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Abstract

Intertidal mudflats are unique ecosystems supporting diverse biotic communities,
including infaunal organisms that live buried in sediments. Infaunal invertebrates have
adapted to burrow, move, respire, and process sediment particles for food. This study
explores how sediment organic content, carbonate content, grain size, pH and alkalinity
influence abundance of four infaunal species (Tubificoides benedii, Corophium volutator,
Macoma balthica and Hediste diversicolor) along the Northwest Bay of Fundy shore,
based on Fall 2023 sampling at 10 sites. Results indicate that site had a significant effect
on species abundance. The environmental variables that had the most influence on
Tubificoides benedii, Corophium volutator, Macoma balthica, and Hediste diversicolor in
generalized linear mixed models were sediment organic content, alkalinity and carbonate
content. Hediste diversicolor appeared to also be influenced by sediment pH. Further
investigation into the effects of sediment pH and alkalinity is needed to enhance
understanding of ecology of mudflat invertebrates and provide a foundation for future

species or environment specific studies.
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Introduction

Intertidal mudflats are distinct ecosystems characterized by unique environmental
features, including alternating aerial exposure and submersion in seawater, that support
abundant biotic communities (Dissanayake et al., 2018; Paterson et al., 2009). Mudflats
serve as a transition area between marine and terrestrial environments (Foster et al.,
2013) and consist of a mixture of sand and mud, with the mud content displaying
cohesive qualities (Dyer et al., 2000). The proportions of sand and mud can vary,
resulting in different mudflat characteristics that support diverse populations (Gerwing,
2016). Generally, high levels of organic matter such as plant residue can influence
carbonate chemistry by decreasing pH as organic matter breaks down and releases acidic
compounds (Leifeld et al., 2008; Rukshana et al., 2012). Chemical processes in the
sediment linked to microbe respiration, can lead to overconsumption of oxygen, creating
anaerobic conditions and increasing alkalinity (Kirchman, 2018). The extent of wave
exposure varies by location, with mudflats along exposed coastlines experiencing greater
wave action than those located in enclosed areas (Dyer et al., 2000). Wave action erodes
soluble substances, gradually transforming larger particles into smaller grains over time,
and exerts a significant influence on environmental factors, such as grain size. Tidal
range can also influence various ecological factors of mudflats, including topography,
physiographic features, morphology, and classification. (Dyer et al., 2000; McFall,

2019).

Mudflats support a wide variety of species, including infaunal organisms (Shen et al.,
2006), which live buried in sediments (Banta & Andersen, 2003). These organisms have

developed the necessary adaptations to live surrounded by sediment, as they must be able



to burrow, move, respire, and some process sediment particles to feed (Banta &
Andersen, 2003). Faunal diversity in these environments can range from highly diverse
populations to a limited number of species (Dyer, 1998). Soft sediments exposed to
strong wave energy are highly dynamic, preventing many organisms from living in them.
On the contrary, wave sheltered soft sediments are usually more suitable for a larger
diversity of invertebrates (Bertness, 1999). On mudflats, the most abundant macrofaunal
invertebrate groups of the Gulf of Maine include oligochaetes, mollusks, polychaetes and
amphipods (Larsen & Doggett, 1991). Invertebrate communities play crucial roles in
mudflat ecosystems, contributing to essential processes such as nutrient cycling and
overall ecosystem biodiversity (Ieno et al., 2006, Lohrer et al., 2010), benthic-pelagic
coupling through suspension-feeding bivalves, and serving as a food source for predators
such as migrating shorebirds, crustaceans, and fish foraging at high tide (Nguyen, 2018).
They also contribute to sediment processes (Lohrer et al., 2010) and energy transfer

across different trophic levels (Snelgrove et al., 1997).

Both biotic and abiotic factors, can influence mudflat community composition and
spatiotemporal dynamics (Gerwing et al., 2016). The present study focuses on abiotic
factors, that have been shown to have effects on invertebrates (Jones et al., 2017)
including sediment organic content (Bolam et al., 2004), carbonate chemistry
(McGarrigle, 2023), pH (Rosemond et al., 1992) and sediment particle size (Meadows,
1964). Organic content significantly influences infaunal community structure, as it
impacts species diversity and composition (Widdicombe & Austen, 2001). Furthermore,
organic content is important for deposit feeders, as it serves as a food source (Snelgrove

& Butman, 1994). However, research has shown that infaunal diversity decreases as



organic content increases, as anoxic conditions arise with high organic content due to
anaerobic decomposition. This can be mitigated by the bioturbation of the substrate by
organisms, which can enhance oxygen penetration into deeper sediment layers, benefiting
microbial activity and facilitating the breakdown of organic material. Increased oxygen
availability mitigates the detrimental effects of low oxygen on larger animals and
enhances the activity of aerobic (oxygen-requiring) microbes, facilitating the breakdown
of organic molecules containing carbon (Widdicombe & Austen, 2001). Nevertheless, if
carbon degradation continues to escalate due to high organic material, it can lead to

anoxic conditions, which may harm the community (Widdicombe & Austen, 2001).

Additionally, invertebrate communities are negatively affected by changes in carbonate
chemistry, including decreased pH and increased alkalinity (Rosemond et al., 1992,
Victoria et al., 2008). Studies suggest that seawater pH is crucial in determining infaunal
community structure, with some species being more sensitive to acidic environments
(Rosemond et al., 1992). For example, it has been reported that calcification in
Mercenaria mercenaria decreased as acidification in the water column intensified (Ries
et al., 2009) as there are less carbonate ions available for shell formation because
carbonate ions bond with hydrogen ions (Green et al., 2004, Green et al., 1993). While
fewer studies have examined sediment carbonate chemistry (pH and alkalinity), and their
effects on growth, development, and calcification of marine bivalves compared to
seawater carbonate chemistry, it is suggested that sediment carbonate chemistry may
influence invertebrate and bivalve abundance (Meseck et al., 2018, Clements & Hunt,
2017). For example, Mercenaria mercenaria and other burrowing species showed shell

dissolution when exposed to sediment with decreased pH and low levels of calcite and



aragonite, which are the main forms of calcium carbonate found in organisms. Carbonate
chemistry and sediment acidification appears to affect bivalve settlement, indicating a
need for further research to understand seasonal and yearly variability (Meseck et al.,

2018, Clements & Hunt, 2017).

Additionally, species within the community show preferences for different grain sizes
(Pomory et al., 1995). Firm mud typically supports the greatest diversity and density of
infaunal organisms. As grain size increases, conditions may become less favorable for
organisms to maintain their burrows, and bivalves may find it difficult to sustain their
burrowing depth (Dashtgard et al., 2007). For some species, a larger grain size means less
protection from predators because there are less grain boundaries which allow for freer
movement for burrowing and digging, and fewer sources of food, as there is less organic
matter available for feeding (Grant, 1981). Diversity and density of infauna generally
increase from onshore to offshore, where mud deposits are more prevalent, and in other

areas where substrate grain size decreases (Dashtgard et al., 2007).

This study aims to assess the spatial variation of abundance of the amphipod Corophium
volutator, the clam Macoma balthica, the oligochaete Tubificoides benedii and the
polychaete Hediste diversicolor between different intertidal mudflats in the Northwest
Fundy shore, Bay of Fundy. This study also examines how the abundance of these
species relates to environmental factors: sediment pH, alkalinity, organic matter,
carbonate content and grain size. By investigating how the sediment chemistry and
characteristics influence infaunal communities, this research aims to enhance our

understanding of species distribution and abundance. By examining the strength of these



relationships, the study will provide valuable groundwork for future research focused on

specific species or environmental aspects.



Materials and methods

Study Sites

Sampling was conducted at ten different sites along the Northwest Fundy shore in the
upper Bay of Fundy, New Brunswick, Canada. The Bay of Fundy is known for its
distinctive rise and fall of tides, with diurnal cycles and tidal ranges exceeding 15 meters
(Desplanque & Mossman, 1972); the tidal range of my study sites is from 6 to 8 meters.
The selected sites varied in composition, with some consisting of sandy beaches and
others of mudflats. The ten selected sites were as follows (Figure 1): Bar Road, Saint
Andrews, Charlotte County (BR, 45°06'02"N, 67°03'09"W); Pagan Point, Saint Andrews,
Charlotte County (PP, 45°04'24"N, 67°02'07"W); Letang (Limekiln Rd.), Charlotte
County (LR, 45°04'42"N, 66°44'07"W); Beaver Harbour Basin, Charlotte County (BH,
45°07'36"N, 66°44'28"W); Red Head Road, Charlotte County (RH, 45°04'09"N,
66°49'21"W); Pocologan, Charlotte County (POC, 45°06'49"N, 66°36'37"W); Maces Bay
(Cassidy Ln), NB (CL, 45°0729"N, 66°28'14"W); Little Dipper Harbour, NB (LDH,
45°04"24"N, 67°02'07"W); Little Lepreau, NB (LL, 45°07'52"N, 66°28"26"W); and

Musquash, Saint John County (MUS, 45°10'51"N, 66°14'13"W).



Wilderness

; ‘Musqua
z A e
% ~
/ e e
/\\‘ » Musquash Q

Caséidy Lane

N ) ‘
% "~ . RedHeadRoad & e~
\ Pagan:Point S S A P Little Lepreau
\ 4 N ocologan
\ s Beaver'Harbour Q o

(5) Q Secleys Cove Dipper Harbour
Ltimekiln Road

Figure 1. Map of the ten sites in southwestern New Brunswick, sampled during fall of 2023.
Furthest distance between sites is 65.7km (Google, 2025).

Species selected for the study

Four species were selected for this study: Tubificoides benedii, Corophium

volutator, Macoma balthica, and Hediste diversicolor. These four species were chosen
based on their ease of identification and abundance in samples collected in the field.
According to Giere et al. (1998), the oligochaete 7. benedii is a deposit feeder typically
found in polluted, eutrophic coastal environments. These high-stress habitats often
feature elevated levels of hydrogen sulfide, suggesting that 7. benedii is capable of
tolerating anoxic conditions. Its ability to maintain high oxygen regulatory capacity and
engage in aerobic respiration under low oxygen levels enables it to thrive in sulfidic
environments (Giere et al., 1999). C. volutator is a common amphipod and a dominant
deposit feeder in the Bay of Fundy/Gulf of Maine and Northwest Europe. It plays a key
role in linking primary producers to higher trophic levels and serves as prey for coastal
birds and ground-feeding fish (Murdoch et al., 1986). M. balthica is a small, thin-shelled
clam common in estuaries and muddy habitats on the East Coast of the US. Its shell size

does not exceed 40 mm, and it feeds on small particles on the surface layer of the



sediment. H. diversicolor is a common ragworm from the polychaete group, found in
shallow, marine brackish waters in temperate zones. When burrowing, it forms a U- or Y-
shaped structure in the sediment (Scaps, 2002) and exhibits various feeding behaviors,
such as carnivory, scavenging, filter feeding, and deposit feeding (Beyer & Sundt, 2006).
This species is frequently used as bait for commercial purposes (Rasines et el., 2023). It
is an important component of the food web, as it is preyed upon by fish and crustaceans

(Long et al., 2008).

Field sampling design

Sampling for this project was completed in Fall 2023 over a two-week period (Oct 31% -
Nov 8" during low tide. The invertebrate community was characterized, and abiotic
environmental variables, including sediment carbonate chemistry (pH and alkalinity) and

sediment characteristics (organic content and grain size) were recorded for analysis.

Upon arrival at each site, a 25m transect was placed perpendicular to the waterline in the
mid intertidal zone. Sampling was conducted on one side of the transect to ensure that the
opposite side remained undisturbed. Sediment and alkalinity samples were collected at
six randomly assigned meter marks per site, which were pre-determined using a random
number generator in Excel. No repeats were made at any given mark. Sediment samples
for pH were obtained using a core, by pressing it into the sediment. The sample was then
transferred into the core jar (diameter 6.4 cm, depth 5 cm), ensuring that the surface
remained undisturbed. A second sediment sample was collected at the same meter
location using the same procedure for sediment characteristics analysis. For alkalinity
measurements, a metal scoop was used to collect surface sediment at each location,

which was then placed in a vial (15 mL; 1.6 cm diameter x 11.8 cm height).



At the same random meter locations, a 0.015m? quadrat was haphazardly placed near the
core collection point. A 10cm deep hole was dug evenly within the quadrat, and the
sediment was placed in a bucket. The sediment was then taken to a water source, where it
was sieved through a 4mm mesh sieve. Any macrofauna larger than 4 mm (excluding
worms, due to identification challenges in the field) were measured using calipers and
then released back to the environment. Once sieving was complete, the remaining
material in the sieve was transferred into plastic jars for further analysis. All core jars and
water samples were transported in a cooler with ice to keep samples cool, as pH
measurements could be affected by temperature changes. Samples for sediment
characteristics were placed in the freezer for storage, and the quadrat samples were

preserved in ethanol.

Laboratory analyses

pH analysis was conducted using a Unisense microelectrode pH-500 probe and a
Unisense pH/Redox Uniamp meter. All pH profiling was completed within six hours of
sample collection. Sediment pH measurements were taken at depth intervals of 0.5cm,
extending from the surface to 3cm into the sediment core. Three holes were haphazardly
created in the sediment to check for obstructions and avoid damaging the probe. The
profile was conducted at the edge of each of the three holes, resulting in a total of three
profiles per core. A motorized arm, holding the probe, was moved down to the
corresponding depth, while the core was positioned below the arm. The tip of the probe
was placed right next to the previously made hole. pH readings were recorded at each
interval, with temperature only recorded at the surface. If an obstruction was encountered

in the sediment, the profile was discontinued. The pH probe was calibrated before use



with 4.0, 7.0, and TRIS buffer solutions for pH value correction. After completing the pH
profiles, all sediment samples were sieved through a 500pum sieve and stored in core jars

with ethanol, properly labeled for future invertebrate analysis.

Alkalinity was measured using spectrometry following the method outlined by Sarazin et
al., (1999). Sediment samples were processed in a centrifuge at a speed of 5 for 12
minutes to extract the porewater. A standard curve for conversion of absorbance to
alkalinity was created, using seawater with known alkalinity levels and a colour reagent
composed of formic acid, bromophenol blue solution, and sodium chloride. The amount
of seawater standard (with known alkalinity) was varied by adjusting the NaCl-to-
seawater ratio to create the calibration curve. Mixtures were added and mixed using a
micropipette. Once the calibration curve was established, the spectrophotometer was
ready for processing the porewater samples. After centrifuging the mud samples and
extracting the porewater from the sediment samples, the same reagent mixture used
previously was added to the porewater using a micropipette. The prepared samples were
then placed in the VWR V-1200 spectrophotometer set to 590nm, and the absorbance
readings were recorded. Finally, the absorbance readings were converted to alkalinity

values based on the curve developed.

Grain size analysis was performed by preparing approximately 150—175g of the frozen
sediment samples, by thawing and drying them at 105°C for 24h, and then pulverizing
them with a mortar and pestle. The samples were passed through a stack of sieves with
mesh sizes of 63um, 125pum, 500pum, 710pum, Imm, 2mm, and 4mm and shaken using a

sieve shaker at 20min intervals. After shaking, the material from each sieve was carefully



poured into a plastic plate and weighed to calculate the mean grain size using the

GRADISTATVS template in Excel (Blott & Pye, 2001).

Organic content was analyzed using the loss on ignition method. Approximately 2—3g of
each sediment sample was first dried in an oven at 105°C for 24h, then burned in a muffle
furnace at 550°C for 4h. Afterward, the samples were burned again at 950°C for two
hours. The percentage weight difference before and after the 550°C and 950°C burning
periods indicated the relative amounts of organic content and carbonate content in the

sediment, respectively.

Invertebrate counts were performed on both the core and quadrat samples. For the
quadrats, which had been sieved using a 4mm sieve, the sample was poured into a tray
where organisms > 4mm were counted. These organisms were measured using calipers
or, when necessary, an ocular micrometer on a dissecting microscope, which was also
used for taxonomic identification. Core samples were sieved using a 500um sieve, and

the organisms were counted and identified using a dissecting microscope.

Statistical analyses

Due to the varying sizes of the species of interest, cores and quadrats were selected for
analysis based on which method yielded the highest abundance for each species. Core
samples were used for 7. benedii, C. volutator, and H. diversicolor, while quadrat

samples were used for M balthica.

All statistical analyses and graphs were conducted using RStudio (version 4.3.2). The
effect of site on abundance of each species was assessed first. The data failed to meet the

assumptions of homogeneity of variance and normality of residuals for ANOVA, tested



using the "leveneTest" function from the "car" package for homogeneity and the
"shapiro.test", "qqnorm", and "qqline" functions from the "stats" package for normality.
As aresult, a generalized linear model (GLM), with negative binomial distribution, from
the "glm" function in the "stats" package was used. To determine if site had a significant
effect on species abundance, the “Anova” function from the “car” package was used to
do likelihood ratio Chi-square tests. To make posthoc pairwise comparisons between
sites, the "emmeans" function from the "emmeans" package was used. To illustrate the
relationship between site and species abundance, one boxplot graph per species was

created using the "ggplot2" package from the "tidyverse" collection of packages.

To examine which environmental variables—sediment carbonate content, pH, alkalinity,
organic matter, and grain size—had the greatest influence on species abundance, a
generalized linear mixed model (GLMM) was used, with site as a random variable. Using
the "check overdispersion" function from the "DHARMa" package, it was determined
that the data were overdispersed. Therefore, a GLMM with a negative binomial
distribution was used, employing the "glmmTMB" function from the "glmmTMB"
package, with site as a random variable. Since pH depth was measured in 0.5cm intervals,
the data were filtered to create one dataset per mean pH depth with the rest of the
variables in it, resulting in seven models in total per species. These models were
compared using the "AIC" function from the "stats" package to identify the depth at
which pH best explained abundance for each species. The Akaike Information Criterion
(AIC) indicated that for 7. benedii and C. volutator, the depth that best explained their
abundance was 1.5cm; for M. balthica and H. diversicolor, the chosen depths were 2.5cm

and Ocm, respectively.



For each species, candidate models with different combinations of environmental
variables, including pH at the selected depth were created using the “glmmTMB”
function and compared using the same AIC function (Table A1l). The top three models
for each species are presented in the results section (Table 2). Finally for all species the
pseudo-R? value was calculated using the function “logLik”, “calc_pseudo r2() and
“elmmTMB” with “nbinom2” distribution from the package “glmmTMB”. Scatterplots
of abundance in relation to environmental variables were created for each environmental
variable included in the three best models, using the “ggplot” function from the “ggplot2”

package.



Results

Species abundance relative to site

The four species showed different patterns of abundance across sites. C. volutator was
the species present at the most sites, and H. diversicolor was the least present across sites,
only collected in three out of ten sites (Figure 2.). M. balthica and T. benedii were present
at four out of ten sites. Although abundances varied, all four species were present at Red

Head (RH) (Figure 2.). There was a significant effect of site on species abundances

(Table 1.).
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Figure 2. Boxplots of abundance of a) 7. benedii, b) C. volutator, c) M. balthica and d) H.
diversicolor at ten different sites during the fall of 2023 in the Northwest Fundy shore. a), b) and
d) expressed as abundance per core and c) expressed as abundance per quadrat.



Table 1. The Chi-square statistic, degrees of freedom and P-value from GLMs of the effect of site
on abundance of T. benedii, C. volutator, M. balthica, and H. diversicolor. *** represents
statistical significance at an alpha level of 0.05.

Species Chi-square Degrees of P-value
statistic freedom

Tubificoides 68.32 9 3.234e-11 ***

benedii

Corophium 257.4 9 <2.2e-16 ***

volutator

Macoma 48.87 9 1.749e-07 ***

balthica

Hediste 107.38 9 <2.2e-16 ***

diversicolor

Tubificoides benedii

T. benedii was abundant at Beaver Harbor Basin (BHB), Limekiln Road (LKR), Read
Head (RH) and Little Lepreau (LL) (Figure 2). There was more abundance variation
among samples at RH than LL, indicated by the longer boxplot length (Figure 2.). The
boxplot from LKR and BHB is short, showing little variation, and BHB exhibited
symmetrical distributed data (Figure 2). There was a significant variation among sites in
T. benedii abundance (Table 1). When comparing the abundance of 7. benedii among the
ten sites, all the sites varied significantly form each other, except for Bar Road (BAR)

and Little Dipper Harbour (LDH) (Table A2).
Corophium volutator

Among all the species of interest, C. volutator exhibited the highest abundance across
multiple sites (Figure 2). There was the greatest abundance variation among samples at
Beaver Harbour Basin (BHB), Musquash (MUS), and Red Head (RH). RH and MUS
showed a more symmetrical distributed abundance across samples. Data from BHB,

Pocologan (POC), Cassidy Lane (CL) and Little Lepreau (LL) was positively skewed



(Figure 2). There was significant variation in the abundance of C. volutator across
different sites (Table 1). The abundance of C. volutator among the ten sites, varied
significantly for all pairs of sites, except for Bar Road (BAR), Little Dipper Harbour
(LDH) and Pagan Point (PAG) (Table A3).

Macoma balthica

Beaver Harbour Basin (BHB) had the highest abundance of M. balthica among all sites
(Figure 2). Red Head (RH), Pocologan (POC) and Little Lepreau (LL) showed abundance
levels greater than zero but lower than those observed at BHB. No M. balthica were
detected in quadrats at the rest of the sites (Figure 2). There was significant variation
among sites in M. balthica abundance (Table 1). When comparing the abundance of M.
balthica among the ten sites, it varied significantly between most pairs of sites but not
between Bar Road (BAR), Little Dipper Harbour (LDH), Limekiln Road (LKR) and
Pagan Point (PAG) (Table A4). Note that the abundance of M. balthica is shown per

quadrat; therefore, its overall density is lower than the other species.

Hediste diversicolor

H. diversicolor was only present at Red Head (RH), Pocologan (POC) and Cassidy Lane
(CL) (Figure 2). CL exhibited the highest abundance and the greatest variation among
samples; abundance values appear to be evenly distributed across samples. RH and POC
had lower abundance than CL, values were negatively skewed (Figure 2). There was
significant variation in the abundance of H. diversicolor across sites (Table 1). The
abundance of H. diversicolor compared among the ten sites only varied significantly

between Pocologan (POC) and Musquash (MUS) (Table AS).



Abiotic variables in mudflats

Abiotic variables varied across the different sites (Figure 3). For instance, sediment
carbonate content generally ranged from 0.0% to 0.5%, but BAR, PAG, and LKR had
values that ranged up to 2.0% (Figure 3). BAR had the highest mean grain size, followed
by LL, while the other sites had grain sizes ranging from 100um to about 500um (Figure
3). The highest sediment pH values were found at BAR and PAG, while pH at the
remaining sites ranged from just above 7.00 to approximately 7.50 (Figure 3). Sediment
at LKR had the highest organic content percentage, while PAG had the lowest (Figure 3).
Lastly, sediment alkalinity was lowest at BAR and highest at LL, with the other sites

showing intermediate values (Figure 3).
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Figure 3. Boxplots of environmental variables (carbonate content, grain size, pH, organic content
and alkalinity) measured in the sediment at ten different sites (Bar Road (BAR), Pagan Point
(PAG), Limekiln Road (LKR), Beaver Harbour Basin (BHB), Red Head (RH), Pocologan (POC),
Cassidy Lane (CL), Little Dipper Harbour (LDH), Little Lepreau (LL) and Musquash (MUS) in
the Northwest Fundy shore, New Brunswick, Canada).



Species abundance relative to environmental factors

Tubificoides benedii

T. benedii abundance was greatest at intermediate levels of alkalinity and had a negative
trend with the rest of the abiotic variables (Figure 4). Higher abundance values were
more clustered towards lower carbonate content percentages and smaller grain sizes. 7.
benedii abundance varied across the range of sediment organic content, alkalinity and pH

values (Figure 4).
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Figure 4. Scatterplot of abundance of 7. benedii relative to a) organic content (%), b) alkalinity
(umol kg-1), c¢) carbonate content (%), d) grain size (um) and e) pH of sediment in ten different
sites during the fall of 2023 in the Northwest Fundy shore. Abundance of T. benedii per core
(diameter 6.4 cm, depth 5 cm).

The top model of the relationship between 7. benedii abundance and environmental
variables included sediment organic content and alkalinity, while the second-best model,
included carbonate content and alkalinity (Table 2). The third-best model, the global

model, included all the abiotic variables—organic content, carbonate content, alkalinity,



grain size, and pH (Table 2). According to the pseudo-R?, these models explain only

between 4% and 17% of the variation in the data (Table 2).

Table 2. Top three models based on Akaike Information Criterion (AIC) results for Generalized
Linear Mixed Models (GLMM) of relationships between abundance of 7. benedii, C. volutator,
M. balthica, and H. diversicolor and abiotic variables, with site as a random variable. Data from
the fall 2023 sampling, Northwest Fundy shore.

Species pH Variables Delta AICc df Loglik K Pseudo-
depth R2
(cm)

Tubificoides 1.5 Organic 0.00 37746 5 -183.01 5 0.04
benedii content

and

alkalinity

Carbonate 0.74 37820 5 -183.39 5 0.04
content

and

alkalinity

Alkalinity, 1.90 37935 8 -179.83 8 0.17
organic

content,

carbonate

content,

grain size

and pH

Corophium 1.5 Carbonate 0.00 307.14 5 -147.86 5 0.17
volutator content

and

alkalinity

Organic 1.64 308.78 5 -148.68 5 0.16
content

and

alkalinity

Alkalinity, 8.16 31531 8 -147.81 8 0.17
organic

content,

carbonate

content,




grain size
and pH

Macoma 2.5 Alkalinity 0.00 95.11 4 -43.10 4 0.21
balthica

Organic 038 9548 5 -42.03 5 023
content

and

alkalinity

Carbonate 1.58 96.69 5 -42.63 5 022
content

and

alkalinity

Hediste 0 Alkalinity 0.00 7537 5 -32.00 5 0.51
diversicolor and pH

Carbonate 1.24 76.61 5 -32.61 5 0.50
content

and

alkalinity

Organic 1.68 77.05 5 -32.83 5 0.50
content

and

alkalinity

Corophium volutator

There was a positive trend between C. volutator abundance and sediment carbonate
content. There were no C. volutator at the highest and lowest organic content
percentages. There was a negative relationship between abundance and alkalinity, grain
size and pH (Figure 5). Abundance values were greater and mostly concentrated at lower

carbonate content percentages and at intermediate pH values (Figure 5).
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Figure 5. Abundance of C. volutator relative to a) organic content (%), b) alkalinity (umol kg-1),
c) carbonate content (%), d) grain size (um) and e) pH of sediment in ten different sites during the
fall of 2023 in the Northwest Fundy shore. Abundance of C. volutator per core (diameter 6.4 cm,
depth 5 cm).

The model that best explained C. volutator abundance included sediment carbonate
content and alkalinity, while the second-best model included organic content and
alkalinity. The third-best model, the global model, included all the abiotic variables—
organic content, carbonate content, alkalinity, grain size, and pH (Table 2). According to

the pseudo-R?, these models explain about 17% of the variation in the data (Table 2).
Macoma balthica

M. balthica showed the lowest abundance values out of the four species with no linear
relationship to the abiotic variables (Figure 6). M. balthica were found mostly at lower

levels of organic and carbonate content and moderate alkalinity values (Figure 6).
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Figure 6. Abundance of M. balthica relative to a) organic content (%), b) alkalinity (umol kg-1)
and c) carbonate content (%) at sediment in ten different sites during the fall of 2023 in the
Northwest Fundy shore. Abundance of M. balthica per quadrat (0.015m?2).

The model that best explained M. balthica abundance included only sediment alkalinity,
while the second-best model included organic content and alkalinity (Table 2). The third-
best model included carbonate content and alkalinity (Table 2). Based on the pseudo-R?,

these models explained 21% to 23% of the variation in the data (Table 2).
Hediste diversicolor

Abundance values of H. diversicolor were greater at lower levels of organic content,
carbonate content, and pH (Figure 7). Abundance values, especially at Pocologan and

Red Head were greatest at moderate levels of organic content, pH and alkalinity, and

Site
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lower levels of carbonate content (Figure 7).
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Figure 7. Abundance of H. diversicolor relative to a) organic content (%), b) alkalinity (umol kg-
1), ¢) carbonate content (%) and d) pH in sediment at ten different sites during the fall of 2023 in
the Northwest Fundy shore. Abundance of H. diversicolor per core (diameter 6.4 cm, depth 5

cm).

The model that best explained H. diversicolor abundance included alkalinity and pH

while the second best model included carbonate content and alkalinity. The third-best

model included organic content and alkalinity (Table 2). According to the pseudo-R?,

these models explained about 50% of the variation in the data (Table 2).
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Influence of abiotic variables on species abundance

While different environmental variables had an impact on the four species, the abiotic
variables which were included in the best models of species abundance most often were

organic content, carbonate content and alkalinity (Table 2).

Overall, sediment alkalinity was found in the best model for all 4 species. Sediment
organic content and carbonate content were in at least one of the three best models for all
the species. Finally, sediment pH was in the top model for H. diversicolor. The models of
relationships between abundance and abiotic variables explained the most variance for H.
diversicolor (~50%), and the least variation for 7. benedii (4-17%), with models for C.

volutator and M. balthica having pseudo-R? that ranged between 16-23%.



Discussion

Abundances of T. benedii, C. volutator, M. balthica and H. diversicolor varied
significantly across the study sites. The species were patchy in their distribution or were
not found at all at some sites. The study sites exhibited variation in environmental
variables, including sediment carbonate content, grain size, pH, organic content, and
alkalinity. Overall, based on the GLMM models, abundance of the four species of interest
in this study were consistently related to sediment alkalinity, while abundance of some
species was also related to organic content or carbonate content. For 7. benedii, the best
fit model included organic content and alkalinity. For C. volutator, the best fit model
featured carbonate content and alkalinity. The best model for M. balthica only included

alkalinity, while for H. diversicolor, alkalinity and pH were included.

Alkalinity was present in the best fit model of all four species, and pH in the best fit
model for H. diversicolor. Both of these variables are related to carbonate chemistry. My
study showed that species abundance was mostly centered at a low to moderate alkalinity,
and moderate pH levels. Fewer studies have focused on sediment carbonate chemistry
(pH and alkalinity) compared to studies on water column pH and alkalinity, but it is
known that a decline in sediment pH can negatively affect survival rates and calcification
in infaunal species (Guzman-Guevara et al., 2018). If tolerance ranges are exceeded,
acidification can dissolve calcium-based body structures, such as the shells of M. balthica
and other bivalves, or impair the development of their larvae (Jansson et al., 2013). For
example, Green et al., 2004 found that mortality of Mercenaria mercenaria juveniles
increased at low carbonate levels when their shells started to dissolve due to the low

concentration of biogenic aragonite, which makes up their shell. A previous study on



intertidal mudflat communities found that carbonate chemistry played a critical role, with
sediment pH and water alkalinity being the best explanatory variables for multivariate

community variation (McGarrigle & Hunt, 2024).

Organic content also appeared to influence species abundance as it was found in the top
three models of all 4 species. For example, as organic content increased, the abundance
of T. benedii increased. This is likely because 7. benedii, a deposit feeder, relies on
organic matter in the sediment for food (Dubilier & Giere, 1995). This species is known
to hold its tail to the surface for respiration while foraging in deeper, organic-rich
sediment (Dubilier & Giere, 1995). C. volutator and M. balthica, deposit feeders, also
depend on organic matter such as particulate matter, organic detritus, and diatoms for
survival (Icely & Nott, 1985). Results from my study showed that the abundance of the
four species was higher in areas with low to moderate organic matter. Although it is
known that organic content in sediment is associated with food availability for infaunal
organisms, high levels of organic content are related to oxygen depletion in the
environment (Levin & Gage, 1998), which may harm the community (Widdicombe,
2001). More research on polychaetes and oligochaetes such as 7. benedii and H.
diversicolor is needed as there was limited information compared to C. volutator and M.
balthica to fully understand how these species are affected by different environmental

variables.

In my study, there was little evidence for the importance of grain size compared to the
other abiotic variables, which is different than what I would expect based on past studies
of these species. It was only included in the third best model for 7. benedii and C.

volutator. Although there was not a clear relationship, 7. benedii and C. volutator



abundance was higher in finer grain sizes. Fenchel et al. (1975) noted that C. volutator
utilizes specific-sized bacteria attached to clay particles in the sediment as a food source.
Smaller particle sizes also provide better protection from predators for different species
of invertebrates (Fenchel et al., 1975), as some are predated upon by shorebirds and
benthic fish (Meadows, 1964; McCurdy et al., 2005). It is possible that the relationship to
grain size for the 4 species of interest was not very clear in this study because the species
might have adapted to thrive in different grain sizes. They might be able to burrow into

finer or coarser sediments, without being strongly impacted by the exact grain size.

Even though the top models for all species included similar environmental variables, the
pseudo-R? values indicated that the variables explained more of the variation in
abundance for some species than others. The models for H. diversicolor explained about
50% of the variation, in contrast to 7. benedii, where the models explained only 4-17%
of the variation. C. volutator and M. balthica showed intermediate values compared to
the other two species. This could be an indicator that the distribution and abundance of
the species with lower pseudo-R? values are more strongly influenced by abiotic or biotic
factors not considered in this study. Other environmental variables not included in this
study, such as salinity, temperature, wave action, and air exposure, might also affect
species abundance and could explain more variation. Additionally, biotic factors, such as
the abundance of predators, competitors, or food availability, may also influence species

abundance.

In conclusion, sediment organic content, carbonate content, and alkalinity emerged as the
environmental variables most strongly related to the abundance of 7. benedii, C.

volutator, M. balthica, and H. diversicolor. Significant spatial variation in species



abundance was observed across sites, highlighting the importance of local environmental
factors. Understanding how these factors differ across sites is crucial for comprehending
the spatial distribution of species. Specifically, sediment alkalinity appeared to play a role
in shaping the abundance patterns of all four species, emphasizing its significance in their
ecological patterns. Future directions for research on infaunal invertebrates in this region
include investigating in greater depth the extent to which alkalinity affects the infaunal
community and identifying other variables that influence the abundance of different
species. Collecting data on more variables so that they can be included in models, in
addition to those studied here, could provide a better understanding of why the infaunal

community varies spatially and under different conditions.



Contributions to Thesis

This honours project is part of a larger project, which consists of three sampling periods:
fall 2023, summer 2024 and fall 2024. The data for my thesis comes from the fall 2023
sampling period only. Field work, pH and alkalinity analyses were conducted by Dr.
Heather Hunt, Mia Francis and Krista Beardy. Amanda Fenech and I did invertebrate
counts and identification for the fall 2023 data. I carried out the statistical analyses for
this honours project. I participated in field sampling and laboratory sample processing for
the second sampling period and contributed to the laboratory sample processing for the

third sampling period.



Bibliography

Ambrose, W. G. (1991). Are infaunal predators important in structuring marine soft-
bottom communities? American Zoologist, 31(6), 849—-860.
https://doi.org/10.1093/icb/31.6.849

Banta, G.T. & Andersen, O. (2019). Bioturbation and the fate of sediment pollutants.
Experimental case studies of selected infauna species. Vie et Milieu / Life &
Environment, 2003, pp.233-248. https://doi.org/10.1016/j.marpolbul.2019.110487

Bertness, M. D. (1999). The ecology of Atlantic shorelines. Sinauer associates.
Sunderland, Mass. pp. 249

Beyer, J., & Sundt, R. C. (2006). A brief literature review of Hediste diversicolor
(Miiller, 1776). pp.17. https://norceresearch.brage.unit.no/norceresearch-
xmlui/handle/11250/2674364

Blott, S. J., & Pye, K. (2001). GRADISTAT: a grain size distribution and statistics
package for the analysis of unconsolidated sediments. Earth Surface Processes
and Landforms, 26(11), 1237-1248. https://doi.org/10.1002/esp.261

Bolam, S., Whomersley, P., & Schratzberger, M. (2004). Macrofaunal recolonization on
intertidal mudflats: effect of sediment organic and sand content. Journal of
Experimental Marine Biology and Ecology, 306(2), 157-180.
https://doi.org/10.1016/j.jembe.2004.01.007

Clements, J. C., & Hunt, H. L. (2017). Effects of CO> -driven sediment acidification on
infaunal marine bivalves: A synthesis. Marine Pollution Bulletin, 117(1-2), 6-16.

https://doi.org/10.1016/j.marpolbul.2017.01.053


https://doi.org/10.1016/j.jembe.2004.01.007

Dashtgard, S. E., Gingras, M. K., & Pemberton, S. G. (2007). Grain-size controls on the
occurrence of bioturbation. Palaeogeography Palaeoclimatology Palaeoecology,
257(1-2), 224-243. https://doi.org/10.1016/j.palaec0.2007.10.024

Desplanque, C., & Mossman, D. J. (1972). Bay of Fundy tides. Nature, 238(5365), 429.
https://doi.org/10.1038/238429b0

Dissanayake, N., Frid, C., Drylie, T., & Caswell, B. (2018). Ecological functioning of
mudflats: global analysis reveals both regional differences and widespread
conservation of functioning. Marine Ecology Progress Series, 604, 1-20.
https://doi.org/10.3354/meps12728

Dubilier, N., Giere, O., & Grieshaber, M. K. (1995). Morphological and ecophysiological
adaptations of the marine oligochaete Tubificoides benedii to sulfidic sediments.
American Zoologist, 35(2), 163—173. https://doi.org/10.1093/icb/35.2.163

Dyer, K., Christie, M., & Wright, E. (2000). The classification of intertidal mudflats.
Continental Shelf Research, 20(10-11), 1039-1060.
https://doi.org/10.1016/50278-4343(00)00011-x

Dyer, K. R. (1998). The typology of intertidal mudflats. Geological Society London
Special Publications, 139(1), 11-24.
https://doi.org/10.1144/gsl.sp.1998.139.01.02

Edelaar, P. (2000). Phenotypic plasticity of burrowing depth in the bivalve Macoma
balthica: experimental evidence and general implications. Geological Society
London Special Publications, 177(1), 451-458.

https://doi.org/10.1144/gsl.sp.2000.177.01.30


https://doi.org/10.3354/meps12728
https://doi.org/10.1144/gsl.sp.2000.177.01.30

Fenchel, T., Kofoed, L. H., & Lappalainen, A. (1975). Particle size-selection of two
deposit feeders: the amphipod Corophium volutator and the prosobranch
Hydrobia ulvae. Marine Biology, 30(2), 119—128.
https://doi.org/10.1007/bf00391586

Foster, N. M., Hudson, M. D., Bray, S., & Nicholls, R. J. (2013). Intertidal mudflat and
saltmarsh conservation and sustainable use in the UK: A review. Journal of
Environmental Management, 126, 96—104.
https://doi.org/10.1016/j.jenvman.2013.04.015

Gerwing, T. G., Campbell, L., Hamilton, D. J., Barbeau, M. A., Norris, G. S., Dudas, S.
E., & Juanes, F. (2023). Structuring forces of intertidal infaunal communities on
the northern coast of British Columbia, Canada: assessing the relative importance
of top-down, bottom-up, middle-out, and abiotic variables. FACETS, 8, 1-14.
https://doi.org/10.1139/facets-2022-0199

Gerwing, T. G., Drolet, D., Hamilton, D. J., & Barbeau, M. A. (2016). Relative
importance of biotic and abiotic forces on the composition and dynamics of a
soft-sediment intertidal community. PLoS ONE, 11(1), e0147098.
https://doi.org/10.1371/journal.pone.0147098

Giere, O., Preusse, JH. & Dubilier, N. (1999). Tubificoides benedii (Tubificidae,
Oligochaeta) — a pioneer in hypoxic and sulfidic environments. An overview of
adaptive pathways. Hydrobiologia 406, 235-241.

https://doi.org/10.1023/A:1003711914788


https://doi.org/10.1371/journal.pone.0147098
https://doi.org/10.1023/A:1003711914788

Giere, O., Rhode, B., & Dubilier, N. (1988). Structural peculiarities of the body wall of
Tubificoides benedii (Oligochaeta) and possible relations to its life in sulphidic
sediments. Zoomorphology, 108(1), 29-39. https://doi.org/10.1007/bf00312212

Google (n.d). Map of the ten sites sampled during fall of 2023 as part of the Coastal
Environmental Baseline Program. Retrieved March 24%, 2025, from
https://earth.google.com/web/@0,-
0.18810522,0a,22251752.77375655d,35y,0h,0t,0r/data=CgRCAggBOgMKATBC

AggASg0l1 ARAA

Grant, J. (1981). Sediment transport and disturbance on an intertidal sandflat: infaunal
distribution and recolonization. Marine Ecology Progress Series, 6, 249-255.
https://doi.org/10.3354/meps006249

Green, M. A, Aller, R. C., & Aller, J. Y. (1993). Carbonate dissolution and temporal
abundances of Foraminifera in Long Island Sound sediments. Limnology and
Oceanography, 38(2), 331-345. https://doi.org/10.4319/10.1993.38.2.0331

Green, M. A., Jones, M. E., Boudreau, C. L., Moore, R. L., & Westman, B. A. (2004).
Dissolution mortality of juvenile bivalves in coastal marine deposits. Limnology
and Oceanography, 49(3), 727-734. https://doi.org/10.4319/10.2004.49.3.0727

Guzman-Guevara, F., Austin, H., Hicks, N., Streeter, R., & Austin, W. E. N. (2019).
Impacts of ocean acidification on intertidal benthic foraminiferal growth and
calcification. PLoS ONE, 14(8), €0220046.

https://doi.org/10.1371/journal.pone.0220046



Icely, J. D., & Nott, J. A. (1985). Feeding and digestion in Corophium volutator
(Crustacea: Amphipoda). Marine Biology, 89(2), 183—195.
https://doi.org/10.1007/b100392889

Ieno, E., Solan, M., Batty, P., & Pierce, G. (2006). How biodiversity affects ecosystem
functioning: roles of infaunal species richness, identity and density in the marine
benthos. Marine Ecology Progress Series, 311,263-271.
https://doi.org/10.3354/meps311263

Ivanina, A. V., Hawkins, C., & Sokolova, I. M. (2015). Interactive effects of copper
exposure and environmental hypercapnia on immune functions of marine bivalves
Crassostrea virginica and Mercenaria mercenaria. Fish & Shellfish
Immunology, 49, 54—65. https://doi.org/10.1016/j.151.2015.12.011

Jansoon, A., Norkko, J. (2013) Effects of reduced pH on Macoma balthica larvae from a
system with naturally fluctuating pH-dynamics. PLoS ONE 8 (6):
€68198.d0i:10.1371/journal.pone.0068198

Jones, A. G., Dubois, S. F., Desroy, N., & Fournier, J. (2017). Interplay between abiotic
factors and species assemblages mediated by the ecosystem engineer Sabellaria
alveolata (Annelida: Polychaeta). Estuarine Coastal and Shelf Science, 200, 1—
18. https://doi.org/10.1016/j.ecss.2017.10.001

Kater, B. J., Jol, J. G., & Smit, M. G. D. (2007). Growth of Corophium volutator under
laboratory conditions. Archives of Environmental Contamination and Toxicology,
54(3), 440-446. https://doi.org/10.1007/s00244-007-9057-6

Kirchman, David L., Degradation of organic material, Processes in Microbial Ecology,

Ist edn (Oxford, 2011; online edn, Oxford Academic, 17 Dec.


https://doi.org/10.1007/bf00392889
https://doi.org/10.3354/meps311263
https://doi.org/10.1016/j.ecss.2017.10.001

2013), https://doi.org/10.1093/acprof:0s0/9780199586936.003.0005, accessed 9
Feb. 2025.

Larsen, P. F., & Doggett, L. F. (1991). The macroinvertebrate fauna associated with the
mud flats of the Gulf of Maine. Journal of Coastal Research, 7(2), 365-375.
http://journals.fcla.edu/jcr/article/download/78465/75871

Leifeld, J., Zimmermann, M., & Fuhrer, J. (2008). Simulating decomposition of labile
soil organic carbon: Effects of pH. Soil Biology and Biochemistry, 40(12), 2948—
2951. https://doi.org/10.1016/j.s5011b10.2008.08.019

Levin, L. A., & Gage, J. D. (1998). Relationships between oxygen, organic matter and
the diversity of bathyal macrofauna. Deep Sea Research Part Il Topical Studies in
Oceanography, 45(1-3), 129—163. https://doi.org/10.1016/s0967-0645(97)00085-
4

Lohrer, A., Halliday, N., Thrush, S., Hewitt, J., & Rodil, I. (2010). Ecosystem
functioning in a disturbance-recovery context: Contribution of macrofauna to
primary production and nutrient release on intertidal sandflats. Journal of
Experimental Marine Biology and Ecology, 390(1), 6—13.
https://doi.org/10.1016/j.jembe.2010.04.035

Long, W. C., Brylawski, B. J., & Seitz, R. D. (2008). Behavioral effects of low dissolved
oxygen on the bivalve Macoma balthica. Journal of Experimental Marine Biology
and Ecology, 359(1), 34-39. https://doi.org/10.1016/j.jembe.2008.02.013

Lowell, R. B. (1986). Crab predation on limpets: predator behavior and defense features
of the shell morphology of the prey. Biological Bulletin, 171(3), 577-596.

https://doi.org/10.2307/1541625


https://doi.org/10.1093/acprof:oso/9780199586936.003.0005
https://doi.org/10.1016/j.soilbio.2008.08.019

McCurdy, D. G., Mautner, S. 1., Forbes, M. R., Logan, S. P., & Lancaster, D. (2005).
Foraging and impacts by benthic fish on the intertidal amphipod Corophium
volutator. Journal of Crustacean Biology, 25(4), 558-564.
https://doi.org/10.1651/c-2539.1

McFall, B. C. (2019). The Relationship between beach grain size and intertidal beach
face slope. Journal of Coastal Research, 35(5), 1080.
https://doi.org/10.2112/jcoastres-d-19-00004.1

McGarrigle, S. A., & Hunt, H. L. (2023). Infaunal invertebrate community relationships
to water column and sediment abiotic conditions. Marine Biology, 171(1).
https://doi.org/10.1007/s00227-023-04318-w

Meadows, P. S. (1964). Experiments on Substrate selection by Corophium volutator
(Pallas): depth selection and population density. Journal of Experimental Biology,
41(4), 677-687. https://doi.org/10.1242/jeb.41.4.677

Meseck, S. L., Mercaldo-Allen, R., Kuropat, C., Clark, P., & Goldberg, R. (2018).
Variability in sediment-water carbonate chemistry and bivalve abundance after
bivalve settlement in Long Island Sound, Milford, Connecticut. Marine Pollution
Bulletin, 135, 165—175. https://doi.org/10.1016/j.marpolbul.2018.07.025

Murdoch, M. H., Bérlocher, F., & Laltoo, M. L. (1986). Population dynamics and
nutrition of Corophium volutator (Pallas) in the Cumberland Basin (Bay of
Fundy). Journal of Experimental Marine Biology and Ecology, 103(1-3), 235—
249. https://doi.org/10.1016/0022-0981(86)90143-7

Paterson, D., Aspden, R., & Black, K. (2011). Ecosystem functioning of soft sediments.

In Coastal Wetlands: An Integrated Ecosystem Approach: Intertidal Flats:



Ecosystem Functioning of Soft Sediment Systems. (p. 317-343). Editors: Perillo,
G., Wolanski, E., Cahoon, D. & Brinson, M.
https://www.researchgate.net/publication/306151936 Ecosystem functioning of
soft sediments

Pomory, C., Robbins, B., & Lares, M. (1995). Sediment grain size preference by the sand
dollar Mellita Tenuis Clark, 1940 (Echinodermata: Echinoidea): a laboratory
study. Bulletin of Marine Science, 56(6) 778-783.
https://www.researchgate.net/publication/233499318 Sediment Grain Size Pref
erence by the Sand Dollar Mellita Tenuis Clark 1940 Echinodermata Echin
oidea A Laboratory Study

Rasines, 1., Martin, L. E., & Aguado-Giménez, F. (2023). Effects of rearing density,
substrate height, and feeding frequency on growth and biomass production of
Hediste diversicolor. Aquaculture Journal, 3(2), 121-132.
https://doi.org/10.3390/aquacj3020011

Ries, J. B., Cohen, A. L., & McCorkle, D. C. (2009). Marine calcifiers exhibit mixed
responses to COz-induced ocean acidification. Geology, 37(12), 1131-1134.
https://doi.org/10.1130/g30210a.1

Rosemond, A., Reice, S., Elwood, J., & Mulholland, P. (1992). The effects of stream
acidity on benthic invertebrate communities in the south-eastern United States.
Freshwater Biology, 27(2), 193-209. https://doi.org/10.1111/.1365-
2427.1992.tb00533.x

Rukshana, F., Butterly, C., Baldock, J., Xu, J., & Tang, C. (2012). Model organic

compounds differ in priming effects on alkalinity release in soils through carbon



and nitrogen mineralisation. Soil Biology and Biochemistry, 51, 35-43.
https://doi.org/10.1016/j.s01l1bi0.2012.03.022

Sarazin, G., Michard, G., & Prevot, F. (1999). A rapid and accurate spectroscopic method
for alkalinity measurements in sea water samples. Water Research, 33(1), 290—
294. https://doi.org/10.1016/s0043-1354(98)00168-7

Scaps, P. (2002). A review of the biology, ecology and potential use of the common
ragworm Hediste diversicolor (O.F. Miiller) (Annelida: Polychaeta).
Hydrobiologia, 470(1/3), 203-218. https://doi.org/10.1023/a:1015681605656

Shen, P., Zhou, H., Lai, H., & Gu, J. (2006). Benthic infaunal composition and
distribution at an intertidal wetland mudflat. Water Air and Soil Pollution Focus,
6(5-6), 575-581. https://doi.org/10.1007/s11267-006-9042-5

Sheppard, S. K., & Harwood, J. D. (2005). Advances in molecular ecology: tracking
trophic links through predator—prey food-webs. Functional Ecology, 19(5), 751—
762. https://doi.org/10.1111/j.1365-2435.2005.01041.x

Snelgrove, P., Blackburn, T., PA, H., Dm, A., Grassle, J., Hummel, H., G, K., Koike, 1.,
Lambshead, P., Ramsing, N., & Solis—Weiss, V. (1997). The importance of
marine sediment biodiversity in ecosystem processes. AMBIO, 26(8), 578—583.
https://australianmuseum.net.au/publication/1997-the-importance-of-marine-
sediment-biodiversity-in-ecosystem-processes

Snelgrove, P., & Butman, C. (1994). Animal-sediment relationships revisited: cause
versus effect. Oceanography and Marine Biology - an Annual Review, 32, 111-

177. https://ci.nii.ac.jp/naid/10015358803



Widdicombe, S., & Austen, M. C. (2001). The interaction between physical disturbance
and organic enrichment: An important element in structuring benthic
communities. Limnology and Oceanography, 46(7), 1720-1733.
https://doi.org/10.4319/10.2001.46.7.1720

Fabry, V. ]., Seibel, B. A., Feely, R. A., & Orr, J. C. (2008). Impacts of ocean
acidification on marine fauna and ecosystem processes. ICES Journal of Marine

Science, 65(3), 414-432. https://doi.org/10.1093/icesjms/fsn048



Appendix

Table Al. Candidate models for the species 7. benedii, C. volutator, M. balthica and H.
diversicolor. Average pH at a single depth was included in the models: 7. benedii (1.5cm), C.
volutator (1.5cm), M. balthica (2.5cm), and H. diversicolor (Ocm).

Models Variables

Global Abundance ~ Organic content
model + Carbonate content + pH +
Grain size + Alkalinity

Model #1 ~ Abundance ~ Organic content

Model #2  Abundance ~ Carbonate
content

Model #3  Abundance ~ pH

Model #4  Abundance ~ Grain size

Model #5  Abundance ~ Alkalinity

Model #6  Abundance ~ Organic content
+ carbonate content

Model #7  Abundance ~ Organic content
+pH

Model #8  Abundance ~ Organic content
+ Grain size

Model #9  Abundance ~ Organic content
+ alkalinity

Model Abundance ~ Carbonate
#10 content + pH

Model Abundance ~ Carbonate
#11 content + Grain size

Model Abundance ~ Carbonate
#12 content + Alkalinity

Model Abundance ~ pH + Grain size
#13




Model Abundance ~ pH + Alkalinity

#14
Model Abundance ~ Grain size +
#15 Alkalinity

Table A2. Pairwise comparisons of abundance of 7. benedii between sites: Bar Road, Saint
Andrews, Charlotte County (BR); Pagan Point, Saint Andrews, Charlotte County (PP); Letang
(Limekiln Rd.), Charlotte County (LR); Beaver Harbour Basin, Charlotte County (BH); Red
Head Road, Charlotte County (RH); Pocologan, Charlotte County (POC); Maces Bay (Cassidy
Ln), NB (CL); Little Dipper Harbour, NB (LDH); Little Lepreau, NB (LL) and Musquash, Saint
John County (MUS)

Site Estimate SE z.ratio P-value
comparison

BAR-BHB -18.05 315.89 -0.05 1
BAR-CL -16.66 315.89 -0.05 1
BAR-LDH 0 446.74 0 1
BAR-LKR -17.91 315.89 -0.05 1
BAR-LL -18.92 315.89 -0.06 1
BAR-MUS -19.32 315.89 -0.06 1
BAR-PAG -16.06 315.89 -0.05 1
BAR-POC -15.72 315.89 -0.05 1
BAR-RH -18.90 315.89 -0.06 1
BHB-CL 1.39 0.13 9.95 <0.0001
BHB-LDH 18.05 315.89 0.05 1
BHB-LKR 0.14 0.09 1.55 0.87
BHB-LL -0.86 0.07 -11.69 <0.0001
BHB-MUS -1.26 0.07 -17.93 <0.0001
BHB-PAG 1.99 0.18 11.06 <0.0001

BHB-POC 2.33 0.20 11.12 <0.0001




BHB-RH -0.84 0.07 -11.29 <0.0001
CL-LDH 16.66 315.89 0.53 1
CL-LKR -1.24 0.14 -8.80 <0.0001
CL-LL -2.25 0.13 -17.2 <0.0001
CL-MUS -2.65 0.12 -20.54 <0.0001
CL-PAG 0.60 0.21 2.87 0.11
CL-POC 0.94 0.23 3.98 0.0027
CL-RH -2.23 0.13 -16.97 <0.0001
LDH-LKR -17.91 315.89 -0.05 1
LDH-LL -18.92 315.89 -0.06 1
LDH-MUS -19.32 315.89 -0.61 1
LDH-PAG -16.06 315.89 -0.05 1
LDH-POC -15.72 315.89 -0.05 1
LDH-RH -18.90 315.89 -0.06 1
LKR-LL -1.01 0.07 -12.93 <0.0001
LKR-MUS -1.40 0.07 -18.85 <0.0001
LKR-PAG 1.85 0.18 10.18 <0.0001
LKR-POC 2.18 0.21 10.36 <0.0001
LKR-RH -0.98 0.07 -12.54 <0.0001
LL-MUS -0.39 0.05 -7.60 <0.0001
LL-PAG 2.86 0.17 16.47 <0.0001
LL-POC 3.19 0.20 15.68 <0.0001
LL-RH 0.02 0.05 0.46 1
MUS-PAG 3.26 0.17 18.92 <0.0001




MUS-POC 3.59 0.20 17.74 <0.0001

MUS-RH 0.42 0.05 8.04 <0.0001
PAG-POC 0.33 0.26 1.28 0.95

PAG-RH -2.83 0.17 -16.31 <0.0001
POC-RH -3.17 0.20 -15.54 <0.0001

Table A3. Pairwise comparisons of abundance of C. volutator between sites: Bar Road, Saint
Andrews, Charlotte County (BR); Pagan Point, Saint Andrews, Charlotte County (PP); Letang
(Limekiln Rd.), Charlotte County (LR); Beaver Harbour Basin, Charlotte County (BH); Red
Head Road, Charlotte County (RH); Pocologan, Charlotte County (POC); Maces Bay (Cassidy
Ln), NB (CL); Little Dipper Harbour, NB (LDH); Little Lepreau, NB (LL) and Musquash, Saint
John County (MUS)

Site Estimate SE z.ratio P-value
comparison

BAR-BHB -20.48 1.42E+03 -0.01 1
BAR-CL -20.16 1.42E+03 -0.01 1
BAR-LDH 0 2.00E+03 0 1
BAR-LKR -15.51 1.42E+03 -0.01 1
BAR-LL -20.93 1.42E+03 -0.01 1
BAR-MUS -20.72 1.42E+03 -0.01 1
BAR-PAG 0 2.00E+03 0 1
BAR-POC -20.51 1.42E+03 -0.01 1
BAR-RH -20.96 1.42E+03 -0.01 1
BHB-CL 0.32 1.28E-1 2.51 0.25
BHB-LDH 20.48 1.42E+03 0.01 1
BHB-LKR 4.97 1.00E+00 4.96 <0.0001
BHB-LL -0.44 1.06E-01 -4.17 0.0013

BHB-MUS -0.23 1.11E-01 -2.14 0.49




BHB-PAG 20.48 1.42E+03 0.01 1
BHB-POC -0.02 1.17E-01 -0.23 1
BHB-RH -0.47 1.06E-01 -4.52 0.0003
CL-LDH 20.48 1.42E+03 0.014 1
CL-LKR 4.65 1.00E+00 4.63 0.0002
CL-LL -0.76 1.18E-01 -6.49 <0.0001
CL-MUS -0.56 1.22E-01 -4.58 0.0002
CL-PAG 20.16 1.42E+03 0.01 1
CL-POC -0.35 1.27E-01 -2.74 0.1552
CL-RH -0.80 1.17E-01 -6.82 <0.0001
LDH-LKR -15.51 1.42E+03 -0.01 1
LDH-LL -20.93 1.42E+03 -0.01 1
LDH-PMUS -20.72 1.42E+03 -0.01 1
LDH-PAG 0 2.00E+03 0 1
LDH-POC -20.51 1.42E+03 -0.01 1
LDH-RH -20.96 1.42E+03 -0.01 1
LKR-LL -5.42 1.00E+00 -5.40 <0.0001
LKR-MUS -5.21 1.00E+00 -5.20 <0.0001
LKR-PAG 15.51 1.42E+03 0.01 1
LKR-POC -5 1.00E+00 -4.98 <0.0001
LKR-RH -5.45 1.00E+00 -5.44 <0.0001
LL-MUS 0.20 9.93E-02 2.07 0.5485
LL-PAG 20.93 1.42E+03 0.015 1
LL-POC 0.41 1.05E-01 3.94 0.0032
LL-RH -0.03 9.33E-02 -0.37 1




MUS-PAG 20.72 1.42E+03 0.01 1

MUS-POC 0.21 1.10E-01 1.91 0.6592
MUS-RH 0.24 9.85E-02 -2.44 0.302
PAG-POC -20.51 1.42E+03 -0.01 1
PAG-RH -20.96 1.42E+03 -0.01 1
POC-RH -0.45 1.05E-01 -4.30 0.0007

Table A4. Pairwise comparisons of abundance of M. balthica between sites: Bar Road, Saint
Andrews, Charlotte County (BR); Pagan Point, Saint Andrews, Charlotte County (PP); Letang
(Limekiln Rd.), Charlotte County (LR); Beaver Harbour Basin, Charlotte County (BH); Red
Head Road, Charlotte County (RH); Pocologan, Charlotte County (POC); Maces Bay (Cassidy
Ln), NB (CL); Little Dipper Harbour, NB (LDH); Little Lepreau, NB (LL) and Musquash, Saint
John County (MUS)

Site Estimate SE z.ratio P-value
comparison

BAR-BHB -20.2 2334.17 -0.009 1
BAR-CL -16.51 2334.17 -0.007 1
BAR-LDH 0 3301.02 0 1
BAR-LKR 0 3301.02 0 1
BAR-LL -17.20 2334.17 -0.007 1
BAR-MUS -16.51 2334.17 -0.007 1
BAR-PAG 0 3301.02 0 1
BAR-POC -18.81 2334.17 -0.008 1
BAR-RH -17.89 2334.17 -0.008 1
BHB-CL 3.68 1.01 3.64 0.01
BHB-LDH 20.2 2334.17 0.009 1

BHB-LKR 20.2 2334.17 0.009 1




BHB-LL 2.99 0.72 4.13 0.0015
BHB-MUS 3.68 1.01 3.64 0.01
BHB-PAG 20.2 2334.17 0.009 1
BHB-POC 1.38 0.35 3.92 0.0035
BHB-RH 2.30 0.52 4.39 0.0005
CL-LDH 16.51 2334.17 0.007 1
CL-LKR 16.51 2334.17 0.007 1
CL-LL -0.69 1.22 -0.56 0.99
CL-MUS 0 1.41 0 1
CL-PAG 16.51 2334.17 0.007 1
CL-POC -2.30 1.04 -2.19 0.45
CL-RH -1.38 1.11 -1.24 0.96
LDH-LKR 0 3301.02 0 1
LDH-LL -17.20 2334.17 -0.007 1
LDH-PMUS -16.51 2334.17 -0.007 1
LDH-PAG 0 3301.02 0 1
LDH-POC -18.81 2334.17 -0.008 1
LDH-RH -17.89 2334.17 -0.008 1
LKR-LL -17.20 2334.17 -0.007 1
LKR-MUS -16.51 2334.17 -0.007 1
LKR-PAG 0 3301.02 0 1
LKR-POC -18.81 2334.17 -0.008 1
LKR-RH -17.89 2334.17 -0.008 1
LL-MUS 0.69 1.22 0.56 0.99
LL-PAG 17.20 2334.17 0.007 1




LL-POC -1.60 0.77 -2.07 0.54

LL-RH -0.69 0.86 -0.8 0.99
MUS-PAG 16.51 2334.17 0.007 1
MUS-POC -2.30 1.04 -2.19 0.45
MUS-RH -1.38 1.11 -1.24 0.96
PAG-POC -18.81 2334.17 -0.008 1
PAG-RH -17.89 2334.17 -0.008 1
POC-RH 0.91 0.59 1.54 0.87

Table AS. Pairwise comparisons of abundance of H. diversicolor between sites: Bar Road, Saint
Andrews, Charlotte County (BR); Pagan Point, Saint Andrews, Charlotte County (PP); Letang
(Limekiln Rd.), Charlotte County (LR); Beaver Harbour Basin, Charlotte County (BH); Red
Head Road, Charlotte County (RH); Pocologan, Charlotte County (POC); Maces Bay (Cassidy
Ln), NB (CL); Little Dipper Harbour, NB (LDH); Little Lepreau, NB (LL) and Musquash, Saint
John County (MUS)

Site Estimate SE z.ratio P-value
comparison

BAR-BHB 0 3301.02 -0.009 1
BAR-CL -21.075 2334.17 0 1
BAR-LDH 0 3301.02 0 1
BAR-LKR 0 3301.02 0 1
BAR-LL 0 3301.02 -0.007 1
BAR-MUS -16.51 2334.17 0 1
BAR-PAG 0 3301.02 -0.009 1
BAR-POC -20.03 2334.17 -0.008 1
BAR-RH -19.07 2334.17 -0.009 1

BHB-CL -21.07 2334.17 0 1




BHB-LDH 0 3301.02 0 1
BHB-LKR 0 3301.02 0 1
BHB-LL 0 3302.02 -0.007 1
BHB-MUS -16.51 2334.17 0 1
BHB-PAG 0 3302.02 -0.009 1
BHB-POC -20.03 2334.17 -0.008 1
BHB-RH -19.07 2334.17 0.009 1
CL-LDH 21.07 2334.17 0.009 1
CL-LKR 21.07 2334.17 0.009 1
CL-LL 21.07 2334.17 4.54 1
CL-MUS 4.56 1 0.009 0.0002
CL-PAG 21.07 2334.17 5.20 1
CL-POC 1.03 0.2 6.76 <0.0001
CL-RH 1.99 0.29 0 <0.0001
LDH-LKR 0 3301.02 0 1
LDH-LL 0 3301.02 -0.007 1
LDH-PMUS -16.51 2334.17 0 1
LDH-PAG 0 3301.02 -0.009 1
LDH-POC -20.03 2334.17 -0.008 1
LDH-RH -19.07 2334.17 0 1
LKR-LL 0 3301.02 -0.007 1
LKR-MUS -16.51 2334.17 0 1
LKR-PAG 0 3301.02 -0.009 1
LKR-POC -20.03 2334.17 -0.008 1
LKR-RH -19.07 2334.17 -0.007 1




LL-MUS -16.51 2334.17 0 1
LL-PAG 0 3301.02 -0.009 1
LL-POC -20.03 2334.17 -0.008 1
LL-RH -19.07 2334.17 0.007 1
MUS-PAG 16.51 2334.17 -3.47 1
MUS-POC -3.52 1.01 -2.47 0.01
MUS-RH -2.56 1.038 -0.009 0.28
PAG-POC -20.03 2334.17 -0.008 1
PAG-RH -19.07 2334.17 2.94 1
POC-RH 0.96 0.32 2.94 0.09




