
removals or additions).

Procedural Control: each mussel was carefully removed then replaced into its

original location to assess if physical manipulation of mussels had any effect.
Removed: all mussels were removed from the plot and plot density was
maintained at zero throughout the experiment.

Added: the plot density of G. demissa was augmented to quadruple the
average natural density (i.e., the natural density measured prior to the
experiment was 11.94 + 3.01 mussels/m?, and density in the “added” plots
was 48 mussels/m?) and maintained at this level for the experimental duration.
The additional mussels were collected from nearby locations in the Baie Verte
salt marsh and kept in a container of site sediment and sea water until use

(maximum 1 h).

The three treatment levels to assess the effect of S. alterniflora density on G. demissa

variables were:

1)

2)

Control: original plot densities of S. alterniflora stems were maintained (no
removals).

Thinned: original plot densities of S. alterniflora stems were reduced by half
and maintained at this level for the duration of the experiment (the
belowground plant biomass was not changed). More precisely, the original in

situ stem density for that plot was halved and maintained throughout the

55



experiment (therefore, each plot had a slightly different density; n =208 — 386
stems)

3) Empty: All S. alterniflora stems were removed from the plot and plot stem
density was maintained at zero throughout the experiment (the belowground

plant biomass was not changed).

For each treatment level in both experiments, | placed 8 replicate 1-m? plots
randomly in the low marsh zone of the salt marsh (I had a total of 48 plots; note that the
control plots for the experiment manipulating mussels were the same as the control plots
for the experiment manipulating grass density). Of these, 5 plots were placed directly
adjacent to the marsh edge (edge plots), while 3 plots were placed 2-3 m into the low
marsh zone (interior plots). This distinction was made to assess if the relationship
between species differed between the very edge of the marsh compared to a couple
meters into the interior of the low marsh. As the ribbed mussels are more likely to inhabit
the edge location, more plots were placed here to represent the natural distribution.

The manipulations in the various plots remained stable over the summer (data not
presented). Treatments were initially applied in June 8, 2011. The plots were checked the
following day to ensure that the treatments had remained consistent and that no mussel
mortalities had occurred. Monthly checks of the treatment levels occurred concurrently to
sampling — mussels were then added/removed and grass was removed to keep treatment

levels consistent throughout the experiment including after the winter of 2011.
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3.2.3 Response variables

3.2.3.1 Plant variables in the experiment manipulating mussel density

To quantify stem density of S. alterniflora plants in various states, the numbers of
live stems, flowering stems and dead stems (latter data not presented) of S. alterniflora
were counted within each plot. Furthermore, plant height and stem width were measured
for 10 randomly chosen individual stems, measured to the nearest 0.1 cm (using a ruler)
and 0.01 mm (using digital calipers), respectively. Stem width was measured directly
adjacent to the sediment. Number of live stems, average plant height and average stem
width per plot were used to estimate live aboveground biomass of S. alterniflora within

each plot (see Appendix 2).

3.2.3.2 Mussel variables in the experiment manipulating grass density

To quantify density of G. demissa mussels, the number of individuals in each plot
was counted (termed “numerical density”), and each mussel was sized (for shell length)
in the first month that sampling occurred. After measurement, the mussels were placed
back in their original positions in the plot. For the duration of the experiment, mussels
were measured across the widest portion of the shell to estimate shell lengths while
minimizing disturbance (see Lent 1967 which converts shell widths into lengths). Total
dry mussel biomass (g) per plot was then estimated from the mussel shell lengths (mm)
as in Chapter 2.

To quantify settlement rate of ribbed mussels, a spat collector was deployed at each
plot throughout the 2012 sampling season (using methods similar to Virgin and Barbeau

2017). Each collector (a loofah) was deployed on a stake in the middle of each plot at a
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height of 15 cm above the sediment. Collectors were deployed on a monthly basis (i.e.,
retrieved after 4 weeks for the summer months and for an extended period for the fall
sampling period) at the same time that sampling occurred. No mussel spat were observed
on the collectors during my experiments, and therefore no further analysis of this

response variable was done.

3.2.4 Statistical analysis of the experiments

Statistical analyses were conducted using Minitab 17. Repeated measures analyses of
variance (ANOVAs) were conducted to assess temporal and treatment effects on the

various response variables using the linear model:

Y = u + Year + Month + Treatment + Year*Month + Year*Treatment +
Month*Treatment + Year*Month*Treatment + Plot(Treatment) + Year*Plot(Treatment)

+ Month*Plot(Treatment) + Year*Month*Plot(Treatment) + error,

where Y is a response variable, 1 being the overall mean for the response variable, Year
(2 levels: 2011 and 2012), Month (3 levels: June, July and August) and Treatment (3 or 4
levels: Control, Procedural Control, Removed and Added in the mussel manipulative
experiment, or Control, Thinned and Empty in the grass manipulative experiment) as
fixed factors, and Plot (nested in Treatment, 8 levels) as a random factor. The appropriate
denominator for the F-ratios was determined as per Underwood (1997). I did not include
the fall month in the analysis, because the seasonal trends of S. alterniflora (i.e., high rate

of senescence during this time period) would mask any potential treatment effect.
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Normality of residuals and homogeneity of variance were assessed graphically and using
Cochran’s C test, respectively, and both assumptions were met (Quinn and Keough
2002). The focal response variables examined in the present thesis chapter to assess the
strength of the mutualism were a proxy of aboveground dry biomass of S. alterniflora
(Appendix 2), and numerical density of ribbed mussels, because they were deemed to be
the most responsive of the various response variables measured. Also, the dataset for
these response variables is complete. A number of the other response variables |
measured are presented in Appendix 4.

In the analyses, the primary effects of interest were the interaction between
treatment and time (i.e., Year*Treatment and Month*Treatment), since we are expecting
different temporal patterns for the manipulated plots compared to the control plots.
However, a significant interaction between Year and Month was detected in all the
analyses; therefore, smaller ANOV As were conducted for each year separately. When a
significant Month*Treatment interaction was detected, post-hoc analyses (Tukey HSD
tests) were conducted to specifically assess the effect of Treatment in each month.

To investigate non-significant results for the proxy of aboveground S. alterniflora
biomass and for mussel densities, | performed power analyses to determine the ability of
the experimental design to detect biologically meaningful differences between
Month*Treatment levels (Zar 1999, Peterman 1990). Specifically, | assessed a minimum
detectable difference () by calculating 25%, 35%, 50% and 100% of the average amount
of each response variable in the controls and procedural controls. Statistical power is a
measure of whether a difference is detectable above and beyond natural variation, and so

at the heart of the power calculation is the ratio of the minimum detectable difference
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(squared) divided by the variance. Thus, the variance (s?) used was the appropriate
denominator MS of the F-ratio in the ANOVA for the fixed effect of interest. Then the
power calculation is mediated by the number of replicates (n) and the experimental
design (the number of groups, k), and so the formula used was:

o =\[(n6 2)I(2ks?)],
where g is the non-centrality parameter used to estimate power (Zar 1999). To maximize
the probability of being able to detect a difference in the response variables, the data for
the “All Plots” analyses from August 2012 was used. I chose this date to allow the
maximum amount of time | had in my study for the mutualistic relationship to develop

and the maximum number of replicates | had in my design to detect the pattern.
3.3 Results

3.3.1 Natural densities of ribbed mussels at salt marsh sites in the Northumberland

Strait

Salt marsh sites in the central part of the Northumberland Strait have moderate
densities of G. demissa (18 mussels m2and 113 g dry weight m-2, Table 3.1, Figure 3.2).
Baie Verte had the highest average numerical density of ribbed mussels of all my sites
studied in the region; it also was the site that had the highest recorded value withina
single quadrat (Figure 3.2). As the mutualistic relationship between S. alterniflora and G.
demissa is theorized to be density-dependent, | would anticipate the best chance of

detecting it at the Baie Verte site.
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3.3.2 Effect of ribbed mussel treatment and time on Spartina alterniflora variables

The aboveground biomass proxy (estimated from component variables, i.e., stem
density, plant height and stem width) of S. alterniflora varied temporally, showing a
significant interaction between year and month (Table A4.1, Figure 3.3). Specifically, |
observed a lower average S. alterniflora aboveground biomass (28% reduction) in late
summer 2012 than 2011. This lower grass biomass at that time may be due to the overall
reduction in size and height of S. alterniflora in that year (Appendix Figure A3.1 and
A3.3). This year-related trend was observed throughout the Northumberland Strait region
at the same time period (Chapter 2). Within a year, there was the expected increase in S.
alterniflora aboveground biomass during the growing season (June—August), and then a
decrease as senescence occurred in the fall (Table 3.2, Figure 3.3).

My effects of interest, namely treatment or interactions with treatment, did not have a
significant effect on the S. alterniflora aboveground biomass in the overall analysis
(Table A3.1) and in the analysis by year with all plots (Tables 3.2). Examination of
interior plots only also did not detect any treatment effect. However, examination of the
edge plots in 2012 did detect a significant interaction between treatment and month
(Table 3.2, Figure 3.3). InJuly, there was a gradient effect with higher grass biomass in
the Added and Removed plots than in the Control plots. In August, plant biomass in the
Added plots was significantly greater than in the other treatment levels (Table 3.2). This
latter effect seems to be due to the plants being somewhat taller and the stems thicker in
the presence of added mussels (Appendix 4).

Power analysis indicated that my experimental design for all plots in 2012 had low

power (< 45%) to detect a 25% or 35% difference in the proxy for S. alterniflora
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aboveground biomass due to the mussel treatment (Table 3.3). However, my design had
good power (~80%) to detect a 50% difference in grass biomass. Note that a 25-35%

difference in grass biomass is more biologically likely due to spatial requirements.

3.3.3 Effectof the S. alterniflora treatment and time on ribbed mussel variables

Numerical density of ribbed mussels varied with the interactions between year,
month and treatment when | manipulated aboveground grass biomass, whether |
considered all plots or edge plots only (Table A3.1, Figure 3.4). Overall, | observed a
between year difference with generally higher mussel densities (~40% higher) in all
treatment levels in summer 2011 compared to summer 2012. Note that this did not
translate to higher estimated dry biomass of mussels in 2011 compared to 2012,
suggesting that there were more small mussels present in 2011 than 2012 (Appendix 4).

In 2011 (the first year) for all plots and for edge plots only, | detected a significant
Month*Treatment interaction, where mussel density was higher in the grass-thinned plots
than control (i.e., intact grass) or grass-empty plots (Table 3.4, Figure 3.4). In addition,
mussel density remained similar over the summer in control and grass-empty plots (when
considering either all plots or edge plots only). In grass-thinned plots, mussel density
decreased by 21% over the summer (for both all plots and edge plots) (Table 3.4).

In 2012 (the second year), neither the Month*Treatment interaction nor the
Treatment main effect on mussel density was significant (Table 3.4, Figure 3.4).
However, mussel density increased over the summer for all plots and edge plots only

(significant month main effect).
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Interestingly, looking over the two years, mussel density in the control plots
remained low in 2012 following the 2011 decrease, and in the grass-thinned plots
remained at intermediate densities. In the grass-empty plots, mussel density showed and
maintained fairly high variation among replicate plots, and a relatively stable average and
median over the two years. This region of the Northumberland Strait (and in Maritime
Canada in general) has low settlement of mussel spat and recruitment of juveniles (Watt
et al. 2010, Virgin and Barbeau 2017, Virgin et al. 2018); however due to the lack of spat
collected during the experiment, I cannot say if this would have affected the patterns that
| saw.

Power analysis indicated that my experimental design for all plots in August 2012
had low power (< 30%) to detect amoderate difference (25-50%) in mussel density due
to the grass treatment (Table 3.3). However, my design had good power (~80%) to detect
a 100% difference (a biologically reasonable amount due to spatial requirements) in
mussel density.

In the fall, mussel densities always appeared lower than in the summer (Figure 3.4);
this apparent decrease may reflect mussels burying deeper in the sediment in the fall,

making them more difficult to see and count (L.K. Boone, personal observation).

Discussion

The mutualistic interaction between ribbed mussels (G. demissa) and salt water cord
grass (S. alterniflora) was as I hypothesized for Maritime Canada, which is different than
that previously described in Bertness (1984). Specifically, 1 did not observe a strong

mutualistic relationship between these species likely due to the substantially lower
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densities of both species than published for regions in southern New England (this study,
Daiber 1982, Fell et al. 1982, Bertness and Grosholz 1985, Franz 1993, Nielsen and
Franz 1994). Indeed, it has been hypothesized that the strength of a mutualistic
relationship would be density dependent (Bertness 1984, Bronstein 1994). Below, |
discuss the natural dynamics of both species to set the baseline and then evaluate my
results in the context of the species being at their northern range limit. | then end with

limitations of my study and possible next steps.

3.4.1 Setting the baseline: temporal patterns in S. alterniflora and ribbed mussel

variables

The monthly pattern in aboveground biomass of S. alterniflora in my study
followed the expected lifecycle of this species in Maritime Canada. Aboveground
biomass increases throughout the growing season (May — August) and sharply declines
when senescence begins in early autumn (Bérlocher 1999, Smith et al. 1980, Gordon et
al. 1985). Annually, plant aboveground biomass is then removed by ice scouring and
tidal influence throughout the winter and early spring resulting in a near bare platform in
the low marsh zone the following spring (L. Boone, personal observation). The increased
aboveground biomass in mid-summer in 2011 compared to 2012 (Figure 3.2) may be due
to overall warmer temperatures seen in the Northumberland Strait region in 2011
(Environment Canada 2016). Kirwan et al. (2009) reported that a 27 g/m?/y increase in
production of S. alterniflora occurred forevery 1°C increase in temperature, and similar
results have been demonstrated for this species in a controlled greenhouse environment

(Seneca and Blum 1984).
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The temporal patterns in ribbed mussel numerical density during my experiment
were more puzzling. Ribbed mussel densities remained approximately constant
throughout the summer and then decreased during the fall (Figure 3.3) for both years.
This late seasonal pattern matched the ribbed mussel density trends in my regional
sampling program (Chapter 2, Figure 2.4) where | observed lowered densities during the
fall at multiple sites. Concurrently, | also observed that mussels were positioned
substantially deeper in the sediment than in summer months (L.K. Boone, personal
observation). Ribbed mussels in the substrate do exhibit limited ability to move. Bertness
and Grosholz (1985) reported that G. demissa can relocate horizontally to nearby more
suitable microhabitat, but the capability to do so decreases with size. They found that
60% of small juveniles (10-15 mm shell length) but only 3% of larger individuals (30-40
mm) moved, with the average distance travelled being 8.4 cm. The ability of this species
to move vertically through the substrate has not yet been officially documented.
However, Jost and Helmuth (2007) found that ribbed mussels experience less dramatic
temperature changes and a more stable temperature environment (warmer at night, cooler
during the day) when buried deeper in the substrate. It may be that ribbed mussels in
Maritime Canada move deeper within the sediment column during the fall months to
prepare for the oncoming winter temperatures and impeding ice cover, thereby increasing
their survival potential. However, this vertical movement hypothesis would need to be
experimentally tested. In my studies, the lowered observed densities in the fall may

simply be a result of mussels being more difficult to see.
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3.4.2 Interaction between species near their northern range limit

It has been hypothesized that positive interactions (e.g., mutualism) should
increase with increasing abiotic stress levels, and so one may expect an increase in
strength of these interactions at more poleward latitudes (Stachowicz 2001, Bertness and
Leonard 1997). However, it has also been hypothesized that the densities of the
mutualists affect the strength of these interactions (Bronstein 1994). In addition, it has
been hypothesized that densities of species decrease symmetrically from their range
center (Brown 1984). The contradictory nature between the hypotheses is what initially
led me to the research presented here: which is it? Is the strength of the mutualism
stronger or not than at more southern locations?

In my study, I found that the mutualistic interaction between ribbed mussels and
S. alterniflora was limited, whether | evaluated the relationship in either direction (effect
of grass on mussels or effect of mussels on grass). Specifically, | observed a limited
positive effect on grass biomass (the proxy measure) by the addition of mussels, but this
occurred only in the edge plots and only by the end of the second year (August). At that
time, stem density, stem width and plant height (the component variables of the proxy
measure) tended to be greater with added mussels than with removed mussels (Appendix
4). Note that | did not find these trends after the first year in either my main site (Baie
Verte) or in the preliminary experiment | conducted at another site (West Pugwash, in
2010; see Appendix 3). This was opposite to what was found in the original study
(Bertness 1984) where varying mussel densities had profound effects on the grass
outcomes. For the counter interaction, grass biomass manipulations did not affect mussel

density during the second year. Interestingly, numerical density of ribbed mussels tended
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to be higher when there was less grass, significantly so when grass was thinned in the
first year, but then non-significantly when grass was fully removed in the second year.
Overall, though, there was much variation and no clear effect of grass on ribbed mussel
density in the second year.

Since the locations for my experiments (coast of Northumberland Strait) are near
the northern range limit of my two target species, | anticipated that their density and
biomass would be decreased due to reduced suitability of the environment (i.e., winter
stress, temperature gradients, length of growing season; Brown 1984). Indeed, densities
of both ribbed mussels and S. alterniflora followed the hypothesized range-related
pattern. The published latitudinal densities of ribbed mussels are: Northumberland Strait
in Maritime Canada — 18 to 40 individuals/m? (Table 3.1 in my study, Virgin et al. 2019),
Rhode Island — over 1000 individuals/m? (Bertness 1984), Connecticut — 586
individuals/m? (Fell et al. 1982), Delaware — 46 individuals/m? (Daiber 1982), and
Georgia — 8 to 70 individuals/m? (Daiber 1982, Derksen-Hoijberg 2020). For S.
alterniflora, net aboveground primary production is estimated at: Bay of Fundy — 400-
600 g dry weight/m2/y (Gordon et al. 1985, Smith et al. 1980), New Jersey — 500 g dry
weight/m2/y (Smith et al. 1979), South Carolina — 2,460 g dry weight/m2/y (Dame and
Kenny 1986), and Georgia — 7,620 g dry weight/m?2/y (Schubauer and Hopkinson 1984).
Stem density and biomass of S. alterniflora are noted to decrease further south along its
range (i.e., Florida and the Gulf of Mexico) as the species is displaced by mangrove
forests, the dominant coastal ecosystem type in subtropical and tropical latitudes
(Bertness 2007). Although the information for either of my target species is not complete

for the entire Atlantic seaboard and there can be variation among sites within regions
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(e.g., Fell et al.1982, Virgin and Barbeau 2017), density and biomass of ribbed mussels
and S. alterniflora do appear to change across latitude and over the species’ range with
the expected pattern (Brown 1984). In sum, the limited mutualistic relationship between
G. demissa and S. alterniflora in north temperate latitudes such as Maritime Canada may
reflect the naturally lower densities of the two species.

Another point to consider is that it may take more than 2 years for a mutualistic
relationship between G. demissa and S. alterniflora to develop. Inthe original
experiment (in Rhodes Island; Bertness 1984), the mutualistic relationship between G.
demissa and S. alterniflora was detectable fairly quickly, after 16 weeks, and remained
throughout the experimental duration. However, in another manipulative ecological study
on another species interaction, namely interspecific competition between S. alterniflora
and S. patens, it took 2—3 years for the competitive interaction (namely competitive
displacement) to become apparent (Bertness 1991). To contend with the time that might
be needed for me to detect mutualistic dynamics in my manipulative experiments, | also
sampled 4 sites over 2 years to determine the relationship between various G. demissa
variables and S. alterniflora variables for established populations of both species
(Chapter 2). This complementary sampling program did detect a very limited correlative
relationship between the two species (specifically it was present in one year but not the
next). Thus, I am fairly confident that there is at most a weak mutualistic relationship
between these species (for the variables | measured) at our northern temperate latitudes.

Other response variables that were not properly examined in my experiment are
the belowground biomass of S. alterniflora and settlement of G. demissa spat. It may be

that mussel density positively affected the belowground biomass of S. alterniflora. In
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Bertness’ study (1984), the removal of G. demissa from experimental plots did result in a
reduction in rhizomal biomass of S. alterniflora. I did collect a limited number of cores in
the fall of each year during my experiments, but not enough to properly assess this
possible relationship, because | was trying to minimize negatively impacting my
experimental plots. In my sampling program (Chapter 2), | did not detect any relationship
between ribbed mussel density and belowground grass biomass, and furthermore |
observed high variability among cores. Given these two aspects and the limited number
of cores collected from my experiment, | did not take the time to fully process the
collected cores from the experiment. | expect that if no effect of mussel density was
observed on the aboveground biomass, which is a more responsive variable (Valiela et al.
1976), then no effect would be observed on belowground biomass. Nevertheless, to
ascertain this, an evaluation of the relationship between ribbed mussel density and
belowground S. alterniflora biomass with proper replication should be conducted in the
future.

With regard to possible effectsof S. alterniflora on settlement of ribbed mussel
spat, | did deploy collectors in each plot of the grass density experiment and mussel
density experiment (for a total of 48 plots) in 2012; however, not a single ribbed mussel
spat was collected (192 collectors total). This response variable was not examined during
the original study by Bertness (1984) and therefore | had no previous research to
reference. Subsequent studies on settlement of ribbed mussels in the Northumberland
Strait showed very low settlement and recruitment rates (Virgin and Barbeau 2017,

Virgin 2018). Thus, it is unlikely that the possible positive interaction between S.
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alterniflora and ribbed mussels would have been occurring via spat settlement in
Maritime Canada.

Based on theory, if “net” interactions between species are a series of positive and
negative actions (Bronstein 1994), then a threshold point must exist where a natural
switch occurs between being a net negative and a net positive interaction. Bronstein
(1994) suggested that the per capita benefit to the associated species may increase with an
increased population density as each individual contributes to the overall positive effect.
It should not be surprising therefore that the positive interaction detected at sites with
high mussel densities (i.e., Rhode Island in Bertness 1984) would be absent or weak in

Maritime Canada, where ribbed mussels have naturally low densities.

3.4.3 Limitations in my field experiments, and possible future studies

Other than the limitations already mentioned above, that of properly quantifying
certain response variables such as belowground biomass of S. alterniflora and spat
settlement of G. demissa, another one is related to the very patchy spatial distribution of
ribbed mussels in my sites. Some of my control and procedural control plots had mussel
densities at the start of my experiment in Baie Verte that were as high as my “Added”
plots for the experiment on the effect mussel density (Figure A3.2). This wasonly
realized once the experiment had been initiated, and | deemed it unwise to start
manipulating mussel densities in the control and procedural control plots. Thus, | simply
monitored those plots and the effectson S. alterniflora over time. Note that by the fall of
the first year and into the second year, mussel densities in the “Added” and in the

control/procedural control treatment level were more distinctively different and were as
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initially planned. Mussel density in the “Removed” treatment level was always very low
and enabled me to still meet my objective of determining if mussel density affected grass
variables; as discussed above, very limited effect was detected.

Yet another limitation was the irregular appearance of large dead or ripped
eelgrass mats settling on my main experimental site (Baie Verte). Not all salt marsh sites
in the Northumberland Strait receive as much eelgrass detritus as the salt marsh in Baie
Verte (S.D.S. Virgin and L.K. Boone, personal observation). These events af fected plots
in a random manner, in that it was not always the same plots affected, and so did not bias
one treatment level over another. Rather these events likely increased the variability in
my experimental system. Note the large eel grass mats did not occur in my first
experiment at West Pugwash, and still there was no effect of ribbed mussel density on S.
alterniflora variables (after one year). The possible effect of nutrient subsidies from
subtidal areas to salt marshes via eelgrass mats is a very interesting topic for some future
research project.

As demonstrated in the power analyses, my experimental design, especially in
regard to the response of G. demissa, was not powerful enough to detect biologically
meaningful differences. Natural variability in the response variables was relatively high,
which is typical in field experiments where many processes and factors act concurrently.
In addition, as discussed above, the effect | was trying to detect, if present, was small
(especially dueto the relatively low densities and biomasses of my target species). | did
not know all of this when I started my study, as almost nothing was known about ribbed
mussels in Maritime Canada. If an experiment like mine is repeated, | would change the

experimental design as follows:
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1)

2)

3)

4)

5)

Increase the number of replicate experimental plots from 8 per treatment level
to 10 or more per treatment.

Position all the experimental plots to the seaward edge of the salt marsh (and
omit the location factor in the experiment); this is where the ribbed mussels
are more densely located (Virgin et al. 2019).

For the G. demissa effect on S. alterniflora, |1 would increase the number of
Added treatment levels by increasing the number of ribbed mussels to much
higher densities in each treatment level. In addition to quadrupling the natural
mussel densities, | would add treatment conditions where the mussel densities
were 8X (96 mussels/plot; a high density for our region based on regional
sampling) and 12X (144 mussels/plot; an extreme density for our region) the
natural densities.

Additional grass variables that should be considered include carbon:nitrogen
ratios of plant components, photosynthetic rates, and canopy height of the
grass (i.e., measuring the tallest and perhaps the fifth tallest plant). These
response variables may be more sensitive to mussel density effects. Canopy
height would be simple to quantify and compliment measuring 10 random
plant individuals per plot (where there are a few tall plants and many
intermediate and small plant individuals).

For the grass effect on G. demissa, | would measure all individual mussels in
the experimental plots (this can be done without disturbing the mussels) to

obtain a size distribution of mussels and a total biomass of mussels per plots.
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This response variable complements the numerical density, though it is not

clear which might be more sensitive to the effect of grass manipulations.

Thus, a future possible study to enhance and test my conclusions would be to
conduct similar experiments at other salt marsh sites in the Northumberland Strait, that
have good general densities of ribbed mussels (for example, Cape Jourimain, NB, or Fox
Creek, NS) and do not receive as much eelgrass detritus. Selection of sites outside of the
Northumberland Strait in Maritime Canada would not be advisable as ribbed mussel
densities are extremely low there (Chapter 2 of this thesis, Virgin and Barbeau 2017).
Redoing the experiment with much higher added mussel densities would be worthwhile,
as it may be that even my highest experimental density (48 mussels/m2) was relatively
low. I selected mussel densities for my experiment based on what I observed naturally
and commonly in the field. However, given that patches of up to 500 mussels per m? are
observed, I suggest using an “Added” density of over 100 mussels. Another suggestion is
to run the experiment for longer than 2 years, as it may be that the development of
mutualistic relationship between S. alterniflora and G. demissa may take a certain
number of years. | suspect though that this is not the case, because winter disturbance (ice
scour and storms) may be a driving factor affecting population dynamics of ribbed
mussels and S. alterniflora living on the seaward edge of the salt marshes. The seaward
edge of salt marshes at our northern latitude seems to be in a constant state of recovery
(due to ice and other winter disturbances), which is very different than that of salt

marshes in Rhode Island for example (M.D. Bertness, personal communication). Inany
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case fora longer-term project in Maritime Canada, I would recommend that one

examines the interactions between ribbed mussels, S. alterniflora and winter disturbance.

3.5 Conclusion

The mutualistic relationship between S. alterniflora and G. demissa, documented
in the central and southern-central species range of ribbed mussels (Bertness 1984,
Bertness and Grosholz 1985, Angelini et al. 2016, Derksen-Hooijberg et al. 2017), was
not strongly detected at the more northern latitudes of Maritime Canada; | detected a
possibly weak effect to no effect. The most likely reason for my results is the relatively
low densities of the two species, which | suggest are related to latitudinal and range-
related changes in species densities and winter disturbance. My study serves as an
example regarding the importance of studying ecological phenomenon in different
regions of a species range, including different latitudes. By studying ecological
interactions at multiple spatial and temporal scales, different sources of important
variation can become apparent and prediction of where these interactions occur across

large biogeographical scales will increase.
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Table 3.1 — Natural density of ribbed mussels Guekensia demissa (numerical density and

dry biomass per m?) for several salt marsh sites in the Northumberland Strait, Canada.

Based on quadrat sampling conducted monthly (June, July, August, Fall) for two years

(2010, 2011); n = 280 quadrats/site. Numbers in parenthesis is the total number of

mussels measured at that site. Maximum value = highest density (per m?) or total dry

weight (g/m2) of mussels found in any quadrat.

Response Variable Site Average £ SE Maximum value
Density Shemogue 6.9 + 1.0(483) 112
(#/m?) Cape Jourimain 31.1+2.8(2175) 404

Baie Verte 32.9+6.2 (1150) 500
Pugwash 7.6 £1.2(529) 168
Average 17.7 + 1.3 (4337)

Total Dry Weight Shemogue 61.5+8.9 1159.3

(g/m?) Cape Jourimain 204.8 £17.2 2442.3
Baie Verte 158.2 +28.8 2377.4
Pugwash 51.6+9.9 1693.4
Average 1134 +£7.8
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Table 3.2 — ANOVA results for the temporal and treatment effects of Geukensia demissa density
on the proxy for Spartina alterniflora aboveground biomass (cm?/m?) in the field experiment
conducted in Baie Verte, NB, over two years. (See Appendix 1 for explanation of proxy for
aboveground biomass.) Treatment levels were mussels removed (R), control (C), procedural
control (PC), and mussels added (A). Results for all experimental plots, edge plots only and
interior plots only are included. Significant p-values for interpretable fixed effects are bolded. For
the post-hoc Tukey’s Test, treatment levels are listed in order of increased value and share a

common underline when not significantly different.

Experimental Unit Year Source DF MS F p Tukey’s Test
All Plots 2011 Month 2 8.72E+09 33.97 <0.001
Treatment 3 4.63E+08 0.72 0.546
Month*Treatment 6 2.77TE+08 1.08 0.385
Plot(Treatment) 28 6.38E+08

Month*Plot(Treatment) 56 2.57E+08

2012 Month 2 1.42E+09 34.2 <0.001
Treatment 3 1.46E+08 0.51 0.677
Month*Treatment 6 3.69E+04 0.89 0.51
Plot(Treatment) 28 2.85E+08

Month*Plot(Treatment) 56 4.16E+04

Edge Plots 2011 Month 2 7.41E+09 21.75 <0.001
Treatment 3 5.37E+08 0.75 0.539
Month*Treatment 6 3.53E+08 1.04 0.421

Plot(Treatment) 16 7.18E+08

Month*Plot(Treatment) 32 3.41E+08

2012 Month 2 9.54E+08 34.08 <0.001

Treatment 3 4.59E+08 3.01 0.061
Month*Treatment 6 8.36E+04 2.99 0.020 m %
Plot(Treatment) 16 1.52E+08 e

Month*Plot(Treatment) 32 2.79E+04
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Interior Plots

2011

2012

Month
Treatment
Month*Treatment
Plot(Treatment)
Month*Plot(Treatment)
Month
Treatment
Month*Treatment
Plot(Treatment)

Month*Plot(Treatment)

16

1.74E+09

4.31E+08

8.13E+04

2.66E+08

1.03E+08

4.73E+08

5.05E+08

2.06E+04

3.85E+08

6.40E+04

16.96

1.62

0.79

7.38

0.32

<0.001

0.26

0.59

0.005

0.336

0.916
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Table 3.3 — Power analysisresults for Spartina alterniflora and Geukensia demissa response variables that
showed no significant effectin the ANOVA analysis (see “all plots” in Tables3.2 and 3.4). Power was
calculated fora =0.05, k= 4 groups, n = 8 plots, and the error degrees of freedom and error MS (s2) from
the appropriate statisticaltable. The source of variation of interest was the Month*Treatmentterm. A
minimum detectable difference (8) 0f25, 35,50 and 100% of the average reference value was calculated
using the overall average for each response variable in August 2012. Phi (g) is the non-centrality parameter

used to estimate power (Zar 1999). Terms with adequate power (80% or more) are bolded.

Minimum
Response Variable Dgtectable Power Analysis Values
Difference Component
(% change)
[ 540
25% difference [ 0.84
Power < 30%
) 756
35% difference 4] 1.17
Power 44%
Grass Biomass (cm?/m?) [ 1080
50% difference @ 1.67
Power 78%
[ 2159
100% difference 4] 3.35
Power >99%
Reference value (mean) = 2159; s2=416212; df1=3; df2 =56
6 5
25% difference @ 0.42
Power < 30%
6 7
35% difference 4] 0.59
. Power <30%
Total Mussel Density
(#/m?) . 0 10
50% difference 0] 0.84
Power < 30%
6 20
100% difference [ 1.68
Power 81%

Reference value (mean) = 20; s2 =141.6; df1 = 3; df2 = 40
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Table 3.4 — ANOVA results for the temporal and treatment effects of Spartina
alterniflora stem density on the numerical density (#/m?) of ribbed mussels Geukensia
demissa in the field experiment conducted in Baie Verte, NB, over two years. Treatment
levels were control (C), grass thinned (T), and empty of grass stems (E). Results for all
experimental plots, edge plots only and interior plots only are included. Significant p-
values for interpretable fixed effects are bolded. For the post-hoc Tukey’s Test, treatment
levels or months are listed in order of increased value and share a common underline

when not significantly different.

Experimental Unit Year Source DF MS F p Tukey’s Test
All Plots 2011 Month 2 539.4 5.95 0.005
Treatment 2 4338.8 0.60 0.559
Month*Treatment 4 266.8 2.94 0.031 me E E 1
August C E T
Plot(Treatment) 21 7259.8 control June  August ul

Thinned August July June
Empty  June August  July

Month*Plot(Treatment) 42 90.6

2012 Month 2 802.7 567 0.007 |june suy  August
Treatment 2 4833.3 1.16 0.334
Month*Treatment 4 117.6 0.83 0.514
Plot(Treatment) 21 41743

Month*Plot(Treatment) 42 141.6

Edge Plots 2011 Month 2 467.4 7.43  0.003
Treatment 2 9848.8 1.62 0.239

Month*Treatment 4 229.6 3.65 0.018 jzl”; & £ 7

August  C E T

Plot(Treatment) 12 6097.2 Control August July lune

Thinned August July June
Empty  June August __July

Month*Plot(Treatment) 24 62.9

2012 Month 2 882.8 5.9 <0.001 June  July August
Treatment 2 5287.5 1.58 0.245
Month*Treatment 4 246.9 1.65 0.194
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Interior Plots

2011

2012

Plot(Treatment)
Month*Plot(Treatment)
Month
Treatment
Month*Treatment
Plot(Treatment)
Month*Plot(Treatment)
Month
Treatment
Month*Treatment
Plot(Treatment)

Month*Plot(Treatment)

12

24

12

3339.7

149.5

252.3

508.5

82.1

11188

146.5

178.7

3241.8

48.1

6626.4

80.2

1.72

0.05

0.56

2.23

0.49

0.6

0.220

0.956

0.696

0.150

0.636

0.669
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Figure 3.1 - Location of the salt marsh sites within the Northumberland Strait: Shemogue
(SH), Cape Jourimain (CJ), Baie Verte (BV), and Pugwash (PW). Regional sampling
occurred at all four sites, Baie Verte is where the main experiments were conducted, and

Pugwash is where the preliminary experiment was conducted. PEI = Prince Edward

Island.
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Figure 3.2 — Natural density (numerical density and dry biomass per m?) of ribbed mussels

Geukensia demissa for salt marsh sites (PW: Pugwash, BV: Baie Verte, CJ: Cape Jourimain and

SH: Shemogue) in the Northumberland Strait, sampled in 2011. n = 35 quadrats per site per

month. For the boxplots, the box shows the range of data between the first and third quartile; the

horizontal line represents the median; the whiskers show the range of most of the data; “*”

denotes outliers
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Figure 3.3 — Effect of the ribbed mussel treatment (A: added, C: control, PC: procedural
control and R: removed) on the proxy for Spartina alterniflora aboveground biomass for
the field experiment conducted in Baie Verte, NB, over two years. n = 8 plots/treatment
level. See Appendix for the explanation of the proxy for S. alterniflora biomass. See

Figure 3.2 for explanation of boxplots.
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Figure 3.4 - Effect of the Spartina alterniflora treatment (C: control, T: thinned and E:
empty) on numerical density of ribbed mussels (Geukensia demissa) for the field
experiment conducted in Baie Verte, NB, over two years. n = 8 plots/treatment level. See

Figure 3.2 for explanation of boxplots.
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Chapter4: Theconcept of boundsof expectation in the early ecological
response of a salt marsh restoration in a macrotidal system

This chapter builds on data collected and published in Boone et al. 2017 and Virgin et al.

2020.

4.1 Introduction

Salt marshes are an important type of coastal ecosystem because of the various
services they provide to surrounding areas (such as erosion control, flood buffering and
acting as a carbon sink; Bertness 2002, Callaway 2005, Chmura et al. 2012 and Roman
and Burdick 2012). However, due to their highly productive nature, they have a long
history of being converted for human use worldwide (Torres and Styles 2007), including
in Maritime Canada. It has been estimated that 65% of salt marshes in Atlantic Canada,
and 85% of those in the Bay of Fundy, have been altered for human development
(Thomas 1983; Conservation Council of New Brunswick 2007). Salt marsh restoration
has become popular recently as a means to mitigate the increasing costs associated with
rising sea levels, and also to increase the amount of suitable habitat for various species
(both permanent and transient; Roman and Burdick 2012). In fact, the United Nations
General Assembly recently declared 2021-2030 as the “UN Decade on Ecosystem
Restoration” as a means to mitigate the further destruction of coastal wetlands (Waltham
et al. 2020).

Salt marsh restoration can occur using multiple methods, both actively and
passively. When salt marshes were historically “reclaimed” for human use in Maritime

Canada, starting the 1600s with French colonization (Butzer 2002), hard man-made
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structures (i.e., dikes) were constructed to minimize or exclude inundation of the area by
seawater. Nowadays, a coveted active restoration technique is managed realignment,
whereby existing hard coastal defenses are altered or moved to allow some previously
protected land mass to be tidally flooded (Boorman 1999). A goal of this technique is to
increase the local abundance of soft-sediment environments — both mudflat and
(optimally) salt marsh (French 2006), while still retaining protection of landward human
infrastructure. Land mass which was originally salt marsh habitat has a tendency to revert
back to pre-tidal restriction conditions — although this has only been reported through the
observation of neglected agricultural sites in the Bay of Fundy (i.e., passive restoration;
MacDonald et al. 2010). Managed realignment has been used as a successful restoration
technique in the United Kingdom and the USA for decades (Roman et al. 2002; French
2006), but the project 1 focus on in the present chapter was the first time that managed
realignment was used in Maritime Canada (Boone et al. 2017, Virgin et al. 2020).
Therefore, the usefulness of this technique in this region had not been previously tested.
Furthermore, the effect of the unique environmental conditions along exposed shores in
the upper Bay of Fundy on the restoration process has not been previously investigated.

A useful concept in the field of ecosystem restoration (especially salt marsh
restoration) is that of bounds of expectation to better predict the outcome of a restoration
endeavor (Roman et al. 2002, Morgan and Short 2002). Essentially, the process of
reclamation or other human-related alterations of an ecosystem shifts it into an alternative
state because of changing abiotic and biotic interactions acting upon it (Suding et al.
2004). Once the barriers or alterations are removed and because of the many (and

oftentimes unknown) historical influences, a researcher or manager cannot know ahead of
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time how the ecosystem will react to the original conditions. For example, a former salt
marsh may revert back to a fully or partially functioning salt marsh or develop into a
mudflat. Thus, successional-based restoration techniques often lead to unpredictable
(project endpoints are unknown) or inconsistent (different endpoints for adjacent sites)
results. This means that due to the interplay between many factors at a given site,
multiple outcomes throughout time (i.e., trajectories) are possible and predicting which
will occur is difficult. Furthermore, Weinstein et al. (1997) state that complete marsh
restoration is unlikely due to the numerous previous and on-going influences and suggest
that a researcher or manager think of “bounds of expectation” instead. “Bounds of
expectation” are the ad-hoc determination of the best, average and worst-case scenarios
(i.e., short-term and long-term trajectories leading to specific outcomes based on site-
specific variability) for a response variable of interest relative to the reference state in a
certain period of time (Weinstein et al. 1997, French 2006). This way of thinking done at
the onset of the project enables the researcher or manager to properly plan forthe
multiple potential end-points of the restoration project (Zedler and Callaway 1999).
Having clear and well-defined project goals/objectives also allows for process
improvements and learning to occur (Waltham et al. 2020).

Since the endpoints of restoration projects are currently difficult to predict,
increasing the number of scientifically rigorous restoration studies is imperative
(Weinstein et al. 2013). By applying scientific methods to salt marsh restoration work
and by testing specific techniques, generalizations about these techniques may increase
the success of projects in the future (Callaway 2005, Weinstein et al. 2013, Waltham et

al. 2020). The combined studies of my present chapter, Boone et al. (2017) and Virgin et
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al. (2020) contribute to rigorous and scientific data on restoration techniques and their
outcomes at north temperate latitudes, which enable generalizations of successful
restoration strategies in the future.

The main objectives of the present chapter were to examine the successional
trajectories in the plant community in salt marshes being restored in Aulac, New
Brunswick, and to apply the concept of bounds of expectation to assess its usefulness in
managing project (restoration) expectations, not only for our northern temperate latitudes,
but also for a macrotidal system. Additionally, | explored how updated technology may
allow for an expansion of this concept.

More generally, my chapter contributes to basic information about patterns of
species abundance and distribution, specifically related to secondary succession, for salt
marshes in Maritime Canada. Since salt marshes in this region have not received the
same level of study as in other geographic locations (hamely USA and Europe), their
ecology remains understudied. Historically, it was thought that salt marsh acreage
decreased with increasing latitude from southeastern USA to Maritime Canada (related to
multiple past ice ages; Bertness 2009) and therefore salt marshes would not be a
dominant ecosystem type at north temperate latitudes. In actuality, soft-sediment
shorelines (including salt marshes) dominate the coastlines of New Brunswick (Bay of
Fundy and southern Gulf of St. Lawrence). Given the dominance of this ecosystem type
in our region and its susceptibility to changing climate (particularity if not well
managed), it is critical that the ecology be properly understood. Knowledge about salt

marshes elsewhere may not be fully applicable to our region and a better understanding
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of the geographical variation will allow for improved management of these ecosystems in

the future (Ziegler et al. 2020).

4.2 Methods

4.2.1 Site location and characteristics

The restoration sites are located in Aulac, New Brunswick (45°85” N, 64°29” W;
Figure 4.1), which is at the head of Cumberland Basin in the upper Bay of Fundy.
Cumberland Basin is a 118 km? estuary with semi-diurnal tides, and a typical tidal range
of 10-14 m (Fisheries and Oceans Canada; Desplanque and Mossman 2004). Similar to
other upper Bay of Fundy waterbodies, the basin is well-flushed with strong tidal current,
and its waters have an extremely high sediment load (8 — 30 mg/L, 95% coarse silt
content with a mean grain size of 0.036 mm; Wildish and Kristmanson 1979, Ollerhead et
al. 2010). Furthermore, the Aulac sites, being at the head of this basin, have a modified
fetch ranging from 5 to 20 km (Ollerhead et al. 2010), and so are considerably exposed to
the high wind and wave action. Another important environmental stress affecting coastal
areas in Maritime Canada, including the Aulac sites, is winter ice (MacFarlane et al.
2011, Virgin et al. 2020). Large ice blocks typically develop in winter months and
transport marsh turfs when moved by the tides.

The Aulac study location included four separate salt marsh cells or sites (Figure
4.1): two sites that are undergoing restoration (henceforth: restoration sites, called
Restoration West and Restoration East) and two that serve as reference sites (Reference
West and Reference East). The Restoration sites were initially farmland protected by a

dike that was being managed by NB Department of Transportation while the Reference
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sites were nearby undisturbed salt marshes. This dike (termed old or original dike) was in
need of repair, and so it was decided to build a new dike about 100 m landward to better
manage predicted sea level rise (Ollerhead et al. 2010). The original dike was
mechanically breached to allow for tidal flushing in October 2010, after the new
realigned dike was constructed in 2006 (Boone et al. 2017). My research lab at UNB has
been monitoring the plant and animal community dynamics immediately before (summer
2010) and since the breaching (2011-2020) (Virgin et al. 2020, Norris and Barbeau 2020,
2021). For the present chapter, | focused on the plant community occurring on the
emergent marsh (the marsh area exposed to air during low tide). Note that I and my lab
have been involved in monitoring other aspects of the marshes, namely the emergent
marsh invertebrates, and salt pool communities and abiotic conditions; however, these
will not be presented here but for additional information, please see Boone et al. (2017)

and Virgin et al. (2020).

4.2.2 Percent cover of salt marsh vegetation

To quantify percent vegetation cover in the restoration sites, visual estimation of
percent cover of vegetation for each of 5 strata per site was conducted in July between
2011-2020 (Schneider et al. 2013, Hayter et al. 2014, Trask and Barbeau 2015, Hicks et
al. 2016, Neima and Barbeau 2017, Norris et al. 2018, Wilson et al. 2020, McCoy et al.
2021). The 5 strata (of about similar size) per site were positioned perpendicular to the
water line. Anobserver standing on the landward dike estimated and sketched percent
cover one stratum at a time onto data sheets. For the reference sites, percent vegetation

cover was estimated using historical satellite imagery. Percent vegetation cover over time
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was visualized using boxplots and used to develop the bounds of expectation for this
variable. Statistical analysis of these data was done by Norris et al. (submitted) and is not

presented here.

4.2.3 Plant densities and community structure

The plant community on the emergent marsh was sampled using a stratified
random design in June, July and August 2010-2020 (see also Virgin et al. 2020). Three or
four permanent transects were placed perpendicular to the water line within each of the
four sites. Along the length of each transect, 15 quadrats (0.25 m?2) were placed randomly
(using a random number generator), specifically three in each of five equal sections of a
transect (for a total 45-60 quadrats per site). Within each quadrat, all plant stems were
identified to species and counted (see Supplement 2 in Virgin et al. 2020). I led the
sampling from 2010 to 2014, which encompassed 1-year pre-breach and 4-years of post-
breach. Other post-breach plant community data presented in this chapter were collected
by Allen Beck (2015 and 2016), Spencer Virgin (2017 and 2018) and Greg Norris (2019
and 2020).

Given the importance of Spartina alterniflora in salt marsh restoration, I
visualized the yearly patterns in this species’ stem density using boxplots and developed
the bounds of expectation for this variable. Statistical analysis of these density data was
done by Virgin et al. (2020) and is not presented here.

To visualize plant community structure over time, | used multivariate statistical
tools in the PRIMER software v6 (Clarke 1993; Clarke and Gorley 2006). Plant stem

densities were fourth-root transformed to facilitate the assessment of community patterns
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beyond the dominant taxa (i.e., Spartina species). To calculate community similarities
among site-types (restoration vs. reference) and among reference sites (Reference West
vs. Reference East), | did the following. (i) To have the proper unit of replication to
assess site patterns, community composition was averaged over transects for a given year.
(i) A dummy variable of 0.01 (Clarke and Gorley 2006) and Bray-Curtis similarity were
used to build the resemblance matrix. (iii) Similarity Percentages (SIMPER) analysis
was used (Clarke and Gorley 2006) to obtain community dissimilarities among site-types
or sites for each year. (iv) To obtain the community similarity for a given year, the
dissimilarity was subtracted from 100. | then used these similarity values to produce the
appropriate bounds of expectation graph. I also visualized community patterns over time
using a non-metric multidimensional scaling graph (nMDS; 100 restarts) built from a
resemblance matrix with plant densities averaged per combination of site-type and year.
A vector overlay (using Pearson correlation coefficients) representing the correlations
between plant taxa and the nMDS axes was added. An nMDS graph with a stress of <0.2
Is considered an accurate two-dimensional representation of the higher dimensional
situation (Clarke 1993). Statistical analysis of community structure was done by Virgin et

al. (2020) and Norris and Barbeau (2021) and is not presented here.

4.2.4 Building the model for the bounds of expectation

To develop the bounds of expectation for use in salt marsh restoration in Maritime
Canada, several aspects needed to be determined, namely the variables of interest and the
different levels of restoration (for the best, average and worst-case scenarios, Table 4.1,

Figure 4.5). This would then allow us to determine an appropriate length of time for
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restoration to occur. Historically, in salt marsh restorations, the most common variable
used has been vegetation cover, independent of plant species, because it is relatively easy
to quantify and because of its importance to habitat development and ecosystem
functioning (Weinstein et al. 1997). Therefore, | also decided to use that variable. Other
than percent vegetation cover, example variables have included amount of sediment
deposition, sediment characteristics (such as oxygen content, organic content, pore water
salinity), aspects of creeks (such as creek-to-edge ratio, sinuosity), use by fish, use by
birds, density of target insect species, and presence of endangered species (MacDonald et
al. 2010, Roman et al. 2002, Suding et al. 2004, Weinstein et al. 1997, Weinstein et al.
2019). For my second variable to assess the use of bounds of expectation in our region, 1
chose to focus on S. alterniflora since it has a bioengineering role in salt marsh
development (Bertness 2009); specifically, | used stem density. Finally, I examined the
full plant community, specifically the similarity in community structure between
restoration and reference salt marshes to provide a holistic view of the restoration
process. Inaddition, community structure as a variable of interest has not been used
previously in this way and makes use of multivariate community statistical methods
(Clarke 1993).

To estimate the best, average and worst-cases scenarios, | used information from
past sampling in Aulac (Boone et al. 2017, Virgin et al. 2020, this chapter) as well as
reported values from the published literature (Weinstein et al. 1997, 2017). For plant
cover, past restoration projects have used 50% as the lowest acceptable bound (from the
average case scenario); so, | kept this level as the average-case scenario for my study. For

the best-case scenario for plant cover, | used the reference levels. Note that Weinstein et
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al. (1997) used 60% as their best-case scenario; however, | used the (higher) reference
condition because these different values are hypothetical, and | wanted to aim for the best
possible situation. For the worst-case scenario, | used 35% as in Weinstein et al. (1997)
which is based on the outcomes of “failed” restoration projects in the past.

Based on our experience in the Aulac salt marsh restoration project, immature
(young/developing) and mature (established) marshes have very different average
densities of S. alterniflora; specifically, immature marshes have much higher densities of
this species than mature marshes. Therefore, | used two average-case scenarios for this
variable, one foran immature marsh and one for a mature marsh. The lowest acceptable
bound (from the average-case scenario) for an immature marsh was calculated using (i)
average stem density in a S. alterniflora monoculture in Maritime Canada (320 stems/m?;
Vicar and Barbeau, 2021) and (ii) 50% plant cover based on Figure 4.2 (where the rate of
change in percent cover was fastest); this gives an average-case value of 160 S.
alterniflora stems/m2. For the lowest acceptable bound for a mature marsh, | used the
lowest annual S. alterniflora density | observed in the reference marshes (specifically, 45
stems/m?). Given that an immature marsh will become a mature marsh, | used one best
case scenario (that should be attained after sufficient time), namely the average stem
density of S. alterniflora in reference sites (specifically, 100 stems/m?). For the worst-
case scenario, | used my field experience of locations with poor edaphic conditions, i.e.,
high disturbance or high standing water with anoxic surficial soils, both leading to an
area changing from marsh to mudflat. More specifically, | used 25% of the average S.

alterniflora stem density in reference sites (i.e., 25 stems/m?).
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For the overall community structure, | used 30% community similarity as the
lowest acceptable bounds (for the average-case scenario). Here, | considered the most
likely halophytic early colonizers (5 species: Suaeda spp., Atriplex spp., Salicornia sp.,
Plantago maritima and S. alterniflora) out of the total number of salt marsh species
occurring in the upper Bay of Fundy (18 species; see Supplement 2 in Virgin et al. 2020),
which gives about 30%. For the best-case scenario, | used the average community
similarity among reference salt marshes (90%). For the worst-case scenario, | used the
pre-breach community similarity observed between the reference sites and the sites to be

restored in Aulac (specifically, 5%).

4.3 Results and Discussion

4.3.1 Plant successional trajectories in the Aulac restoration sites

The rapid decrease in vegetation cover in the Restoration sites soon after the re-
inundation by saltwater was due to the replacement of terrestrial and brackish plant
species by salt-tolerant grass and forbs (Burdick et al. 1997; Figures 4.2 and 4.3). The
pre-breach community consisted of many terrestrial plants such as terrestrial Poaceae,
Achillea millefolium (yarrow) and Calystegia sepium (morning glory), and was rapidly
replaced by a sparse community consisting mostly of Spartina pectinata (freshwater cord
grass) soon after the breach. Spartina pectinata occurred in the pre-breach Restoration
sites in 2010 at very low densities and simply persisted (albeit in a stressed state; DUC et
al. 2013). Since 2012, S. alterniflora colonized and spread throughout the Restoration
sites (Figure 4.4), causing the community structure to become increasingly similar to that

found in the Reference sites (Figure 4.3).
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The structure and function of salt marshes has historically been attributed to the
plant community due to its dominance in the total biomass of the ecosystem (Roman and
Burdick 2012) — the most common species being S. alterniflora and S. patens (salt marsh
hay) along the east coast of North America. In their review, Teal and Peterson (2009)
indicated that S. alterniflora was the foundational species which then encouraged the
subsequent colonization by other species of plants and animals. The shift in the
dominance between S. pectinata to S. alterniflora in the early years in the Aulac
Restoration sites (Figure 4.3) was attributed to the effect of salt water inundation. While
S. alterniflora is well adapted to frequent flooding by salt water (Bertness 2002) and
indeed thrives in this situation, S. pectinata is a brackish species and has declining health
in water with a salinity above 200uM NaCl (or 0.036ppt; Warren et al. 1985). So, the
disappearance of S. pectinata was not associated with the increasing dominance of S.
alterniflora. Inthese early years, S. alterniflora had relatively low stem densities (Figure
4.4) and was spreading vegetatively (and not competing with S. pectinata). In 2014, my
coworkers and | observed a dramatic increase in S. alterniflora densities due primarily to
the appearance of seedlings (Figure 4.4; Boone et al. 2017), by which time S. pectinata
had essentially disappeared from the Restoration sites proper. Spread by S. alterniflora
can occur by 2 methods: vegetatively by rhizomes or sexually by seeds. The overall
importance of these two types of reproduction is somewhat debated; however, vegetative
spread is generally more important in natural habitats. Spread by seeds is highly
successful in “disturbed”, unvegetated areas, under very narrow abiotic conditions
(Metcalfe et al. 1986, Redfield 1972), such as those found at our Restoration sites in 2014

and onwards. The appearance of the seedlings in 2014 was quickly followed by rapid
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increased percent cover and infilling by S. alterniflora in 2015-2018 (Figure 4.2). This
rapid vegetative spread has been found in other salt marsh restoration projects (Roman
and Burdick 2012).

Spartina patens has been mostly absent (or occurs in very limited patches in
recent years) from the Restoration sites for the majority of restoration project. In contrast,
the marsh platform of the Reference sites is dominated by S. patens. This species is
common in salt (and brackish) coastal marshes from Newfoundland to Texas and
tolerates infrequent periods of inundation by seawater (Hester et al. 2005). The stem
cuticle protects the plant from salt spray injuries as long as salinities are not too high (up
to 35%o; Oosting 1945). Since the Restoration sites are still at a lower elevation than the
Reference sites, they are entirely inundated almost daily and therefore are not yet
appropriate for S. patens growth and spread. Surface elevation has been shown to be the
primary control on hydrology and vegetation in salt marshes (Frenkel and Morlan 1991),
which likely explains the continued difference in plant community structure in 2020 in
the Aulac restoration and reference sites.

It took 5 years for substantial plant cover to occur in the Restoration sites (Figure
4.2); however, this rebound of the plant community occurred more quickly than
commonly found in other restoration projects worldwide (Burdick et al. 1997, van
Proosdji et al. 2010, Garbutt et al. 2006). Instead of the decadal timeframe observed by
some marsh restoration researchers (in Weinstein et al. 2019), our sites reached relatively
high plant coverage in about half that time (Figure 4.2). In fact, Byers and Chmura (2007)
suggested that Bay of Fundy salt marshes may be more predisposed for recovery due to

the high suspended sediment concentration in the tidal water and increased sediment
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deposition in this region, which would promote S. alterniflora growth. Tidal hydrology,
sediment supply and salt marsh restoration success have been shown to be highly
correlated in other geographic locations (Warren et al. 2002). In fact, other salt marsh
restoration projects in protected areas of the Bay of Fundy (e.g., high up in an estuary)
have rebounded at an even faster rate than our restoration project along the exposed coast
in Aulac (Bowron et al. 2015; Neatt et al. 2013; Norris and Barbeau 2021).

The continued difference in plant community between Restoration sites
(dominated by S. alterniflora) and Reference sites (dominated by S. patens) is typical and
has been observed in other restoration projects. This difference may persist indefinitely;
Havens et al. (1995) noted plant community differences in many constructed marshes at
the time of project completion (10-25 years). In fact, Weinstein et al. (1997) cautioned
that complete salt marsh restoration is unlikely due to the large number of variables
involved and recommended using a “bounds of expectation” model to determine project

SUCCess.

4.3.2 Usefulness of bounds of expectations in Maritime Canadian restoration
projects

Bounds of expectation is a management technique where the best, average and
worst-case scenarios are decided upon prior to the project commencing, because the
interplay between various site-specific variables (such as historical land use, hydrology,
sediment supply, etc.) may result in multiple possible endpoints. The goal of this

technique is to give practitioners a standardized method to determine project success
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while enabling better planning in terms of managing expectations, funding models and
sampling programs.

To evaluate the usefulness of bounds of expectation in Maritime Canada, | used
the common variable percent vegetation cover, as well as stem density of the
bioengineering species S. alterniflora, and a univariate representation of the multivariate
community (plant community similarity). Unsurprisingly, based on previous studies
(Weinstein et al. 1997), percent vegetation cover worked very well for this technique; the
pattern, which showed an initially low cover followed by a rapid increase and subsequent
levelling off, and was clear and easy to interpret (Figure 4.6). The main insight from this
exercise was the shortened timeline to reach adequate vegetation cover, specifically ~5
years for the average scenario in Aulac (Figure 4.6), compared to studies in other
geographic locations (Weinstein et al. 1997). In these other studies, 10 years is often used
as the timeline; however, a number of restoration projects failed to reach adequate
vegetation cover even after 25+ years (e.g., Frenkel and Morlan 1991, Haven et al. 1995,
French 2006). The shortened timeline in Aulac is consistent with my expectations based
on the high concentration of suspended sediments in upper Bay of Fundy water and with
observations by Byers and Chmura (2007) of rapid recovery in passive restorations in the
region in the past. Generally, other studies about salt marsh development have shown that
restoration success is closely related to hydrology (Roman and Burdick 2012) and water
sediment load (Diefenderfer et al. 2018). Insum, the shortened timeline (of 6 years)
would be an appropriate guide for percent vegetation cover for future salt marsh

restoration projects in the Bay of Fundy.
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Use of stem density of S. alterniflora as a variable in the bounds of expectation
exercise was more complicated to interpret but provided interesting insight. In a young
marsh, stem density of S. alterniflora quickly increased and indeed surpassed the
reference condition (Figures 4.4 and 4.7). This reflects the essentially monoculture nature
of the Restoration sites early in the project. Asthe salt marsh matures, stem density of S.
alterniflora declines to reach the reference condition reflecting a more diverse plant
community. Thus, the graph has multiple average-case scenarios (Figure 4.7), one for
mature and one forimmature marshes, each with a different trajectory, which makes
interpreting results over time more difficult. This is further complicated by the relatively
high annual variability in stem densities observed in reference marshes. This high
variability is related to the random quadrat placements as well as weather-related
variability affecting growth of S. alterniflora (Chapters 2 and 3; Dame and Kenny 1986,
Bérlocher 1999). Another thing to note is that usually the variable of interest is expressed
as a percent of the reference condition but here I expressed it as density (# per m?) for an
easier visualization of the trajectories; I did use the percent of the reference conditionin
deciding on the actual values for the case scenarios. Even with these complexities, the
bounds of expectation exercise demonstrated that adequate S. alterniflora stem density
was also reached in a shortened timeline of ~5 years. This likely reflects the various
vectors (such as water and ice movement) that can transport initial S. alterniflora
colonizers (either as turf, rhizomes, or seeds) into the restoration sites in the Bay of
Fundy (Virgin et al. 2020). In sum, stem density, along with vegetation percent cover,

provide a complementary understanding of restoration dynamics.
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New and developing technologies are allowing for an expansion of the bounds of
expectation concept in restoration projects as it is now easier to gather and analyze large
amounts of data. In past salt marsh restoration projects, researchers or managers had to
choose one (or two) key indicators to evaluate project success (and to use the bounds of
expectation method) due to the complexities of quantifying and analyzing these variables.
With the new technology, two or more variables can be quantified simultaneously to have
a more complete picture of the restoration process. For example, remote sensing (e.g.,
using unmanned aerial vehicles) allows for more and diverse datato be collected per unit
effort. This new technology is being developed for use in salt marsh restorations in the
upper Bay of Fundy (Norris et al. 2021).

New technologies are also being developed to process and analyze the large
amount of data collected (e.g., “Big Data”; Al-Mekhlal and Khwaja 2019), which have
positive implications for ecosystem restoration efforts. In the present study, | used the
statistical program PRIMER (Clarke and Gorley 2006) to evaluate similarity patterns of
the entire community over time. First, | tracked the community trajectories using MDS
graphs, which enable easy visualization of similarities between multivariate restoration
conditions (i.e., restoration sites vs. reference sites; here, points closer together are more
similar in species composition than those farther apart; Figure 4.3). Second, | used the
SIMPER routine in PRIMER to complement the MDS graphs and calculate annual
percent similarity between the site types; this was then translated into the bounds of
expectation graph for community similarity (Figure 4.8). | observed that the community
within the reference sites remained similar throughout the years (Figure 4.3). The

restoration sites were least similar to the reference sites early in the project and became
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more similar in later years. This increasing similarity early on was attributed to the
presence of Suaeda spp., Salicornia sp., and S. alterniflora (Figure 4 in Virgin et al.
2020, and Figure 4.3 in this chapter). Using this method, | found that the adequate
similarity between restoration conditions was reached even more quickly than when |
used percent vegetation cover and S. alterniflora stem densities (~3 years vs. ~5 years;
Figure 4.8). Because | set the average-case scenario using the presence of early plant
colonizers (namely, Suaeda spp., Salicornia sp., S. alterniflora etc.), it was not surprising
that an adequate level was reached earlier since these species should be present early in
the successional trajectory. These early colonizers have seen shown to easily disperse and
to ameliorate environmental conditions which enables further community development
(Able et al. 2000, Bertness 2006, Burdick et al. 1996, Byers and Chmura 2007, Callaway
2005, French 2006). In sum, using community similarity in the bounds of expectation
exercise was more labor intensive for data collection but was relatively easy to analyze. It
also allowed for a more complete picture of the restoration dynamics while retaining the
ability to drill down into the finer details (such as which specific species contributed most
to differences between site types over time; vector diagram in Figure 4.3). Thus, |
recommend this technique be used in future assessments of salt marsh restoration projects

in the Bay of Fundy and elsewhere.

4.3.4 Similarities to other regions

In my opinion, one of the most important contributions of the current study
(Boone et al. 2017, Virgin et al. 2020, and the present chapter) is increasing the

understanding of salt marsh restoration using scientifically rigorous procedures in a
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region (Maritime Canada) where salt marsh restoration has been historically
underutilized. There has been increased interest in accumulating and disseminating
knowledge about salt marsh development under various geographic conditions (Ziegler et
al. 2020, Waltham et al. 2020) to identify and improve successful restoration strategies
and techniques. As many of the previous restorations in our region were passive (i.e.,
natural breaching events), the Aulac project allowed for specific plans and hypotheses to
be constructed and tested, thereby, providing direct cause-and-effect information that
deepens our restoration know-how for future projects.

Overall, the restoration of the Aulac salt marshes followed a similar trajectory to
other published studies (Burdick and Roman 2012). Once the hydrology was restored,
rapid accumulation of sediments (more so than in other geographic regions) permitted the
colonization by salt-tolerant plants (of most importance S. alterniflora). Over time, plant
coverage increased which led to increased elevation changes and the subsequent
colonization by less salt and flood-tolerant plant species (namely S. patens). A difference
between our sites and others elsewhere, outside of the Bay of Fundy, was the relatively
rapid successional changes. The Aulac project and my exercise using bounds of
expectations demonstrated that salt marsh restoration is possible in an area that is affected
by macrotidal, wind-exposed and winter conditions, and that an acceptable level of

restoration can occur in a relatively quick timeline.

4.4 Conclusion
The present chapter, building on Boone et al. (2017) and Virgin et al. (2020), has

contributed to the limited information about the ecology and successional dynamics of
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Maritime Canadian salt marshes, as well as to the growing literature on salt marsh
restoration worldwide. Using the bounds of expectation technique allows for multiple
possible trajectories to success to be considered — which is important to do given the
multiple alternative state endpoints which may come to fruition. In this study, | have
provided an assessment of bounds of expectation in the Bay of Fundy while also
providing actual timelines for future Bay of Fundy restoration projects. Easy-to-use
technologies such as the PRIMER software allow us to consider the multivariate
trajectory of the entire community instead of relying on only one or two key species or
response variables. Salt marsh restorations in our region have historically been passive
occurring on abandoned agricultural sites (Byers and Chmura 2007); however, there is
now increased efforts on deliberate, managed projects (the Aulac study, van Proosdji et
al. 2010, Bowron et al. 2012). By conducting deliberate, scientifically-rigorous
restoration studies in our region, project success rates under different conditions,
including hydrodynamic regimes, should increase as we augment our knowledge-base,
and this should lead to generalized restoration techniques that are appropriate for a target
region.

The Bay of Fundy is an excellent region for future salt marsh restoration projects
due to its high-water sediment content, extensive tidal flushing, and historical land use
patterns, as demonstrated by the present study as well as other projects in different areas
of the Bay (led by Dr. Danika van Proosdij and CBWES Inc.). Salt marsh restoration
provides a strategy to combat habitat loss and return the valuable ecosystem services to
the surrounding areas (such as coastal defense, nursery grounds, CO2 sinks; Bertness

2002). Salt marsh restoration also re-establishes the health of degraded ecosystems which
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will increase their resiliency to climate change (Teal and Peterson 2009). Rehabilitating
these ecosystems should prove increasingly beneficial in the near future to protect and

enhance our coastal zones for generations to come.
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Table 4.1 — Values for the range in bounds of expectation, namely best, average and
worst-case scenarios, for the salt marsh restoration in Aulac, NB. Three variables of
interest were examined: plant cover (%), Spartina alterniflora stem density (#/m?), and
salt marsh plant community structure (% community similarity). For stem density, the
average-case scenario is presented for both an immature/developing marsh and a
mature/established marsh (see also Figure 4.7). See section 4.2.4 in the Methods for more

information.

Variable Best-Case Average-Case  Worst-Case
Plant Cover (%) 95% 50% 35%
) Immature Marsh - 160/m? -
S. alterniflora
Stem Density
(#/m?)
Mature Marsh 100/ m? 45/m? 25/m?
Community Similarity (%) 90% 30% 5%
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Figure 4.1 - Site locations in Aulac, NB (45.8685° N, 64.2824° W). Aerial photograph
showing the two sites being restored (“Restoration Sites”) and the two reference,
established salt marshes (“Reference Sites”). Photo credit: Ducks Unlimited Canada from

2012.
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Percent Cover (%)
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Figure 4.2 — Percent cover of salt marsh plants observed in the restoration sites in Aulac,
NB, from 2011-2020 (n = 10 strata). Data collected by C. Alderson, D. Schneider, L.
Hayter, T. Trask, A. Beck, S. Neima, G. Norris, K. Morrill, J. Wilson, and E. McCoy.
Graph modified from G. Norris (Norris et al. submitted). For the boxplots, the box shows
the data between the first and third quartile; the horizontal line represents the median; the

circle represents the mean; and the whiskers show the range of the data.
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Figure 4.3 — Non-metric multidimensional scaling (nMDS) plot of the differencesin
emergent plant community structure for the restoration sites and reference sites from the
salt marsh restoration project in Aulac, NB (2010-2020). Each symbol represents one site
type (data averaged over replicate sites and months fora given year). The distance
between the different symbols represents the difference in community structure between
combinations of site types and years. Reference sites for all years (2010-2020) are
depicted in green; Restoration pre-breach sites (2010) are depicted inred; and Restoration
post-breach sites (2011-2020) are depicted in orange, yellow and blue. Data collection

for 2010-2014 was led by myself; data collection from 2015-2020 was led from by A.
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Beck, S. Virgin or G. Norris. The vector diagram represents the correlation between the
specific species and the nMDS axes (Pearson correlation coefficient, r). The direction and
length of the vector indicates the increase in density of that species across the nMDS
graph. The circle indicates the maximum vector length (r=1). A threshold of the

correlation coefficient of r=0.8 was used to visualize the dominant contributing species.
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Figure 4.4 — Spartina alterniflora densities over time (summers 2010-2020) in the
restoration (light grey) and reference (dark grey) sites at the Aulac salt marsh restoration
project (n=270-360 quadrats per site type per year; data pooled over months). Pre-breach
year = 2010, post-breach years = 2011 — 2020. For the boxplots, the box shows the data
between the first and third quartile; the horizontal line represents the median; the “x”

represents the mean; and the small circles “°”” show the range of the data.
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Figure 4.5 — Theoretical bounds of expectation demonstrating the acceptable endpoints
for restoration projects. The graph shows several potential restoration trajectories, the
lowest acceptable bound (e.g., 50% for a variable of interest) to determine success in
restoration projects, and the minimum amount of time (e.g., 10 years in the average-case
scenario) at which to assess projects’ success. The worst-case restoration scenario fails to
meet the minimum restoration standard (i.e., does not fall within the bounds of

expectation for project success). Adapted from Weinstein et al. 1997.
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Figure 4.6 — Bounds of expectation for the restoration project in Aulac, NB, for salt

marsh plant cover (%) over time. Black lines represent observed salt marsh plant cover

for reference sites (solid: mature marsh; also, best-case scenario) and restoration sites

(dotted: immature/developing marsh; also, average-case scenario). Lowest acceptable

bound for mature marsh equals 50% plant cover of salt marsh species (as per Weinstein

et al. 1997). The worst-case scenario is not presented here but see Table 4.1.
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Figure 4.7 — Bounds of expectation for the salt marsh restoration project in Aulac, NB,
for the Spartina alterniflora development (stem density) over time. Both black lines
represent the average-case scenario for S. alterniflora stem densities for reference sites
(mature marsh) and restoration sites (immature/developing marsh). Lowest acceptable
bound for mature marsh equals the lowest observed S. alterniflora stem density in the
reference sites. Lowest acceptable bound for immature marsh (i.e., relatively early in a
restoration project) was calculated using the regional average stem densityina S.
alterniflora monoculture and a 50% plant cover (see Methods and Table 4.1). The best

and worst-case scenarios are not presented here but see Table 4.1.
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Figure 4.8 - Bounds of expectation for the restoration project in Aulac, NB, for plant
community similarity (%, obtained via SIMPER) over time. Black lines represent
observed community similarity for reference sites (solid: mature marsh; also, best-case
scenario) and restoration sites (dotted: immature/developing marsh; also, average-case
scenario). Lowest acceptable bound for mature marsh equals 30% (see Methods and

Table 4.1). The worst-case scenario is not presented here but see Table 4.1.
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Chapter5: General discussion

5.1. Overview of my thesis

Salt marshes are an important type of coastal ecosystem, dominated by halophytic
plants, found worldwide. At more northern latitudes, such as in Maine and Atlantic
Canada, it was generally thought that salt marshes make a lower proportion of total
coastal landmass compared to further south, and coastlines mostly dominated by rocky
shores. However, along the coasts of the Bay of Fundy and southern Gulf of St. Lawrence
in Maritime Canada, salt marshes actually cover a high proportion of the shoreline —
currently about 47% of the 30,719 ha coastline of New Brunswick (Bérubé 2021). The
surprisingly high acreage of soft sedimentary coastline in our region (at northern
temperate latitudes) is related to the ancient Maritime Sedimentary Basin that underlies
the Bay of Fundy, the Chignecto Isthmus, and the southern Gulf of St. Lawrence (Gibling
et al. 2008). Historically, salt marshes were even more common, but there has been much
loss (50% worldwide; Bromberg-Gedan and Silliman 2009) due to land conversion for
human activities (mostly farming in our region).

Salt marshes bestow many ecosystem benefits to the surrounding areas. These
benefits include: erosion and storm protection, carbon sequestration, habitat refugia for
important commercial species and filtering capabilities. Due to these benefits and overall
land mass loss, there has been much interest in the recent decades in restoring these
ecosystems worldwide (Waltham 2021). Restoration can occur by many methods — an
important one being managed realignment. Managed realignment is the process of

altering existing hard coastal defenses to allow previously protected land mass to be
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tidally flooded. The project presented in Chapter 4 is the first deliberate managed
realignment salt marsh restoration project in Maritime Canada. Another important
strategy to enhance salt marsh restoration progress utilized in the southern USA, is to co-
plant the bioengineering marsh species, saltwater cordgrass Spartina alterniflora with its
mutualist partner, the ribbed mussel Geukensia demissa, to form loci from which marsh
turf can develop and spread (Derksen-Hooijberg et al. 2018). My work in Chapters 2 and
3 assessed the strength of this positive interaction, and so provide insight into the
potential of utilizing this strategy in our region (Maritime Canada).

As an overview, my thesis examined both a pure ecological question and an
applied question related to salt marshes and enabled me to assess if processes and
patterns observed in our salt marshes emulated those in salt marshes further south on the
east coast of the USA. For the former, ecological, question (addressed in Chapters 2 and
3) and as alluded to above, ribbed mussels (G. demissa) and S. alterniflora have a
mutualistic relationship in salt marshes along the mid-to-south areas of the USA eastern
seaboard (Bertness 1984, Angelini et al 2016). However, we know that relationships
between species change at range limits (Anstett et al. 2016), and Maritime Canada is near
the northern range limit of both of these species. Furthermore, this mutualistic
relationship has been hypothesized to be density dependent (Bertness 1984), and the
densities of both species are lower in our area (compared to more southern locations).
After much thought, I expected to observe a weaker mutualistic relationship between G.
demissa and S. alterniflora than found further south. Chapters 2 and 3 investigated this
using field sampling (at 4 sites) and field manipulative experiments (at 1 site) in the

Northumberland Strait.
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For the latter, applied, question (addressed in Chapter 4) and as also alluded to
above, | monitored salt marsh recovery dynamics under intense conditions of large tidal
amplitudes, high wave and wind pressure, and winter disturbance, namely in the upper
Bay of Fundy. The very large tides and the sedimentary nature of the coastline leads to
high suspended sediment in the water. Previous work indicated the salt marsh restoration
is correlated with good hydrology and good amounts of sediment load in the water
(Roman and Burdick 2012, Diefenderfer et al. 2018). Again, after much thought as well
as based on observations of passive restorations in the region (Byers and Chmura 2007), |
expected that salt marshes would restore successfully in the Bay of Fundy. In Chapter 4,
I conducted exercises with bounds of expectations to assess how salt marsh recovery in

the Bay of Fundy compares to restoration projects elsewhere.

5.2 Main findings of my thesis

In Chapter 2, | determined the natural distribution and abundance of the ribbed
mussel (G. demissa) and saltwater cordgrass (S. alterniflora) in Maritime Canada
(specifically, multiple sites in the Northumberland Strait). | examined temporal patterns
(over the growing season over two years) and spatial scales of variation (among sites,
transects within sites, and quadrats within transects) of both species. As expected, S.
alterniflora demonstrated a strong annual pattern following its lifecycle throughout the
growing season (ca. May to October), and was found to vary spatially among quadrats
(the smallest spatial scale measured). In contrast, | did not observe a seasonal density
pattern with G. demissa, but did observed a patchy spatial distribution, with the greatest

amount of patchiness occurring among quadrats. Geukensia demissa is known to form
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mussel beds at very high densities (observed further south), but these densities were
never reached in our area. Instead, | observed small dense patches existing within a
matrix with spaces empty or almost empty of mussels in between. Since both S.
alterniflora and G. demissa varied significantly at the same small spatial scales (among
quadrats), | felt that comparison between species was valid. When these species were
correlated (using various measures of biomass), | found that only a weak correlation
occurred between them, and only for one of the two years studied.

In Chapter 3, | continued to study the potential mutualist relationship between S.
alterniflora and G. demissa using manipulative experiments (a preliminary experiment at
one site, and a two-year experiment at another site in the Northumberland Strait). These
experiments manipulated the species’ densities, by enhancing them, reducing them and
comparing them to controls. As previously mentioned, the mutualistic relationship has
been found to exist in regions more central to these species’ range. Similar to in my
sampling program (Chapter 2), | detected a weak relationship in my main experiment
(especially late in the growing season of the second year for experimental plots located
on the seaward marsh edge), and not at all in my preliminary experiment. My reasoning
for my results is that the densities of both species at our latitudes are not high enough (or
barely high enough) to reach the threshold in cost:benefit ratio for the mutualistic
relationship to be beneficial (Bronstein 1994). My study shows the importance of
studying ecological phenomena in different regions of a species range, including different
latitudes. By studying patterns at multiple spatial and temporal scales, different sources of
important variation become apparent and the generality of these patterns across large

biogeographical scales can be better understood.
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In Chapter 4, | assessed the ecosystem restoration of the first deliberate salt
marsh managed realignment project in Maritime Canada. Building on published work in
which | was involved (Boone et al. 2017, Virgin et al. 2020), this chapter looked at a salt
marsh restoration project in the upper Bay of Fundy, commonalities to restoration
projects found elsewhere worldwide, and the usefulness of the bounds of expectation
concept. | found that bounds of expectation was a very useful exercise. | developed it for
three different response variables: percent vegetation cover, S. alterniflora stem densities
and community similarity. Based on the exercise, | put forth guidelines for future salt
marsh restoration projects in the Bay of Fundy. Specifically, | found that percent
vegetation cover and community similarity were excellent measures to use with the
bounds of expectation exercise. Both metrics were easy to gather data for, analyze and
interpret. The S. alterniflora stem density measure provided good insight into the
restoration process but was more difficult to interpret. Overall, | found that, using the
bounds of expectation models developed in my thesis, adequate levels of salt marsh
restoration can be reached in a shorter time than previously found (< 6 years vs. 10+
years), and | recommend using this as a guidepost for future projects in the Bay of Fundy.
Philosophically, this technique can be used to manage expectations of restoration projects
as full recovery of site functioning to natural levels is often not possible (Weinstein et al.
1997). Since salt marsh restoration is expected to become more popular in the future,
assessing the best methods to implement this technique in differing environmental
conditions will allow for higher chances for success.

A broad and important topic that my thesis contributes to is the variation in

ecological processes and species interactions across geographical ranges. Variation in
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ecological processes over spatial and temporal scales is an important concept in ecology
(Wiens 1989). Unfortunately, due to the perceived redundancy and increased
implementation costs, ecological research is rarely repeated at various sites along
geographical ranges (Ziegler et al. 2020). Salt marshes in Maritime Canada have not
received the same level of study as in other geographic locations (particularly USA and
Europe), and their ecology remains understudied. Part of this is due to the notion that salt
marsh acreage is very low at northern temperate latitudes. This is true for much of
Atlantic Canada, but not for the shoreline of the upper Bay of Fundy and the southern
Gulf of St. Lawrence. Given the prevalence of salt marshes in our province (New
Brunswick) and general region and their susceptibility to changing climate (particularity
if not well managed), it is critical that the ecology be properly understood. Knowledge
about salt marshes elsewhere may not be fully applicable to our region and a better
understanding of the geographical variation will allow for improved management of these

ecosystems in the future (Ziegler et al. 2020).

5.3 Suggested future research

My thesis work can act as a jumping off point for future research.
Recommendations for future research in Maritime Canada include the following:

e Further assess the mutualistic relationship between S. alterniflora and G.
demissa. Specifically, use a wider range of densities for both species to
find the “tipping” point where the cost:benefit ratio is such that the
benefits bestowed outweigh the costs incurred, and facultative mutualism

becomes apparent.
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Formally determine size of G. demissa patches and investigate if the
relationship between S. alterniflora and G. demissa may be hyper-
localized (C. Angelini, personal communication).

Assess the effect of marsh elevation in the distribution of S. alterniflora
and G. demissa. It is well known in other geographic locations that the
densities of these species vary greatly across elevational gradients.
Determine if our salt marshes are nutrient limited, and assess what effect
nutrient availability would have on the interaction between S. alterniflora
and G. demissa.

Investigate possible legacy effects of mussels after their removal; these
could persist for several years.

Assess the utilization of S. alterniflora and G. demissa planting as a
technique to hasten the restoration of salt marshes in Maritime Canada,
particularly where water sediment load and sediment deposition are quite
low, such as in the Northumberland Strait. To date most salt marsh
restorations have been done in the Bay of Fundy; however, we need to
start to better understand salt marsh recovery in the southern Gulf of St.
Lawrence (including Northumberland Strait). By leveraging the potential
that G. demissa (at certain densities) has a positive outcome on the growth
and development of the bioengineer, S. alterniflora, this should have
beneficial results on salt marsh development in restoration projects (i.e.,

more resilient habitats or quicker timelines).
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¢ Increase the use of managed realignment salt marsh restoration projects in
other locations in Maritime Canada (within the Bay of Fundy and in other
waterbodies). By conducting these types of projects in other regions, we
will increase the number of projects to generalize on and become more
confident in the process and techniques used in restoration projects in our

region.

5.4 Conclusion

The work within my thesis was the beginning of a salt marsh research program in
the Coastal Marine Ecology lab led by Myriam Barbeau at UNB. Questions that came up
throughout my thesis research spurred additional projects in G. demissa reproductive
biology and population dynamics in the Northumberland Strait (see Virgin and Barbeau
2019 for additional information), explorative research on another important and
intriguing salt marsh species, the common salt marsh snail Melampus bidentatus (Beck
2021), and the continued study of salt marsh restoration at our latitudes. Before my thesis
work, including the work presented in the appendices (such as Appendix 1 on the large-
scale sampling of salt marshes throughout Maritime Canada), little work had been
conducted on the details of the distribution and abundance of salt marsh species and their
ecology in Maritime Canada. My thesis contributes to the overall knowledge of salt
marsh ecology in our region.

My research on the change to (mutualistic) relationships occurring at range limits
contributed to furthering our knowledge of how species interactions may change over

time and space. Since the relationship between S. alterniflora and G. demissa is often
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leveraged to facilitate the restoration process (recently used at more southern latitudes),
knowing how this relationship may change across the species’ range is beneficial
information for possible future salt marsh restoration projects, particularly in the
Northumberland Strait.

My thesis work was also connected to a first managed realignment as a salt marsh
restoration technique in Maritime Canada. Furthermore, this was in the upper Bay of
Fundy (at the head of the Cumberland Basin) where tidal amplitudes are very large, water
sediment load is high, and disturbance due to wave action and winter effects are high. As
it is expected that salt marsh restoration will become a more commonly used strategy to
increase resiliency of coastlines against sea level rise, the knowledge gained as part of my
thesis research will help generalized restoration know-how for Maritime Canada and
elsewhere in the world.

To conclude, salt marsh ecology in Maritime Canada has received relatively little
study in the past — the work found within the present thesis tried to rectify this to some
extent. Given the range of topics that could have been studied, | chose to examine two
that merged ecology with direct management implications. | found that managed
realignment is a useful technique in our region for the development of “new” salt marsh
habitat but that known relationships between salt marsh species may change at our
latitude, near their range limits. This research has already served as a starting point for

additional projects as well as points to other potential future projects.
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Appendices

Appendix 1 — Large-scale sampling program to assess plant and invertebrate diversity on
the emergent salt marshes in Maritime Canadain 2010.

Objective:

To determine the plant and invertebrate community composition in salt marshes along
three waterbodies in Maritime Canada.

Methods and Results:

During summer 2010, | implemented a sampling program in Maritime salt marshes to
determine the plant and invertebrate taxa composition on the emergent marsh (the area
exposed to air at low tide). Along each of the three major waterbodies (Bay of Fundy,
Northumberland Strait and Atlantic Ocean along the eastern shore of Nova Scotia), three
individual salt marshes were chosen (Figure A1.1; Table Al.1). At each marsh site, |
established three permanent transects perpendicular to the low water line. Each month
(during the summer), I and my assistants placed 15 quadrats (0.5 m x 0.5 m) ina
stratified random manner (5 quadrats per section; three sections per transect, low, mid
and high marsh) along the length of each transect. In each quadrat, we identified plant
and invertebrate taxa and counted individual stems (for plants) and individual animals.
Sampling occurred during three sampling rounds: June 14-18, July 12-18 and August 13-
19, 2010. Using a random number generator, |1 randomly selected the order of the sites to
be sampled during each round. Note: Due to logistics, the sites on the Nova Scotian coast
of the Atlantic Ocean were grouped together on three consecutive days (starting on a

random day during a sampling round).
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I calculated and presented the average density (£ SE) of each taxon for each of the
waterbodies, pooled over the three sites and three sampling rounds (n=405 quadrats per

waterbody; Table Al.2).
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Figure A1.1— The three salt marshes sampled in each of the three waterbodies: Bay of
Fundy (Daniels Flats [DF], Coles Island [CI], John Lusby [JL]), Northumberland Strait
(Shemogue [SH], Cape Jourimain [CJ], Pugwash [PW]) and coastal Atlantic Ocean in

Nova Scotia (Cole Harbour [CH], Chezzetcook [CZ], Petpeswick [PP]).
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Table Al.1 — Latitude and longitude of each salt marsh site sampled in the Bay of Fundy,

Northumberland Strait and Nova Scotian shore of the Atlantic Ocean.

Waterbody Site Latitude Longitude
Daniels Flats 45°46'54"N  64°37'44"W

Bay of Fundy ColesIsland 45°53'05"N  64°19'26"W
John Lusby 45°49'03"N 64°15'47"W

humberland Shemogue 46°09'36"N  64°10'20"W
Nort ;‘tr:aiter A9 cape Jourimain | 46°08'40"N  63°49'26"W
Pugwash 45°53'38"N 63°48'55"W

Nova Scotian Cole Harbour 44°39'36"N  63°25'31"W
Coast of Atlantic Chezzetcook 44°43'18"N 63°15'00"W
Ocean Petpeswick 44°46'38'N  63°09'10"W
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Table Al1.2 — Average (= SE, n=405 quadrats) densities of plant and invertebrate taxa
(number per m2) found in salt marshes along the three major waterbodies in Maritime
Canada (Bay of Fundy, Northumberland Strait and Nova Scotian coast of the Atlantic
Ocean). Data pooled over the three replicate sites and the three sampling rounds (June-
August 2010). Taxa with (-) listed were not found at that location. Taxa with <0.01 listed

were found at that location but at incredibly low densities.

. Waterbody
Species
Bay of Fundy Northumberland Strait Atlantic Ocean
Spartina pectinata 0.95+0.30 0.53+0.18 5.41+2.19
Spartina patens 419.55+ 15.47 292.24+19.58 193.78 + 15.09

Spartina alterniflora 22.81+2.35 81.14+ 557 40.28+2.94
Plantago maritima 2.20+1.37 2.21+0.88 0.24+0.22
Schoenoplectus maritimus 0.01+0.01 - 1.24+£0.32

Hordeum spp. 0.24+0.13 0.01+0.01 -
Triglochin maritima 14.37+3.15 0.96 £0.46 1.12 £0.46
Aster spp. - 0.01+0.01 0.15 £0.09
Glaux maritima 1.62 +0.38 0.63 +0.19 0.75+0.30
Solidago sempervirens 0.11 +0.04 0.6 +0.12 2.48 +0.34
Atriplex spp. 0.70 +£0.22 0.67 +0.32 0.17 +0.06
Juncus balticus - 3.18+1.39 41.33+9.22
Juncus gerardii 5.14+3.21 34.89+7.90 29.78+7.43

Juncus indeterminate 0.89 +0.89 - -
Puccinellia americanus 10.77 + 3.67 24.04+6.18 37.44+ 8.65
Carex paleacea 0.42 +0.20 - 0.16 £0.08
Salicornia sp. 0.03 £0.03 3.74+0.76 1.98+£0.43
Suaeda spp. - 5.47 +1.45 0.05+0.02
Argentina anserina - 0.85+0.26 430+0.64
Limonium carolinianum 0.41+0.14 0.29 +0.16 0.01+0.01

Fragaria spp. - <0.00+0.00 -
Littorina saxatilis 0.30+0.14 476 +0.93 2.30+0.55
Littorina obtusata - - 2.58+£0.28
Geukensia demissa - 0.72 +0.14 0.3410.14
Melampus bidentatus - 5.77 £0.68 0.61+0.11
Tritia obsoleta 0.20+0.13 0.02 +0.02 0.03 +0.03
Macoma sp. 0.01 +0.00 - <0.01+£0.00
Cicadellidae indeterminate 8.83 +3.63 1.05+0.21 1.19+£0.20
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Gammaridae
indeterminate

Acariindeterminate
Formicidae indeterminate
Coleoptera indeterminate
Arachnida indeterminate

Cercopoideaindeterminate
Lepidoptera indeterminate
Mytilidae indeterminate

Brachyura indeterminate

0.43 +0.07
0.06 £0.02
0.03+£0.01
0.09 +£0.03
0.15+0.02
0.01 +£0.00
0.04 +0.02
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0.07 +£0.03
0.13+0.03
<0.01+0.00
0.11 £0.02
0.14 £0.02

0.23+0.16
0.03+0.01
0.05+0.01
0.06 £0.01
<0.01+0.00
<0.01+0.00
<0.01+0.00



Appendix 2 - Non-destructive method to approximate dry aboveground biomass of
Spartina alterniflora in Maritime Canadian salt marshes

Objective:

To evaluate if the dry aboveground biomass of Spartina alterniflora can be estimated
from measurements of the plants in the field (i.e., plant density, plant height, and stem
width).

Methods:

The average stem widths (n=10 individuals), average plant heights (n=10 individuals)
and number of live stems of S. alterniflora found withina 1-m?2 quadrat were multiplied
together to give a proxy for aboveground biomass (Figure A2.1). Stem width was
measured in mm, and so first converted to m by dividing the values by 1000. Plant height
was measured in cm, and so first converted to m by dividing the values by 100. Then
average stem width (in m), average plant height (in m) and density of stems (#/m?2) were
multiplied to give the proxy in m2/m? (note that in Chapters 2 and 3, | actually present the
units of this proxy as cm?/m?). This proxy was then compared to the dried aboveground
biomass of S. alterniflora forthe same area. Sampling occurred during July 2011, when
plant mass would be large but prior to senescence beginning. Total aboveground plant
matter was harvested from 1 or 2 random quadrats from each of the 7 transects in three
salt marshes (Shemogue, Cape Jourimain, West Pugwash; n = 36 quadrats). Grass
samples were then dried for 72 h at 90°C to constant mass in a drying oven, and weighed
to the nearest 0.01 g. Regression analysis was completed using Minitab statistical

package.
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Results and Discussion:

The estimated regression line between dry weight of aboveground biomass (Y in g/m?)
and the proxy for aboveground biomass (X in m2/m?) was:

Y =12.02 + 673.64X (F1,34 = 64.5, p < 0.001, R2 = 64.5%).

This method was investigated as a technique to minimize destructive sampling and is

used as part of Chapters 2 and 3 of my thesis.

X number of stems

Plant Height (cm)

<>
Stem Width (mm)

Figure A2.1— Schematic of variables measured to calculate a proxy for Spartina
alterniflora aboveground biomass. These include: S. alterniflora stem width (10 random
individuals), plant height (same 10 random individuals), and number of live stems per 1-

m? quadrat.
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Figure A2.2 — Relationship between the actual measured aboveground biomass (g dry
weight) versus proxy for aboveground biomass (m?/m?) of S. alterniflora from salt

marshes in the Northumberland Strait, Canada.
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Appendix 3 — Preliminary experiment in West Pugwash, New Brunswick (45° 51'N, 63°
42'w) in 2010.
Objective:
The experiment was my first one to examine the effect of ribbed mussel (Geukensia
demissa) density (#/m?2) on salt water cordgrass (Spartina alterniflora) variables (number
of live stems, plant heights, stem widths, and inflorescence length and number), and
proxies for aboveground biomass and reproductive biomass.
Methods:
To assess the effect of G. demissa density on S. alterniflora variables, four treatment
levels were established:

1) Control: original plot densities of G. demissa mussels were maintained (no

removals or additions).

2) Procedural Control: Each mussel was carefully removed then replaced into its

original location to assess if physical manipulation of mussels had any effect.
3) Removed: All mussels were removed from the plot and plot density was
maintained at zero throughout the experiment.
4) Added: The plot density of G. demissa was augmented to double the average
natural density of 18.0 + 3.6 mussels/m? to 36 individuals/m?. Mussels were
collected from other areas of the marsh and kept for a maximum of 1h in

seawater before being transplanted.
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For each treatment level in the experiment, 8 replicate 1-m? plots were placed randomly
in the low marsh zone of the salt marsh in West Pugwash, for a total of 32 plots. All plots
were placed along the edge of the marsh platform. Treatment levels were initially applied
May 25-26, 2010. The plots were checked the following day to ensure that the treatment
levels had remained consistent and that no mussel mortalities had occurred. | monitored
the plots monthly during the late spring and summer (May — August 2010) to ensure that
treatment levels remained consistent throughout the experiment and to determine
patterns.

To determine the effect of mussel treatment level on S. alterniflora variables, the
numbers of live, flowering and dead stems of S. alterniflora were counted within each
plot. Inaddition, plant height and stem width were measured for 10 randomly chosen
individual stems, measured to the nearest 0.1 cm (using a ruler) and 0.01 mm (using
digital calipers), respectively. Stem width was measured directly adjacent to the
sediment. Number of live stems, average plant height and average stem width were used
to obtain a proxy for aboveground biomass of S. alterniflora (in cm?/m?) within each plot
(Appendix 2); this proxy can be converted to an estimated aboveground biomass (in
g/m?) using a regression equation presented in Appendix 2. For this appendix as well as
for the thesis, | presented the proxy for aboveground biomass (in cm?/m?). When
inflorescences were observed, inflorescence length of 10 randomly selected plants was
also measured (to the nearest 0.1 cm, using a ruler). Number of inflorescences and
average inflorescence length were multiplied to obtain a proxy for reproductive biomass

for each plot.

143



Results:
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Figure A3.1- Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on Spartina alterniflora live stem
density (#/m?) for the field experiment conducted in West Pugwash, NS in 2010.n =8
plots. The box shows the range of data between the first and third quartile; the horizontal
line represent the median; the crosshair represents the average; the whiskers show the

range of most of the data; “*” denotes outliers.
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Figure A3.2 - Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on Spartina alterniflora plant heights
(cm) for the field experiment conducted in West Pugwash, NS in 2010. n = 8 plots * 10
random individuals per plot = 80 data points. See Figure A3.1 for explanation of

boxplots.
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Figure A3.3 - Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on Spartina alterniflora stem widths
(mm) for the field experiment conducted in West Pugwash, NS in 2010. n = 8 plots * 10
random individuals per plot = 80 data points. See Figure A3.1 for explanation of

boxplots.
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Figure A3.4 - Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on the proxy for Spartina alterniflora
aboveground biomass (cm?/m?) for the field experiment conducted in West Pugwash, NS
in 2010. n = 8 plots. See Figure A3.1 for explanation of boxplots. See Appendix 2 for

explanation of the proxy for and the estimated aboveground biomass.
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Figure A3.5 - Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on density of Spartina alterniflora
inflorescent stems (#/m?2) for the field experiment conducted in West Pugwash, NS in

2010. n = 8 plots. See Figure A3.1 for explanation of boxplots.
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Figure A3.6 - Boxplots for the effect of the ribbed mussel treatment (A: added, C:

control, PC: procedural control and R: removed) on Spartina alterniflora inflorescence

length (cm) for the field experiment conducted in West Pugwash, NS in 2010. n = 8 plots

*10 random individuals per plot = 80 data points. See Figure A3.1 for explanation of

boxplots.
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Figure A3.7 - Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on a proxy for Spartina alterniflora
reproductive biomass (cm/m?) for the field experiment conducted in West Pugwash, NS
in 2010. The proxy for reproductive biomass was calculated by multiplying the number
of inflorescent stems and average inflorescent length for each plot; n = 8 plots. See Figure

A3.1 forexplanation of boxplots.
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Appendix 4 — Individual Spartina alterniflora components (comprising the proxy
variables, Aboveground Biomass and Reproductive Biomass) and ribbed mussel

variables forthe Baie Verte experiments.
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Figure A4.1- Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on Spartina alterniflora live stem
density (#/m?) for the field experiment conducted in Baie Verte, NB over two years (2011
and 2012). n = 8 plots. In November 2012, the aboveground grass had all died. The box
shows the range of data between the first and third quartile; the horizontal line represent
the median; the crosshair represents the average; the whiskers show the range of most of

the data; “*” denotes outliers.
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Figure A4.2 - Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on Spartina alterniflora plant height
(cm) for the field experiment conducted in Baie Verte, NB for two years (2011 and
2012). n = 8 plots * 10 random individuals per plot = 80 data points. In November 2012,

the aboveground grass had all died. See Figure A4.1 for explanation of boxplots.
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Figure A4.3 - Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on Spartina alterniflora stem widths
(mm) for the field experiment conducted in Baie Verte, NB for two years (2011 and
2012). n = 8 plots * 10 random individuals per plot = 80 data points. In November 2012,

the aboveground grass had all died. See Figure A4.1 for explanation of boxplots.
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Figure A4.4 - Boxplots for the effect of the ribbed mussel treatment (A: added, C:
control, PC: procedural control and R: removed) on Spartina alterniflora inflorescence
density (#/m2) for the field experiment conducted in Baie Verte, NB for two years (2011

and 2012). n = 8 plots. See Figure A4.1 for explanation of boxplots.
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Figure A4.5 - Effect of the Spartina alterniflora treatment (C: control, T: thinned and E:
empty) on total dry biomass of ribbed mussels (Geukensia demissa) for the field
experiment conducted in Baie Verte, NB, over two years. No sizing of mussels occurred
in the control plots in 2012 to minimize the effect on the concurrent experiment. n = 8

plots/treatment level. See Figure A4.1 for explanation of boxplots.
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Table A4.1 — Full ANOVA results for the temporal (including Year) and treatment
effects of (i) Geukensia demissa density on the proxy for Spartina alterniflora
aboveground biomass (cm2/m2) and of (ii) S. alterniflora stem density of G. demissa
density (#/m2) in the field experiments conducted in Baie Verte, NB, in 2011-2012. See
Tables 3.2 and 3.4 for more information about the experiment design. Significant p-

values for interpretable fixed effects are bolded.

Experimental Unit Year Source DF SS MS F p
Year 1 2145.7 2145.7 2.34 0.089
Month 2 46897 23449 31.89 <0.001
Treatment 3 5769.1 1923 0.56 0.736
Year*Month 2 8440.3 4220.2 9.61 <0.001
All Plots — Effect of
Year*Treatment 3 2319.6 773.21 0.84 0.590
G.demissaon S. All Years
Month*Treatment 6 2576.2 429.36 0.58 0.875
alterniflora proxy
Year*Month*Treatment 6 2647.7 441.29 1.01 0.452
Plot(Treatment) 28 95353 3405.5
Year*Plot(Treatment) 28 25682 917.2
Month*Plot(Treatment) 56 41175 735.26
Year 1 14683 14683 13.36 0.001
Month 2 297.76 148.88 1.16 0.303
Treatment 2 9778.2 4889.1 0.67 0.636
All Plots — Effect of
Year*Month 2 1133.9 566.96 4.26 0.003
S. alterniflora on
All Years Year*Treatment 2 7332.5 3666.2 3.33 0.004
numerical density
Month*Treatment 4 488.18 122.05 0.95 0.507
of G. demissa
Year*Month*Treatment 4 514.19 128.55 0.97 0.480
Plot(Treatment) 21 1.53E+05 7278.2
Year*Plot(Treatment) 21 23089 1099.5
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‘ Month*Plot(Treatment) 42 5373 127.93
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