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ABSTRACT 

 Spatiotemporal variation in community composition results from regional and 

local factors. My objective was to assess the importance of certain local interactions 

(ecological successional mechanisms) and regional aspects (regional taxa pool) on 

infaunal diversity patterns in the upper Bay of Fundyôs mudflats. I created local areas 

with severe disturbance and observed the infaunal community over ~2 months. I did this 

4 times over 2 years and found that start time did not change the outcome: infaunal 

community composition in experimentally disturbed plots became similar to controls 

through time. I found significant correlations between infauna and water column 

invertebrates, and taxa that survived disturbance did not inhibit the arrival of subsequent 

taxa. My study demonstrated that ecological successional mechanisms were not 

influential on infaunal community composition in the upper Bay of Fundy, and that 

regional species diversity and invertebrate dispersal should be considered when 

evaluating infaunal diversity patterns in the future.  
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Introduction  

Background on disturbance and processes leading to ecological recovery 

Disturbance can be described as damage, displacement, or mortality caused by 

physical agents or incidentally by biotic agents (Bertness et al. 2001). Disturbance can 

have profound effects on ecosystems and the biotic communities inhabiting them, 

affecting community composition and biological diversity (McGuinness 1987). 

Disturbance can be measured by a variety of parameters that provide spatial and temporal 

dimension, including spatial distribution, frequency, time between disturbances, time 

needed to disturb a study area, predictability, and magnitude. Disturbance magnitude 

includes intensity (physical force), severity (effect on the community), and synergism 

(effect on other disturbances) (Pickett and White 1985). Disturbance can be exogenous 

(arise from outside of the ecosystem) or endogenous (arise from within the ecosystem) 

and can be caused by either natural or anthropogenic forces (Pickett and White 1985). 

After severe disturbances, community reestablishment occurs as organisms colonize the 

open habitat area as larvae or propagules, juveniles, or adults, and become established 

(Palmer et al. 1996). Soft-sediment marine habitats are often considered disturbance-

dominated systems whose benthic communities can be largely influenced by their 

recovery patterns and rates (Norkko et al. 2010). 

Colonizing organisms may be from species with different life histories, using 

different reproductive dispersal strategies, and as individuals in different life stages. Of 

relevance for soft-sediment marine systems, many species have planktonic larvae that are 

passively transported a few centimeters to thousands of kilometers in the water column 
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by currents. Other species have direct development in which the juveniles disperse from 

the adults usually only over short distances (Palmer et al. 1996). Post-settlement dispersal 

(movement of juveniles or adults) may also influence the dynamics of soft sediment 

communities and can be accomplished via the water column, from within or on top of the 

sediment, or through dispersal vectors (e.g., Macfarlane et al. 2013). Overall, there is 

currently much debate about the relative importance of larval vs. post-larval (i.e., juvenile 

and adults) dispersal during the recolonization of marine soft-sediment communities 

(Frisk et al. 2014, Pilditch et al. 2015).  

 Individual organisms capable of dispersing to and colonizing local habitat areas 

made available by disturbance events are considered members of a ñregional species 

poolò (Belote et al. 2009). A regional species pool is defined as the set of species 

occurring in the same region that are capable of co-existing in a target community 

(Cornell and Harrison 2014, Zobel 2016). Regional species pool diversity is shaped by 

speciation, immigration, and extinction over time, and is expected to be higher in 

ecologically older areas (more time for immigration and diversification) and in those 

where immigration and net diversification rates are high (Cornell and Harrison 2014). 

Furthermore, regional diversity can be limited by ecological constraints such as species 

interactions, abiotic environmental conditions, dispersal limitation, carrying capacity, and 

disturbance (Cornell 2012, Cornell and Harrison 2014).  

Opportunistic members of a regionôs species pool are often the first colonizers to 

disturbed areas; their colonizing ability resulting from their ñweedyò or ñr-selectedò life-

history strategy (MacArthur 1960). Thus, opportunistic species are usually highly fecund, 

have several annual cohorts, produce directly developing young, are small in body size, 
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and have short lives, but are usually not strong competitors (Grant 1981, Thistle 1981, 

Bertness et al. 2001). Opportunistic species may also be tolerant of severe environmental 

conditions which enables them to colonize and proliferate where other species can not 

survive (Gray et al. 1990). Some opportunistic species may have planktonic larvae that 

can be dispersed across great distances to habitats near or far in geographic location 

(Grassle and Grassle 1974). The sequential immigration of species from a pool of 

available community members, termed community assembly, can greatly influence local 

species diversity; thus, opportunistic species, which often act as initial community 

members, can be influential on local community composition and species diversity (Post 

and Primm 1983, Ambrose 1984, Fukami 2004).  

Initial colonizers of disturbed benthic marine areas may alter sediment and based 

on this activity can be categorized into two functional groups: sediment destabilizers 

(bioturbators) and sediment stabilizers (Bertness et al. 2001, Woodin et al. 2010). These 

sediment modifiers are often referred to as ecosystem bioengineers and can affect organic 

content, erodibility, geomorphology, grain size, water content, porosity, and chemical 

properties. These changes in sediment conditions may greatly influence the course of 

community succession in benthic marine ecosystems. Bioturbating (sediment 

destabilizing) organisms, through their burrowing or feeding activities, cause sediments 

to move, be re-suspended, or be eroded (Bertness et al. 2001, Woodin et al. 2010). 

Sediment stabilizing organisms, in contrast, bind sediments or slow the flow of water by 

creating structures within or above the sediment (Bertness et al. 2001). Sediment altering 

activities by resident opportunists soon after disturbance can greatly alter the community 

composition of the apex (established) community.  
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After immigrating from the regional species pool, colonizing individuals may 

directly or indirectly interact with one another on a local scale. Connell and Slatyer 

(1977) defined three mechanisms that describe local interactions between colonizing 

species and the net effect of an early successional species on a later one (Connell et al. 

1987). The inhibition mechanism of succession (pre-emptive competition) involves early 

species inhibiting the establishment of later species (Connell and Slatyer 1977, Connell et 

al. 1987). Within this model, competitive interactions between species are unimportant 

because the initial colonizers to a site pre-empt the course of succession (Egler 1954, 

Connell and Slatyer 1977, Wilson 1992). Succession may be inhibited as a result of the 

early species monopolizing available resources prior to the arrival of additional species. 

The facilitation mechanism of succession occurs when initial colonizers facilitate the 

arrival of other species by modifying the environment to make it less suitable for 

themselves and more suitable for others (Clements 1916, Connell and Slatyer 1977). The 

tolerance successional mechanism states that early-arriving species have no effect on 

later arrivals, and competitively superior species eventually come to predominate in the 

community (Connell and Slatyer 1977, Connell et al. 1987). There may be evidence of 

multiple mechanisms of species replacement occurring during the same successional 

period (Harris et al. 1984, Connell et al. 1987, Houston and Smith 1987, Lawton 1987, 

Pickett et al. 1987, Farrell 1991, Maggi et al. 2011). It is also possible that none of these 

mechanisms function during ecological succession, with the benthic community 

reflecting the regional species pool, possibly being a result of repeated disturbance events 

that limit local species interactions (Norkko et al. 2010).  
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The total effect that a disturbance has on local community diversity depends on 

the characteristics of the disturbance, the regional species pool, and local interactions 

between colonizing species (Pickett et al. 1987). Understanding the relative influence of 

regional and local processes can help explain differences in biological diversity through 

space and time (Harrison and Cornell 2008, Belote et al. 2009). To this end, the local-

regional richness relationship can indicate whether local diversity is more strongly 

influenced by the regional species pool (visualized as a linear relationship between local 

and regional species richness) or by local interactions (visualized as a saturating or 

decelerating curve between local and regional species richness) (Cornell and Lawton 

1992, Caley and Schluter 1997, Srivastava 1999, Harrison and Cornell 2008, Belote et al. 

2009). For the latter, habitats accumulate taxa at a decelerating rate relative to the 

regional species pool because of the effect of local interactions after colonization from 

the regional pool. For my thesis, I used knowledge outlined in the introduction to guide 

interpretation of my results and better understand forces driving community dynamics in 

a soft-sediment marine ecosystem, specifically the mudflats of the upper Bay of Fundy.  

 

Study ecosystem: the mudflats in the upper Bay of Fundy 

Intertidal mudflat ecosystems in the upper Bay of Fundy are massive, covering 

tens of thousands of hectares thanks to semidiurnal tides that exceed 12 m in amplitude 

(Desplanque and Mossman 2004). These mudflat ecosystems are covered by seawater at 

high tide and are exposed to air as the water gradually recedes until its lowest point at 

low tide. A microphytobenthic biofilm (composed mainly of diatoms but also 

euglenophytes and cyanobacteria; Trites et al. 2005, Kalu 2020) covering the surface of 
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the mud serves as the principal primary producer in mudflat ecosystems (Kromkamp et 

al. 2005). This biofilm is food for many species of deposit-feeding and grazing 

invertebrates, including the amphipod Corophium volutator (Pallas 1776).  

Corophium volutator are the principal macroinvertebrate living in the muddy 

shores of the Bay of Fundy, reaching densities over 50,000 individuals/m2 (Peer et al. 

1986, Gerwing et al. 2015a). These amphipods form U-shaped burrows in the mud, 

which introduces bioturbation to the sediment, potentially improving ecosystem 

functioning (Pelegri & Blackburn 1994, Savoie 2009, De Backer et al. 2011). Corophium 

volutator reproduce between May and August, producing two apparent generations of 

juveniles typically referred to as the ñsummerò and ñover-winteringò generations, 

respectively (Peer et al. 1986, Barbeau et al. 2009). Within the adult population, males 

often actively crawl along the surface of the mud and are outnumbered by females, which 

tend to remain in their burrows during low tide (Peer et al. 1986, Forbes et al. 2005, 

Barbeau et al. 2009). During high tide, C. volutator may swim or drift through the water 

column, especially during their juvenile life stage and at night during new and full moons 

(Drolet & Barbeau 2009a, Drolet & Barbeau 2012, Bringloe et al. 2013).  

Other macroinvertebrates occupying the mudflats of the upper Bay of Fundy, 

while not typically reaching densities as high as C. volutator, are also important 

community members and so part of the regional taxa pool (Gerwing et al. 2015a). Also 

feeding on the productive biofilm are Tritia obsoleta, gastropods that live on the mudôs 

surface (Curtis & Hurd 1981, Coffin et al. 2008). Tritia obsoleta can opportunistically 

prey on C. volutator, which will move away in the presence of snails (Coulthard and 

Hamilton 2011, Coffin et al. 2012). Nemertea are unsegmented worms that appear to be 
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important predators (Bourque et al. 2001, Bourque et al. 2002), but their ecology is 

understudied. They are characterized by using a proboscis and toxins to capture and kill 

prey (Bourque et al. 2002), can grow to relatively large size for an invertebrate inhabiting 

fine sediment, are effective at dispersing through the mud (personal observation), and 

have been sampled in the water column (Bringloe 2011). Many families of annelid 

worms (mostly polychaetes) with a diverse range of feeding strategies and movement 

capabilities are also members of the infaunal community (Appy et al. 1980). Most appear 

to be either deposit feeders or opportunistic omnivores (Fauchald & Jumars 1979, Hicklin 

et al. 1980, Jensesn & Andre 1993, Costa et al. 2006). Common sessile deposit-feeding 

annelids (in the Chignecto Bay, in particular) include Oligochaeta, Spionidae, 

Capitellidae, and Cirratulidae (Appy et al. 1980). Common mobile polychaetes in the 

Chignecto Bay include Phyllodocidae, Nereididae, Nephytidae, and Glyceridae (Appy et 

al. 1980). The bivalve Macoma petalum (Metivier et al. 2016; taxonomic name recently 

changed to Limecola petalum but referred to as Macoma petalum in my thesis) is 

restricted to deposit-feeding during adulthood, because the high content of suspended 

sediment in the water column hinders filter-feeding (Olafsson 1989). Macoma petalum 

are mostly motile during their larval stage, and distributions fluctuate widely (Hicklin et 

al. 1980, Gerwing et al. 2015a). The species referred to up to this point are considered 

macrofauna (animals that are retained by a 0.25 mm sieve) and can be infauna (those 

living in the mud) or epifauna (those living on the surface of the mud).  

Other members of the invertebrate community are meiofauna (typically animals 

smaller than a 0.25 mm sieve but are retained by a 63 ɛm sieve). Meiofauna in the upper 

Bay of Fundy includes benthic copepods, ostracods, and nematodes which may 
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significantly affect the structure of macrofaunal communities (Tietjen 1969, Watzin 

1983). The densities of meiofauna are not well-quantified in the Bay of Fundy mudflats, 

because sampling has mostly focused on macrofauna (with sieve sizes of 0.25 mm or 

larger). Based on cursory observations in various projects in the Barbeau and Hamilton 

labs (e.g., MacDonald et al. 2012, Quinn and Hamilton 2012, Bell 2018, Kalu 2020), 

densities of ostracod, benthic copepod, and particularly nematodes can be very high (see 

also Whitlatch 1982). Also considered meiofauna are organisms in the phylum 

Foraminifera, shelled rhizarians (ameboid protists) that may be influential in community 

composition but, to my knowledge, have not been studied in the upper Bay of Fundy. 

Studies using foraminifera as an indicator for sea-level rise and climate change, or simply 

monitoring their distribution, have been conducted in other parts of the world (Bandy 

1956, Culver and Horton 2005, Culver et al. 2012).  

Epifauna that feeds on the infaunal community in the upper Bay of Fundy 

includes benthic fish species and migratory shorebirds (Hicklin 1987, McCurdy et al. 

2005, Quinn & Hamilton 2012). The benthic fishes are typically flounder 

Pseudopleuronectes americanus, skates Leucoraja ocellata, and tomcod Microgadus 

tomcod, which have been observed to selectively feed in areas with high densities of C. 

volutator (Risk and Craig 1976, McCurdy et al. 2005). Migratory birds including the 

Semipalmated Sandpiper Calidris pusilla use the upper Bay of Fundy as a staging site 

before continuing their long migration from the Arctic to their wintering grounds in 

South America (Hicklin 1987). Semipalmated sandpipers feed on a variety of infauna, 

alter their feeding strategy depending on available prey, and have recently been 

discovered to also feed on microphytobenthic biofilm (Quinn & Hamilton 2012, Gerwing 



 

9 

 

et al. 2016a, Neima 2017). Epifaunal predation on C. volutator is hypothesized to 

contribute to the high female-biased sex ratio typically seen in the species, likely due to 

differences in behavior and susceptibility to predation between the sexes (McCurdy et al. 

2005). Feeding by Semipalmated Sandpipers is known to affect the vertical distribution 

of C. volutator in the sediment, which may attempt to behaviourally avoid predation 

(MacDonald et al. 2014). Overall, a moderately diverse group of organisms make up 

communities associated with the upper Bay of Fundy mudflats.  

For my thesis, which focused on infaunal community dynamics, I considered the 

regional species pool (referred to as the regional taxa pool when discussing my 

experiment) to comprise of C. volutator, the various annelid taxa, Nemertea, M. petalum, 

and ostracods. These are animals that can co-exist in mudflat sediments and can move in 

the water column (actively, or passively by tidal resuspension and entrainment), by 

crawling on the mud surface, burrowing in the sediment, or ice-rafting during winter. 

Regional taxa pools in the upper Bay of Fundy may vary as a result of dispersal barriers 

(created by water currents and landscape features), severe winter conditions, repeated 

disturbance, sediment characteristics, local interactions, or speciation rates.  

 

Disturbance and community dynamics in Bay of Fundy mudflats 

The upper Bay of Fundy is exposed to seasonality and severe conditions during 

the winter months as it is located at north temperate latitudes adjacent to the North-

Western Atlantic Ocean. During winter, mudflats are exposed to sub-zero temperatures, 

temperature variations, wind, different types of ice, ice scour, and low sediment oxygen 

content (Gordon and Desplanque 1983, Drolet et al. 2013, Petzold et al. 2014). The 
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infaunal community is resilient to winter stressors, but large drift ice does have the 

potential to scour mudflat areas, creating disturbances as well as providing potential 

dispersal vectors (Macfarlane et al. 2013, Gerwing et al. 2015b). Since many of the 

invertebrate populations are at their lowest densities in their annual cycle during winter, 

disturbances during this time may create frequent colonization opportunities in mudflats 

in the upper Bay of Fundy (Petraitis et al. 1989, Hobbs and Huenneke 1992). Powerful 

storms can also result in an area of unoccupied habitat by causing mass sediment 

resuspension due to heavy rains and wave action (Rees et al. 1977). Storms have 

potentially been responsible for crashes of C. volutator populations that occur 

simultaneously to other populations remaining stable in the upper bay (Shepherd et al. 

1995, Barbeau et al. 2009, Gerwing et al. 2015a). Anthropogenic disturbances that result 

from the building and/or opening of tidal barriers can occur in the upper Bay of Fundy 

and may result in unoccupied habitat areas (Shepherd et al. 1995, Gerwing et al. 2016b). 

Nutrient loading or pollution may also result in regime shifts or community or population 

loss, or both (Bonsdorff et al. 1997).  

Scientific interest in the mudflat ecosystem in the upper Bay of Fundy first began 

in the mid-1970s (Yeo 1977, Gratto 1979) and there has been evidence that intertidal 

mudflats are extremely dynamic systems. Large crashes of C. volutator populations, as 

well as changes in sediment characteristics, infaunal community structure, and migratory 

patterns of shorebirds have occurred in this ecosystem through time (Hicklin & Smith 

1984, Peer et al. 1986, Hicklin 1987, Shepherd et al. 1995, Rodriguez 2005, Barbeau et 

al. 2009, Drolet & Barbeau 2012, Gerwing et al. 2015a). In 2009ï2011, 8 mudflats in the 

upper Bay of Fundy were sampled for their infaunal community, sediment properties, 
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measures of primary production, and evidence of epifaunal predation (Gerwing et al. 

2015a, Gerwing et al. 2016c). Gerwing et al. (2016c) found that the community 

composition of infaunal invertebrates was relatively stable within a mudflat over the two 

years, varied significantly among mudflats, and was not greatly influenced by local biotic 

interactions or abiotic conditions. Compared to other coastal ecosystems (such as rocky 

shores and salt marshes), drivers of community dynamics in mudflats are not well 

understood (Dayton 1971, Bertness 1991, Bertness et al. 2001, Gerwing et al. 2016c). 

Mudflats are considered relatively benign intertidal environments for the organisms 

adapted to inhabiting them. Intertidal mudflats tend to have high primary production, 

muted temperature variation, desiccation, and salinity stress, a low level of competition 

for space, and relatively diffuse predation pressure because of the low angle of repose 

and often expansive areas (Hargrave et al. 1983, Ambrose 1991, Wilson 1991, Nybakken 

and Bertness 2005, Bertness 2007, Cheverie et al. 2014). These aspects of intertidal 

mudflats and results of extensive sampling in the upper Bay of Fundy led Gerwing et al. 

(2016c) to hypothesize that mudflat community structure and dynamics are mainly 

reflective of a ñfirst come, first servedò process similar to the inhibition model of 

succession mentioned previously (Sutherland 1974, Connell and Slatyer 1977, Bertness 

2007, Gerwing et al. 2016c).  

 

Thesis objectives 

 My overall objective was to better understand the driving forces affecting infaunal 

mudflat community composition and dynamics in the upper Bay of Fundy. To achieve 

this objective, I created local areas with severe disturbance and observed the response of 
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the infaunal communities as re-colonization proceeded. I considered the three 

mechanisms of succession: the inhibition (pre-emptive competition, hypothesized for the 

Bay of Fundy mudflats by Gerwing et al., 2016c), facilitation, and tolerance, as well as 

the possibility that no mechanisms were active. For inhibition, I expected that 

communities in disturbed plots would remain different than those in controls (Figure 1a). 

For the other possibilities, I predicted that community composition in disturbed plots 

would become similar to those in controls through time, though with different patterns. I 

predicted evidence for the facilitation and tolerance models to be apparent and 

differentiated by active, though different kinds of, species replacements. For the 

facilitation mechanism, I predicted that one or few species would first colonize, 

presumably modify sediment properties of the disturbed plots, which would then be 

colonized by additional species (Figure 1b). For the tolerance mechanism, I predicted that 

the community would initially form with many different species, but eventually become 

dominated by a superior competitor that also dominated in control plots (Figure 1c). If no 

mechanism of succession were present during the experiment, I predicted that 

communities in disturbed plots would become similar to those in control plots through 

time as individuals immigrated from the regional taxa pool (Figure 1d), i.e., the group of 

taxa capable of dispersing to (via the water column, or the mudflat by crawling or 

burrowing) and coexisting in the experimental plots. Since local interactions would not 

be affecting community succession, recovery of disturbance plots would reflect 

immigration from the regional taxa pool.  

To increase the investigative power of my study, I conducted four disturbance 

trials timed at different times of the season when animals were active (i.e., the field 
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season; May to October). Having trials start at different times during the year was 

important to detect potential variation in behavior, presence/absence, and/or life-history 

stage of invertebrates during community assembly in response to a variety of factors 

including species reproductive cycles, seasonal increases in epifaunal predation, seasonal 

weather differences, the moon phase, etc. (Peer et al. 1986, Hicklin 1987, Barbeau et al. 

2009, Drolet and Barbeau 2009a, Boudreau and Hamilton 2012, Gerwing et al. 2015b). 

Trials began soon after winter (May), early summer as infaunal densities increased 

through intensified reproduction (early June), prior to the arrival of shorebirds in large 

flocks (3rd week of July), and after shorebirds had arrived and had been intensively 

foraging (3rd week of August). The latter trial continued into the fall (before winter).  

If the inhibition mechanism occurred, then I expected the community at the end of 

a given trial would be different than for another trial, reflecting a ñfirst come, first 

servedò process (in addition to the end community being different than the control). If the 

facilitation or tolerance mechanisms were the main drivers of succession, then I expected 

to see similar communities at the end of each trial (and similar to the control). 

Differentiating between the facilitation model and tolerance model would be mostly 

based on the species involved during succession and their interactions. Having multiple 

trials that showed similar patterns, with for example particular facilitating species, at all 

four times of year (in the presence of different external forces), would provide robust 

support for a model, for example, the facilitation model, being a driving force of 

community composition in the upper Bay of Fundy. If local interactions were not 

important, then I expected the recovery trajectory to vary from trial to trial depending on 

natural temporal community dynamics, and the end community to become similar to the 
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control community. Furthermore, I expected some temporal variation in the control 

community, which would also reflect the regional taxa pool. I considered the water 

column invertebrate community (specifically the benthic taxa also found in the water 

column) to be a good proxy for the regional taxa pool (even though the regional taxa pool 

also includes members not usually dispersing in the water), because of the strong tidal 

currents capable of resuspending mostly sessile organisms and causing substantial 

movement for any organism. Thus, in the absence of local interactions, I expected the 

recovering communities to reflect the water column community. 

To quantify successional dynamics, I monitored taxon densities of infauna before 

and after disturbance and divided colonizing taxa into functional groups based on their 

life history characteristics, response to disturbance, colonization strategy, and my 

observations. The useful functional groups that I identified for my study were those 

related to the response of taxa to disturbance. My two functional groups were (i) taxa able 

to resist disturbance and (ii) those that were especially susceptible to disturbance. Taxa 

that demonstrated the ability to resist disturbance included the mostly sessile, deposit-

feeding annelids Oligochaeta, Spionidae, and Capitellidae, and the meiofauna Ostracoda. 

Certain resistant taxa, namely Capitellidae and Ostracoda, could also be opportunistic and 

actually increase their densities during the disturbance period, and so had a good 

probability of dominating newly disturbed areas. Disturbance most significantly reduced 

the densities of mobile invertebrates that were regularly sampled in the water column, 

including C. volutator, errant polychaetes Phyllodocidae and Nereididae, and bivalves M. 

petalum; these were thus considered the susceptible functional group. Susceptible taxa 

tended to recolonize at rates that reflected their natural densities in the water column. In 
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other words, they were either relatively rapid colonizers when they were sampled in high 

densities in the water column (e.g., C. volutator at Pecks Cove in mid-summer) and slow 

colonizers when they were sampled in low densities in the water column (e.g., M. 

petalum). I sampled the water column invertebrate community (a proxy for regional taxa 

pool) in addition to the mudflat infauna and explored correlations between them to gain 

insight into the possible effect of the regional taxa pool on local diversity.  

Note that my experimental design with the multiple trials of disturbance was best 

suited to differentiate the inhibition mechanism (hypothesized for the Bay of Fundy 

mudflats by Gerwing et al. 2016c) from the remaining models because it was the only 

scenario where I expected communities in disturbed plots to be different than controls by 

the end of the trials. It was more difficult for me to evaluate the facilitation and tolerance 

mechanisms, as I expected communities to become similar to controls for both. To gain 

insight into these two mechanisms, I used information from the literature (e.g., Jensen 

and Kristensen 1990, Thrush et al. 1992, Greenfield et al. 2016, Drylie 2019) to identify 

taxa that could potentially act as facilitators or as competitors and categorized them as 

potential ñfacilitatorò and ñcompetitorò groups (with the competitor group used to 

evaluate the tolerance mechanism). Resistant annelid taxa (Oligochaeta, Capitellidae, and 

Spionidae) were considered potential facilitators because they were likely to be present at 

the beginning of my trials and are known to engage in burrowing behaviors that could 

ameliorate anoxic conditions created by the disturbance. Identification of dominant 

competitor taxa was more difficult because it is not clear that interference or exploitative 

competition are important structuring forces on mudflats. Nevertheless, I used previous 

sampling observations from the Barbeau and Hamilton labs about community 
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composition shifts from primarily C. volutator-dominated to sessile-polychaete-

dominated (Spionidae, Cirratulidae) mudflats (Hicklin and Smith 1984, Gerwing et al. 

2015a, M.A. Barbeau and D.J. Hamilton personal communications). These taxa might 

compete for space with each other (since they all build semi-permanent burrows), as well 

as dominate over other deposit-feeding or grazing infauna once established. I also partly 

used my observations on taxa susceptible to disturbance. I thus tentatively identified as 

competitive taxa sessile polychaetes (Spionidae, Cirratulidae) and C. volutator.  In sum, 

possible evidence of the facilitation and tolerance mechanisms was if facilitative or 

competitive taxa were numerically important at the start or near the end, respectively, of a 

trial, and had similar dynamics during every trial. The possibility that no successional 

mechanisms were active and that dispersal from the regional taxa pool was the primary 

driver of recolonization was evaluated by comparing regional and local taxa richness and 

by exploring correlations between the water column and mudflat communities. Also, as 

mentioned above for this fourth scenario, I expected the community in the control plots to 

vary to some extent for different trials, in addition to the disturbed plot community 

becoming similar to the controls. 

I paid detailed attention to the population recovery dynamics of C. volutator, a 

typically dominating macroinvertebrate. Although much research has been done, C. 

volutatorôs spatial ecology is not yet fully understood. As mentioned above, these 

amphipods move considerably, mostly by drifting in the water column during flood and 

ebb tide after actively leaving the mud, and their movement patterns are difficult to study. 

Exploring how C. volutator populations responded to a major disturbance may enhance 

our understanding of their spatial dynamics and provide insight on how they form their 
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populations and possibly on their competitive ability. Since juvenile life stages of C. 

volutator tend to be more mobile on the mud surface and in the water column than adults, 

I expected these life stages to colonize disturbed plots before adults.  

My thesis is structured as one document and not in separate chapters. My study 

was a single, large, labor-intensive, manipulative field experiment that is described in the 

methods section. My results are divided into four sections for both the invertebrate 

community and C. volutator population. The sections recount the effect of the 

experimental disturbance, recolonization dynamics, water column dynamics, and a brief 

investigation into correlations between mudflat infauna and water column dynamics. For 

the discussion, I discussed natural spatiotemporal dynamics and the importance of 

multiple start times in my study. I also discussed the implementation of disturbance and 

identified resistant taxa. Furthermore, I evaluated mechanisms of community succession 

for infauna in the Bay of Fundy mudflats based on my results. Finally, I proposed that 

mudflat community composition has a linear relationship between local taxa richness and 

regional taxa richness, meaning local diversity is reflective of the regional taxa pool and 

not largely influenced by local interactions.  

 

Methods 

Experimental design 

My study was a large manipulative field experiment focused on two intertidal 

mudflat sites within the upper Bay of Fundy in Chignecto Bay: Pecks Cove in 

Cumberland Basin and Grande Anse in Shepody Bay (Figure 2). These sites were 



 

18 

 

included in those sampled by Gerwing et al. (2015a), and were selected because (i) they 

represent large, silt-dominated intertidal mudflats typical of the upper Bay of Fundy, (ii) 

are visited by Semipalmated Sandpipers annually in late summer, (iii) are located in two 

different bays (Cumberland Basin and Shepody Bay) and so are exposed to different 

water circulation patterns, (iv) but have minimal travel time between them for the 

sampling team, because they are on either side of a peninsula. The experiment refers to 

the entire field study in two mudflat sites across 4 trials over 2 years.  

Within a site, the experimental plots were well interspersed for different trials. 

The layout consisted of 6 strata perpendicular to the shore (across-shore) and 5 strata 

parallel to the shore (along-shore), and their intersections gave a total of 30 possible 

locations (24 of which were used over the 4 trials) (Figure 3). This layout and their 

locations were established 250-500 m and 100-350 m away from shore at Grande Anse 

and Pecks Cove, respectively (Figure 3). Each location was at least 50 m from any other. 

Within each of the six stratified randomly-selected locations per trial, a pair of 

plots was created at the beginning of each trial (i.e., a given start time). Each pair 

contained a 5 m x 6 m disturbed and control plot, randomly selected to be on the north or 

south side of the pair (see below), and placed 10-12 m apart. Thus, there were 6 replicate 

pairs of the disturbed and control plots per site for a trial. A given plot had a 2 m wide 

buffer area surrounding a central 1 m x 2 m sampling area. This buffer area was 

implemented to minimize the risk of short-distance crawling invertebrates contaminating 

the sampling area. To access the central sampling area within each plot without 

disturbing the 2 m buffer surrounding it, 2 wooden planks with pre-drilled angled holes in 
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the corners were arranged in a ñTò and secured to the mudflat for the duration of the trial 

using rebar posts driven into the mud through the planks (Figure 4; Drolet et al. 2008). 

The four trials represented different starting conditions, beginning between May 

and August 2018 and 2019 (Table 1). During each trial, we sampled in disturbed and 

control plots on the day of disturbance implementation (see below), the day of 

disturbance completion (day 0), as well as on days 1, 2, 4, 7, 14, 21, 35, and 56 or 57 (all 

days numbered with respect to day 0; samples collected on day 57 are referred to as being 

collected on day 56) (Table 1). The sampling schedule had frequent sampling days 

immediately post-disturbance to document the initial colonization of the disturbed plots. 

Sampling continued until 56 days post-disturbance to assess community dynamics 

through time and the ability of the established community to persist. 

 

Creation of the disturbance 

To create the disturbance at the beginning of each trial (on what is referred to as 

the disturbance implementation day), the disturbed plots were covered with a 5 m x 6 m 

tarp constructed of plastic landscape fabric. The goal was to reduce primary production 

and sediment oxygen to levels that could not support an infaunal community, causing 

invertebrates to move away or die from the disturbed plots without disturbing sediment 

microstructure (Figure 4; Frotier and Bilideau 2014). The tarps were designed to remain 

in place on the mud in the face of tidal currents and windy conditions. An 8-10 cm pocket 

was sewn into each edge of the tarp and a weighted rope (i.e., lead core rope) was passed 

through to weigh the edges of the tarp down. Each tarp was deployed by unrolling it 

using a ~2-m long bamboo pole and then unfolding it twice. Two bamboo poles on each 



 

20 

 

side (8 poles total per tarp) were driven on an angle through the tarps into the mud 

substrate to secure them in place. One rebar post was driven on an angle in each of the 

corners of the tarp (4 total per tarp) and secured to the tarp using plastic zip-ties. The 8-

10-cm pocket and weighted rope was then buried in the mud. Mud from at least 5 meters 

away from the edge of each plot was placed in the center of the tarp and at least 4 other 

places on the tarp to further weigh it down (Figure 4). Disturbed plots were covered with 

tarps for approximately 3 weeks (this period is called the ñdisturbance implementation 

periodò). After the disturbance implementation period, the tarps were removed by 

carefully rolling them off the disturbed plots, wooden planks were installed as described 

above, and sampling began with day 0. 

 

Sample collection 

 Sampling the benthos 

During disturbance implementation days, I sampled >1 m away from the edge of 

the tarp or delineated control plot to minimize disturbing the plots. After the three-week 

disturbance implementation period, the 1 m x 2 m sampling area (in the middle of the 

plots) was divided into eighteen 33 cm x 33 cm individually numbered cells. On each 

sampling date, I sampled two randomly selected, pre-determined cells that were not in 

direct contact with one another (a cell was sampled no more than once). In each cell 

sampled, I collected one 7-cm diameter core (5-10 cm deep) for infauna, one 1-cm core 

(2ï3 mm deep) for chlorophyll-a concentration (Appendix A), and one (in 2019) 3-cm 

diameter core (5-10 cm deep) for meiofauna (totalling 2 cores of each type per plot on a 

given day). For one of the two randomly selected cells, I also collected one core for 
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meiofauna (in 2018), one 3-cm diameter core sample (5-10 cm deep) for sediment 

properties, and one soil penetrability measurement (Gerwing et al. 2015a) (totalling 1 

core or measurement per plot on a given day). For the benthic analyses in my thesis, I 

only used the infaunal core samples; the remaining types of benthic samples will be 

processed and analyzed later to complement my thesis project. Note that cores were taken 

to the maximum depth of the corer (10 cm) or the point where the consolidated anaerobic 

sediment layer was reached (Fenchel & Riedl 1970, Gerwing et al. 2015a); most were 5-

10 cm deep.  

Other measurements taken in the 1 m x 2 m sampling area on each day, but not 

used in my thesis, were the number of fish bites, number of Tritia obsoleta individuals, 

percent cover of shorebird footprints, and percent cover of puddles (in 2019 only). In 

2019, holes left by coring were backfilled with mud taken from within the buffer area. 

This backfill step was not done in 2018, but sampled cells were smoothed out using a 

garden trowel to eliminate holes in which water could pool. A better effort was made in 

2019 to prevent small pools created by the workers and to monitor naturally occurring 

ones as densities of swimming invertebrates can be higher in pools than the surrounding 

area at low tide (Drolet. & Barbeau 2009b).  

 Sampling the water column  

 I sampled invertebrates in the water column at high tide throughout the trials of 

the field experiment as a proxy for the regional taxa pool (see Table 2 for sampling 

dates). To sample one high tide at a time, six plankton nets, located between the disturbed 

and control plots, were deployed per site at low tide (Figure 4). Sampling occurred at 

high tide during the day and at night (possible due to the semidiurnal tidal cycle). For my 
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thesis, I used the samples collected during the night, because that data set was more 

complete, and the invertebrate densities were higher, but the patterns were similar (see 

Appendix B for a comparison of the nighttime and daytime water column community).  

Plankton nets had an opening of 20 cm diameter, and a mesh of 183 microns (see 

also Drolet and Barbeau 2009). As water passed through the plankton net, invertebrates 

in the water column were collected in a 500 ml plastic water bottle with a mesh window 

(183 microns mesh), allowing water to empty out. The water bottle was attached to the 

plankton net via a funnel, which was secured to the plankton net using liquid cement 

epoxy, and had its smaller end pushed through a hole drilled in a water bottle cap. Each 

plankton net was deployed 1 m above the mudflat surface on a steel rebar stake and could 

turn with the currents (Figure 4).  

To quantify the amount of water that passed through each plankton net, I made 

plaster hemispheres from plaster of Paris and attached one to the opening of each net, 

while ensuring it did not rub against the net itself.  The dissolution of the plaster has a 

linear relationship with the amount of water flow (Appendix 1 in Bringloe 2011). I used 

this relationship: y = 37.316x + 9.6513 to convert the amount of plaster loss (x variable, 

in g) to the volume of water (y variable, in m3), which was then used to convert the 

abundance of invertebrates collected in a plankton net to the density of invertebrates per 

m3 of water. 

 

Sample processing  

Within 24 h of collection, the infauna and plankton samples were sieved through a 

250 ɛm mesh to separate biota from sediment using a water hose with the nozzle set on 
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ñmistò or ñshowerò (to minimize breaking animals into pieces). Mudflat and water 

column fauna were preserved in 95% ethanol and stored in plastic vials, with a 

waterproof label in the vial and sample information written in pencil on the lid of the vial. 

They were later sorted under a dissecting microscope. Taxon levels identified included: 

the amphipod Corophium volutator, the bivalve Macoma petalum, Nemertean worms, 

ostracods, and annelids, namely Oligochaeta and several families of polychaete worms 

(Nereididae, Phyllodocidae, Nepthytidae, Spionidae, Capitellidae, Cirratulidae, 

Glyceridae). Individual organisms were counted and sorted into taxonomic groups before 

being dried at 90 ºC for 24 h and weighed per taxon (details indicated in Appendix C). 

For my thesis, I presented densities, but not dry biomasses. Corophium volutator were 

also measured from their rostrum to telson and counted into five size classes (<1.5 mm, 

1.5-2.5 mm, 2.5-4 mm, 4-6 mm, >6 mm) (Bringloe et al. 2013). Adult Corophium 

volutator (> 4 mm body length) were sexed (Male, Non-ovigerous Female, Intersex, 

Ovigerous Female, and Unidentified, which are likely Non-ovigerous Females or 

Intersex) (Schneider et al. 1994). Individual heads of Corophium volutator that had been 

separated from their bodies were measured, with ones >1 mm in length being considered 

adults. The adults were sexed by primary sexual morphological features (oostegites and 

penile papillae) and secondary sexual morphological features on their first antennae 

(Schneider et al. 1994).  

 

Data analysis 

I used the statistical program PRIMER with PERMANOVA (Permutational 

Multivariate Analysis of Variance) add-on (McArdle and Anderson 2001, Anderson et al. 
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2008) to examine how the mudflat and water column invertebrate communities and C. 

volutator populations varied over treatment (disturbed, control), time (trial, day), and 

space (site, replicate location). Response variables for the invertebrate communities 

included taxa listed above, and for the C. volutator populations included small, medium, 

and large juveniles (<1.5mm, 1.5-2.5mm, and 2.5-4mm, respectively) as well as adults 

(>4mm) which were sexed as described above. Densities of individual taxa and C. 

volutator life stages were 4th root transformed prior to analyses to improve assessment of 

effects of both rare and common taxa on community structure. Resemblance matrices 

were calculated using the Bray-Curtis coefficient and a dummy variable of 0.1 

(considered a ñdummy speciesò in the analysis) so that density values of zero could be 

included (Clarke et al. 2006). The significance level of PERMANOVA tests was set to Ŭ 

= 0.05. 

For invertebrate communities and C. volutator populations in the mudflat, factors 

included in the statistical linear model of PERMANOVA s were: Treatment (2 levels, 

fixed), Day (2 or 9 levels, fixed), Site (2 levels, fixed), Trial (4 levels, fixed), and 

Location (6 levels, random, nested in Site and Trial, but crossed with Treatment and 

Day). Appropriate denominators for the pseudo-F ratios were determined as in 

Underwood (1997) (Table 3). I conducted smaller PERMANOVAs following a 

significant four-way interaction or three-way interactions involving Site and Trial (Table 

3). Missing data for the PERMANOVAs mudflat community and C. volutator population 

(see Table 1) were replaced with average values calculated from other samples with 

similar Treatment, Day, Site, and Trial factors, and degrees of freedom were 

appropriately adjusted for the PERMANOVAs (Underwood 1997). Multiple (pairwise) 
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comparisons using a t-test and the PERMANOVA routine were conducted between 

treatment levels on sampling days when significant interactions were detected in the 

PERMANOVAs between the Treatment and Day factors. Negative t-values acquired 

during the pairwise comparison tests were replaced with 0, because negative values are 

not meaningful in a multivariate context and so p-values can not be calculated (see the 

explanation for this below for Spearmanôs correlation based on K.R. Clarke, personal 

communication with M. A. Barbeau).  

SIMPER (Similarity Percentages; Clarke 1993, Clarke and Ainsworth 1993) tests 

were used to determine the contribution of invertebrate taxa and C. volutator life stages 

to any differences between control and disturbed plots through time. This SIMPER 

analysis provided three pieces of information: (i) the total amount of dissimilarity (i.e., 

total average dissimilarity) in community composition or C. volutator population 

structure between treatment levels for a given day and site; (ii) contribution that each 

invertebrate taxon or C. volutator stage accounted for to this total average dissimilarity; 

and (iii) the level of discrimination between the treatment levels that a taxon or stage 

provided, which was calculated as the average dissimilarity for that given taxon or stage 

divided by its standard deviation (SD). If this ratio (average/SD) was > 1, then the taxon 

or stage was a good discriminator between the disturbed and control treatment levels.     

To further investigate infaunal community dynamics, I presented graphs of 

univariate indices including total invertebrate density, taxa richness, diversity, and 

evenness. I did this without (in the Results section) and with (in Appendix D) Ostracoda, 

a taxon of meiofauna with highly variable densities in the upper Bay of Fundy. Total 

density is simply the sum of all taxa densities in a sample. Taxa richness is the number of 
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taxa in a sample. Shannon-Weiner diversity (Hô) represents a blend of the number of taxa 

present and whether some dominate numerically over others; if all taxa in a community (a 

sample) are equal in density, the index is maximized at the natural logarithm of taxa 

richness (i.e., for a taxa richness = 4,  Hô = 1.39; this maximum possible value is termed 

Hômax). As taxa densities become more unequal, the index approaches 0, and if there is 

only one taxon, Hô = 0. Specifically, the index was calculated for each sample by taking 

the negative sum of the proportion of each taxon in a particular sample multiplied by the 

natural logarithm of the proportion of each taxon (Spellberg and Fedor 2003). Pielouôs 

evenness (Jô) focuses on how equal a community is numerically (i.e., how close in 

number taxa are to each other in a community or sample); it is related to the Shannon-

Weiner index, but is constrained between 0 and 1 (equal numbers). It is calculated by 

dividing Hô by Hômax (Beisel and Moreteau 1997). Samples with no invertebrates were 

not included in calculations of diversity or evenness. 

For invertebrate communities and C. volutator populations in the water column, 

two-way, mixed model PERMANOVAs were conducted with Site (2 levels fixed), Date 

(20 levels, random), and Location (6 levels, random, nested in Site and Date; i.e., the 

Residual) to broadly analyze differences between sites. I considered Location as nested 

within Date, even though plankton nets were secured to rebar in given locations, because 

the water masses sampled at each high tide were different due to tides and tidal mixing.  

To assess if the invertebrate community or C. volutator population in the mudflat 

correlated with those in the water column, I conducted multivariate correlation 

(RELATE) tests in PRIMER (Clarke and Gorley 2015). I ran three types of analyses for 

each site: (i) disturbed plots soon after disturbance (i.e,, days 0-7 at Grande Anse and 
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days 0-4 Pecks Cove; 8 sampling days per site), (ii) disturbed plots long after disturbance 

(days 35 and 56 at both sites, 3 sampling days per site), and (iii) control plots (11 

sampling days per site). Specifically, I compared samples collected during overnight-high 

tides to infaunal samples collected on that same day or within 4 days. Note that the two 

infauna samples collected per plot were averaged to create datasets that were comparable 

with the water column samples. Infaunal and plankton sampling days included in the 

RELATE analyses were indicated in Tables 1 and 2, respectively. I used a significance 

level of Ŭ = 0.10 for RELATE investigations since they were exploratory in nature. When 

Rho was negative, I replaced the value with zero, because negative correlations are not 

meaningful in a multivariate context. Patterns with negative Rho values were so unrelated 

to each other that they gave mutually contradictory patterns, and thus a negative value 

(K.R. Clarke, personal communication with M.A. Barbeau). When significant 

correlations were detected, BEST (Bio-Env + Stepwise procedure) tests were used to 

determine which taxa or life stages in the water column contributed most to the 

community or population patterns in the mud (Clarke et al. 2008).  

For graphing multivariate datasets, I constructed non-metric multidimensional 

scaling (nMDS, 100 restarts) graphs using PRIMER to visualize invertebrate community 

and C. volutator population composition in the mudflat or the water column during the 

experiment. I verified that the 2-D stress of each MDS graph was <0.2, which means that 

it was a good two-dimensional representation of the multidimensional dataset (Clarke 

1993). For graphing univariate datasets, I used the ggplot2 package (Wickham et al. 

2016) within statistical software R with R-Studio interface (version 4.0.4) (R Core Team 

2021).  
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Results 

Disturbance effect 

 Infaunal community 

The experimental disturbance successfully impacted infaunal communities, 

indicated by significant (or near-significant) interaction between Day and Treatment for 

all trials at both sites (PERMANOVA, Table 4, Figure 5, Appendix E). Communities 

were not significantly different between treatment levels before disturbance on the 

disturbance implementation day but were after the three-week disturbance on Day 0 

(Table 4, Figure 5). Total density and taxa richness of macrofauna were reduced after 

disturbance for all trials at both sites (Figures 6, 7). Shannon-Wiener diversity (Hô) 

generally decreased after disturbance when comparing disturbed plots to control plots 

(Figure 8), reflecting the decreased taxa richness as well as usually more uneven densities 

among remaining taxa. Pielouôs evenness (Jô) showed increased variation, along with 

decreased average values (i.e., on average more unequal densities among remaining 

taxa), after disturbance at Grande Anse during all trials and at Pecks Cove during trials 1 

and 3 (Figure 9). Trials 2 and 4 (i.e., later in the season) at Pecks Cove tended to show 

higher Jô (more equal numbers among taxa) immediately after disturbance than in the 

control plots.  Note that increased variation likely reflected the small numbers of 

individuals present in the plots. The average dissimilarity between communities sampled 

in control and disturbed plots increased from the disturbance implementation day to day 0 

by 22% on average (difference range: 7ï37%) across trials and sites (SIMPER, Table 5, 

Appendix F). At Grande Anse, all infauna taxa excluding Ostracoda were severely 
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reduced by the disturbances (Figures 5, 10-13). During the first and second trials at 

Grande Anse, Ostracoda in disturbed plots were fewer than those in controls after 

disturbance implementation, but the opposite was true during the third and fourth 

(Figures 10-13). At Pecks Cove, densities of Capitellidae were not reduced after the 

disturbance implementation periods and were higher in disturbed plots on day 0 during 

the first and second trials (Figures 14-17). Oligochaeta and Spionidae densities were less 

impacted than some other taxa (for example Corophium volutator, Nereididae, 

Phyllodocidae) at Pecks Cove (Figures 14-17).  

Corophium volutator population 

Corophium volutator population structure was impacted by disturbance at both 

sites. Significant interactions between treatment and day indicated that populations 

sampled in disturbed and control plots became different after the three-week disturbance 

implementation (Table 6, Figure 5, Appendix E). There were much denser populations of 

C. volutator at Pecks Cove than at Grande Anse, and so patterns were easier to see at 

Pecks Cove. At Grande Anse, C. volutator densities were low and variable (Figures 10-

17). The average dissimilarity between C. volutator population structure in control and 

disturbed plots increased after disturbance implementation by 23% on average (difference 

range: 3ï41% at Grande Anse, and by 53% (difference range: 40ï66%) at Pecks Cove 

(Table 7, Appendix F). Densities of all life stages of C. volutator were reduced by the 

experimental disturbance at both sites (Figures 5, 18-25).  
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Recolonization dynamics 

Infaunal community  

Infaunal communities in disturbed plots became more similar to those in controls 

through time, and the treatment levels were no longer significantly different by day 56 for 

all trials at both sites (Tables 8 and 9, Figures 26 and 27). Prior to that day, the trajectory 

differed among trials at both sites (significant Trial*Treatment*Day interaction, 

PERMANOVA, Table 8, Figures 26 and 27). Recovery was faster in Trials 1 and 2 

(2018) than in subsequent trials (3 and 4, 2019) at both sites, and was particularly fast at 

Pecks Cove in 2018 (multiple comparisons, Table 9, Figures 26 and 27). The average 

dissimilarity between communities in control and disturbed plots peaked on Day 2 at 

Grande Anse (Avg. diss.: 53-62%) but was greatest on Day 0 at Pecks Cove (Avg. diss.: 

44-60%) (Table 5, Appendix F). Thereafter at both sites, average dissimilarity decreased 

to be back within a range of dissimilarities similar to before disturbance (Avg. diss.: 20ï

31% on Day 56). In general, differences between infaunal communities in disturbed and 

control plots mirrored patterns of the total density of infauna; in other words, infaunal 

communities in treatment levels were most similar on days when plots in the different 

treatment levels had similar total densities (multiple comparisons, Table 9, Figure 6). 

Taxa richness in the disturbed plots mostly recovered to that in control plots by the end of 

all trials at both sites (Figures 7, 26, and 27). Note that in control plots, local taxa 

richness (mean ± SD, n = 472 control plot samples at Grande Anse and n = 475 control 

plot samples at Pecks Cove: 4.3 ± 1.4 for Grande Anse, 3.0 ± 1.1 for Pecks Cove; range 

of 0ï8 at both sites) was lower than the regional taxa pool (12 including all possible taxa 

or 8 taxa considering the maximum observed in control plots at a given time). Shannon-
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Weiner diversity (Hô), and Pielouôs evenness (Jô) showed strong variation, particularly at 

Grande Anse, likely due to small numbers of invertebrates (Figures 8ï9). Both diversity 

and evenness in disturbed plots mostly recovered by the end of all trials at Grande Anse 

and Trial 2 (with a July start) at Pecks Cove. In the other Pecks Cove trials, samples 

tended to still be less diverse and taxa less even in disturbed plots than in control plots at 

Day 56. 

There was no specific taxon that drove recolonization of disturbed plots at Grande 

Anse during the four trials; rather, differences between treatment levels decreased as 

multiple taxa became more prevalent in disturbed plots through time (Figures 10-13 and 

26). The taxa that contributed most to community dissimilarity and discriminated (ratio 

of average dissimilarities to the SD of dissimilarities for these taxa > 1) best between 

treatment levels varied between and within trials at Grande Anse (Table 5). Unless 

indicated otherwise, taxa densities were lower in disturbed than control plots throughout 

the recovery period. Earliest in the field season (Trial 3 with a May start), taxa 

contributing most to community dissimilarity changed from early to late in the trial 

(Figure 12, Table 5). Ostracoda, an opportunistic taxon, had the highest densities 

(actually higher in disturbed plots than in control plots) early in the trial, and contributed 

most to community dissimilarity then; later in the trial, they maintained relatively high 

densities but did not contribute much to community differences (although they did 

discriminate well). Main contributing taxa (which also were good discriminators) in Trial 

3 transitioned to Spionidae, then to Oligochaeta, and then to C. volutator, and all three 

had low to intermediate densities until recovery (at which time densities for oligochaetes 

and C. volutator became similar between treatment levels, and overall higher). During 
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Trial 1 (with a June start, and also when infaunal reproduction had begun), C. volutator 

contributed most to differences in community composition between treatment levels, with 

reduced densities in disturbed plots, but after 2 weeks higher densities in disturbed plots 

(Figure 10, Table 5). Ostracoda, which maintained relatively high densities, and 

Spionidae, with intermediate densities throughout the trial, also largely contributed early 

in the trials (days 2 and 4, Table 5). In mid-summer (Trial 2, with a mid-July start just 

before shorebirds arrive), ostracods had relatively high densities, but were not the main 

contributor to community differences (Figure 11, Table 5). Rather, Oligochaeta 

contributed most to community differences early in the trial, and then Spionidae 

contributed most late in the trial (when shorebirds had arrived and were foraging on the 

mudflat); both taxa had low to moderate densities. Corophium volutator had very low 

densities and did not contribute much or generally discriminate well between treatment 

levels during Trial 2. Late in the field season (Trial 4, with a mid-August start, after the 

peak of shorebird activity had passed), Oligochaeta with moderate to high densities 

contributed most to community differences between treatment levels early, Spionidae 

with low to moderate densities contributed throughout, and C. volutator with moderate 

densities contributed late in the trial (Figure 13, Table 5). Ostracoda in Trial 4 (like in 

Trial 3) resisted disturbance and reached higher densities in disturbed than control plots 

on day 0, and then maintained moderate densities. In sum, Ostracoda had generally high 

but variable densities throughout the trials at Grande Anse. Other resistant taxa 

(Oligochaeta, Spionidae) were reduced in density by disturbance more than Ostracoda, 

but less than susceptible taxa. All susceptible taxa (C. volutator, Phyllodocidae, 

Nereididae, M. petalum), and some resistant taxa (Oligochaeta, and Spionidae), tended to 
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colonize disturbed plots slowly but usually approached natural densities by the end of the 

trials (Figures 10-13). Other taxa occasionally sampled at Grande Anse but not largely 

influential on recolonization dynamics were Nemertea ribbon worms and the Glyceridae, 

Nephtyidae, and Cirruatulidae polychaetes. 

Corophium volutator naturally have high densities at Pecks Cove. They were the 

main contributor to significant community differences between treatment levels, 

especially early in the trials, and tended to discriminate the treatment levels well 

throughout each trial (Figures 14-17, Table 5). Early in the field season (Trial 3, May 

start), C. volutator had relatively low natural densities in control plots (though still higher 

than at Grande Anse) and especially low densities in disturbed plots (Figure 16), and 

even then were one of the main contributors to community differences. Oligochaeta were 

able to resist disturbances, maintain moderate densities, and were often one of the main 

contributors to, and good discriminators of, community differences throughout all trials 

(Figure 14-16, Table 5). Capitellidae were able to maintain or opportunistically increase 

their natural density during and immediately after disturbances early in the field season 

(Trials 3 and 1, May and June starts), but not later in the field season (Trials 2 and 4, July 

and August starts) (Figures 14-17). Further, Capitellidae were unable to maintain their 

relatively high densities in disturbed plots as a trial progressed, were not major 

contributors to community differences during any trial, and often were not good 

discriminators among the treatments (Table 5, Figures 14 and 16). Spionidae, while able 

to partially resist disturbance (their density reduced somewhat, but not completely) in 

most trials (namely Trials 1, 2, and 3), did not contribute to significant community 

differences in any trial. Thus, resistant taxa (Capitellidae, Spionidae, Oligochaeta) were 
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unable to inhibit colonization of other taxa and dominate in the community; furthermore, 

Capitellidae and Spionidae did not appear to be needed in high densities at the beginning 

of a trial for the successful colonization of later arrivals, i.e., later arrivals colonized plots 

with or without Capitellidae and Spionidae. Slowly colonizing taxa that were susceptible 

to disturbance (Nereididae, M. petalum, and Phyllodocidae) tended to reach natural 

densities in the final days of the trials (if at all). Nereididae colonized relatively rapidly 

during Trial 1 (June start, when infaunal reproduction is higher) and discriminated 

between treatment levels well late in that trial (Figure 14, Table 5). Other taxa 

occasionally sampled at Pecks Cove but not largely influential on recolonization 

dynamics were Nemertea ribbon worms and the Glyceridae and Nephtyidae polychaetes. 

Interestingly, community recovery at Pecks Cove occurred more rapidly in 2018 (with 

trials in mid-summer) when there were higher natural densities of C. volutator, than in 

2019 (with trials in spring and late summer) (Table 9, Figure 27).  

Corophium volutator population  

 Corophium volutator population recovery at Grande Anse and Pecks Cove 

reflected the community recovery in that it differed by trials (significant 

Trial*Treatment*Day interaction, Table 8, Figures 18ï21, and 28). At Grande Anse, an 

overall low, spatially patchy, and temporally variable density of C. volutator made it 

difficult to discern recolonization dynamics of the population. For example, the average 

daily dissimilarity in population structure between treatment levels was often 100% 

during Trial 2 (with a July start) when the consistently lowest densities were sampled 

(Table 7, Figures 11 and 19). That trial also did not show any recovery trajectory 

different than the temporal pattern in control plots (non-significant Treatment*Day 
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interaction, Table 10, Figure 28), because of the very low densities. The other trials 

(Trials 3, 1, and 4 with May, June, and August starts, respectively) did show a recovery 

trajectory (significant Treatment*Day interaction, Table 10, Figure 28). However, the 

patterns for when the population structure in disturbed and controls plots became similar 

were inconsistent (multiple comparisons, Table 10, Figure 28), and average dissimilarity 

in population structure between treatment levels sometimes peaked at odd times (day 4 

(99%), 35 (94%), and 1 (98%) for Trials 3, 1, and 4, respectively; Table 7). Trials 3 and 4 

(early and late in the field season in 2019) did show recovery by day 56, with low 

average dissimilarity in population structure (30ï47%) between treatment levels (Table 7, 

Figures 18, 20, 21, and 28). All three juvenile life-stages (<1.5, 1.5-2.5, and 2.5-4.0 mm 

body length) contributed most to significant differences in population structure between 

treatment levels at Grande Anse (Table 7) and had the highest densities (Figures 18ï21).  

The C. volutator population at Pecks Cove, with its higher densities than at 

Grande Anse, showed smooth recovery trajectories for the population structure (Figures 

22ï25). The trajectories differed among trials (significant Trial*Treatment*Day 

interaction, Table 8), but recovery was generally complete by day 56 for all trials 

(multiple comparisons, Table 10, Figure 29).  The general pattern in all trials except Trial 

3 (with a May start before the reproductive period of C. volutator) was that small 

juveniles colonized disturbed plots first (Figures 22ï25 and 29). Subsequently, there was 

an increase in larger juveniles and then adults, probably driven by a combination of 

colonization by these larger stages and growth of smaller stages into larger stages already 

in the plots. Average dissimilarity in population structure between disturbed and control 

plots at Pecks Cove peaked on day 0 (Avg. diss.: 68ï92%, Table 7). Thereafter average 
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dissimilarity decreased to be back within a range of dissimilarities similar to those before 

disturbance (Avg. diss.: 12-15% on day 56). During the earliest trial in the field season 

(Trial 3, May start), recolonization dynamics were unsurprisingly driven by adults, since 

offspring had not yet been produced (Table 7, Figures 24, 29). When juveniles appeared 

late in Trial 3, they had similar densities in the disturbed and control plots (Figure 24). 

Later in the field season (Trials 1, 2, and 4, with June, July, and August starts) and as 

mentioned above, disturbed plots were initially colonized by juvenile C. volutator (<4 

mm body length), especially those in the smallest size class (<1.5 mm; Table 7, Figures 

22-25, 29). In Trial 1 (June start, timed with intense C. volutator reproduction), the 

smallest juveniles contributed most to population differences between treatment levels 

(Table 7). Small juveniles also discriminated well between treatment levels during later 

trials (Trials 2 and 4, with July and August starts). The larger juveniles (1.5ï2.5 mm and 

2.5ï4.0 mm) contributed substantially to population differences early in the trials 

occurring later in the field season (Trials 2 and 4). As alluded to above, the density of the 

medium and large juveniles usually increased as the density of the smallest juveniles 

decreased (Figures 22ï25). Non-ovigerous females were the adult stage that most 

frequently contributed to population differences (Table 7, Figure 29). Male densities were 

lower but followed non-ovigerous female densities; the sex ratio averaged 3 females for 

every male (including intersex that function as males; McCurdy et al. 2006; Figures 22ï

25). Males contributed to population differences between treatment levels most at the 

beginning of the field season (Trial 3 in May) and at mid-season (end of Trial 2 with a 

July start). Ovigerous females reached the highest density, contributed most to population 
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differences between treatment levels, and discriminated best early in the field season, 

specifically in the middle of Trial 3 (Figure 24, Table 7).  

The rate of recovery of the C. volutator population relative to the invertebrate 

community varied depending on the trial and site. Because C. volutator was much less 

abundant at Grande Anse, it was more difficult to compare the population and community 

recovery trajectories between treatments at this site than it was at Pecks Cove. The 

Grande Anse C. volutator population tended to recover more rapidly than the entire 

community because of the naturally low C. volutator density observed in control plots 

(Tables 9 and 10, Figures 18-21, 26, and 28). At Pecks Cove and in 2018 (Trials 1 and 2), 

it took longer for the C. volutator population to recover than it did for the entire 

community (Tables 9 and 10, Figures 27 and 29). The C. volutator population recovered 

more quickly during Trial 3 (with a May start) than did the entire invertebrate 

community, at a time (soon after the end of winter) when there were low densities of C. 

volutator present in control plots (Tables 9 and 10, Figures 24, 27, 29). During Trial 4 

(with an August start), the C. volutator population recovered at a rate similar to the entire 

community (Tables 9 and 10, Figures 27 and 29). 

 

Water column dynamics 

 Invertebrate community 

Invertebrate community dynamics in the water column were significantly 

different at Grande Anse and Pecks Cove during the disturbance experiment (Table 11, 

Figure 30). Ostracods were more influential on community composition at both sites 

during 2018 (Trials 1 and 2) than they were in 2019 (Trials 3 and 4) and were more 
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prevalent at Grande Anse than Pecks Cove (Figures 30 and 31). As expected, C. volutator 

were more abundant in the water column at Pecks Cove than Grande Anse (Figures 30 

and 31). Taxa including Phyllodocidae, Nereididae, Macoma petalum, and Nemertea 

were also present in the water column at both sites (Figures 30, 31). Phyllodocidae were 

greater at both sites in 2019 than in 2018 when densities were higher at Grande Anse. 

Macoma petalum had highly variable water column densities at both sites but had the 

highest average density in Pecks Cove in early 2019. Nemertea were rarely sampled at 

both sites. There were similar densities of Nereididae in the water column at both sites, 

although peak density in Grande Anse came in 2018 while peak density in Pecks Cove 

came in 2019 (both later in the field season). Certain sessile taxa, including Oligochaetea, 

Capitellidae, and Spionidae were very rarely sampled in the water column (Figures 30, 

31). Taxa richness in the water column (mean ± SD: 1.7 ± 1.0 for GA, 1.5 ± 0.8 for PC; 

range of 0ï4 at both sites, n = 275 for GA and n = 245 for PC water column samples) was 

lower than the regional taxa pool (10 including all possible taxa sampled in control plots, 

4 if considering the maximum observed in the water column at a given time, or 9 if all 

taxa sampled in the water column were counted). 

Corophium volutator population  

The population composition of C. volutator sampled in the water column at high 

tide was significantly different between sites during the disturbance experiment (Table 

11, Figure 30). There were significantly more of the smallest juvenile C. volutator 

(<1.5mm body length) sampled in the water column at high tide at Pecks Cove than 

Grande Anse (Figures 30 and 32). Other juvenile size classes of C. volutator (1.5-4 mm) 

and adult males and non-ovigerous females were sampled in more similar densities 
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between sites (Figure 32). Ovigerous females were sporadically sampled in the high tide 

water column at both sites, but more frequently at Grande Anse than Pecks Cove (Figure 

32). 

 

Correlation between infauna and water column dynamics 

 Invertebrate community 

Mudflat and water column invertebrate communities varied temporally and 

appeared to be correlated. Local taxa richness observed in control plots did not reach the 

total taxa richness of the regional pool during any trial at either site and nor did taxa 

richness in the water column (see above). The natural infaunal community dynamics in 

control plots varied temporally across trials; there was not a single apex community 

across trials at either site (Figure 33). I observed mild, but significant correlations 

between invertebrate communities in the mudflat and those in the water column (Rho å 

0.2) (Table 12). In disturbed plots, these communities were significantly correlated early 

in the recovery trajectory (sampling days 0ï7 at Grande Anse, 0ï4 at Pecks Cove) but not 

late in the trials (sampling days 35 and 56, which should be mostly recovered 

communities). In contrast, the communities in the control plots (which are established 

communities) were correlated to those in the water column throughout the trials. Taxa 

that were most strongly associated with significant correlations at Grande Anse were 

Macoma petalum, Ostracoda, and Oligochaeta, while C. volutator, Ostracoda, and 

Oligochaeta were most strongly associated at Pecks Cove (Appendix G, Table G.1) 

Graphical examination suggested that significant correlations detected early in disturbed 

plots may reflect broad temporal changes, i.e., the timing of the four trials (Appendix G, 
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Figure G.1 and G.2). When I conducted short-term RELATE tests for the early days of 

Trial 4 only (the trial with the most water column community data), the communities in 

disturbed plots and the water column were not correlated (Appendix G, Table G.2). 

Control plot communities were found to be significantly correlated to the water column 

communities using the short-term RELATE tests (Appendix G, Table G.2) and taxa most 

strongly associated were M. petalum, C. volutator, and Ostracoda at Grande Anse and C. 

volutator at Pecks Cove. (Appendix G, Table G.3). 

Corophium volutator population 

 I also observed weak, but significant correlations between the structure of C. 

volutator populations in the mudflat and the water column (Rho = 0.11ï0.36) (Table 12). 

This included correlations early and late in the disturbed plots as well as throughout the 

trials in the control plots. The exception was early in disturbed plots at Grande Anse. Life 

stages in the water column that most strongly correlated between infaunal C. volutator 

populations tended to include juveniles (<4 mm in body length), especially early in 

disturbed plots (Appendix G, Table G.1). Adult C. volutator were more strongly 

correlated between mudflat and water column populations in the late disturbance periods 

and control plots than in the early disturbance period (Appendix G, Table G.1). Note that 

similar to the infaunal community, significant correlations may partly reflect broad 

temporal differences (i.e., the timing of the different trials; Appendix G, Figures G.3 

and.G.4, Table G.2.).  
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Discussion 

Disturbance and succession are important ecological processes that, when studied 

in a particular ecosystem, can explain why biotic community composition varies 

spatiotemporally. Factors affecting ecological succession and community composition in 

soft-sediment intertidal ecosystems are currently not well understood, and in the past 

were assumed to be similar to the better-studied terrestrial and rocky shore ecosystems 

where biotic interactions are known to be important (Wilson 1991). To better understand 

community dynamics and structuring in soft-sediment intertidal ecosystems, specifically 

the expansive mudflats of the upper Bay of Fundy, I conducted a disturbance experiment 

similar to what has been done in the other ecosystem types (Sousa 1979, Burke and 

Grime 1996, Underwood 2000, Hotes et al. 2009, Mason et al. 2011). I used the observed 

trajectories of the disturbed communities (replicate areas 5 m x 6 m in dimension) in 

comparison to control (undisturbed) communities, conducted on two mudflats and 

initiated four different times during the field season (May-October, over two years), to 

gain a better understanding of the driving forces affecting infaunal community 

composition. I found evidence that infaunal communities on my study mudflats were 

more strongly influenced by characteristics of the regional taxa pool than they were by 

local species interactions (such as facilitation and competition). For the following 

discussion, I started by briefly reviewing the natural spatiotemporal dynamics of the 

mudflat infaunal community and the typically dominating macroinvertebrate (Corophium 

volutator) as a baseline for the main part of my study. I then assessed the impact of the 

disturbance on the infaunal community, which enabled me to identify resistant and 
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susceptible taxa. I summarized recolonization patterns and evaluated evidence for the 

importance of the mechanisms of community succession (local taxa interactions) and the 

regional taxa pool during recovery, which were the heart of my study. I also discussed the 

importance of having multiple start times during an experiment. Finally, I identified 

limitations in my study and suggested improvements and future research to continue to 

understand forces driving community composition in the upper Bay of Fundy mudflats. 

 

Natural spatiotemporal dynamics of infauna on my study mudflats 

 The spatial and temporal changes in densities of infaunal taxa in my control plots 

and the water column (which I generally term ñnatural spatiotemporal dynamicsò) varied 

throughout the field season and this variation was similar to that in past studies conducted 

in the upper Bay of Fundy. It is important to briefly review the relevant natural dynamics 

to better understand the changes observed after disturbance, evaluate possible 

successional mechanisms, and determine the importance of the regional taxa pool (see 

next sections). The mudflat sites included in my disturbance experiment (Grande Anse 

and Pecks Cove) were among eight mudflat sites that were part of a broad sampling 

program of mudflats of the upper Bay of Fundy conducted from 2009 to 2011 by 

Gerwing et al. (2015a, 2016c). Seasonal trends in community composition during my 

experiment in 2018 and 2019 were similar to those seen in the past (Gerwing et al. 

2015a); total invertebrate density and taxa richness tended to peak in JulyïAugust and 

were lower in the spring and fall. In general, macrofaunal communities sampled at 

Grande Anse tended to be approximately half as dense as those sampled at Pecks Cove. 
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Macrofaunal taxa richness was on average slightly higher, and diversity and evenness 

tended to be higher but more variable at Grande Anse than at Pecks Cove.  

With regard to C. volutator, which often dominates infaunal communities in the 

upper Bay of Fundy, natural spatiotemporal population patterns observed during my 

experiment also varied. Assessing these natural population dynamics of C. volutator was 

important to understand why population recovery varied among sites and trials, and 

because C. volutator contributed significantly to the recolonization trajectory of infauna, 

especially at Pecks Cove. Consistent with previous observations (Barbeau et al. 2009, 

Drolet and Barbeau 2012), I also found that juvenile C. volutator were produced starting 

in late spring (i.e., early June) and were largely responsible for increases in total 

invertebrate density. There were substantially lower densities of juvenile (and total) C. 

volutator in the infaunal community and the water column at Grande Anse than at Pecks 

Cove, similar to the past (Bringloe et al. 2013, Gerwing et al. 2015a). Adult C. volutator 

were biased towards females with a sex ratio of 3 females per male at both sites during 

my experiment, which was a pattern reported in previous studies (Barbeau et al. 2009, 

Drolet and Barbeau 2012, Bringloe et al. 2013). My results suggest that females had the 

possibility of contributing more to recovery than males. Differences in C. volutator 

density and population structure at Grande Anse and Pecks Cove were primary causes for 

differences in community recovery between sites. 

The other group of possible dominant macroinvertebrates on the upper Bay of 

Fundy mudflats are annelids, consisting of polychaetes and oligochaetes. Overall, the 

natural spatiotemporal dynamics of annelid taxa during my experiment were similar to 

previous reports (Gerwing et al. 2015a) and indicate the annelids were important 
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community members that often significantly contributed to recolonization. Members of 

Capitellidae were more important community members at Pecks Cove than at Grande 

Anse during my experiment, but their density at Grande Anse was lower than what had 

been observed in the past (Gerwing et al. 2015a). Infaunal densities of Capitellidae and 

Spionidae tended to be at their greatest in mid-summer before rapidly declining into fall 

during my experiment and in past sampling (Gerwing et al. 2015a). The seasonal 

dynamics of Oligochaeta (which were not included in the study by Gerwing et al. 2015a) 

were similar to the sessile polychaetes (Capitellidae and Spionidae) at my study sites, but 

had greater densities, particularly at Pecks Cove. The aforementioned sessile annelid taxa 

are sub-surface and surface deposit feeders (Fauchald and Jumars 1979, Pagliosa 2005, 

Jumars et al. 2014) which I rarely captured in the water column. It was possible that these 

taxa spatially repositioned themselves via bedload transport and so would have not been 

sampled by the plankton nets secured 1 m above the mudflat (Lundquist et al. 2006). It 

was important to assess the movement capabilities of the various taxa to better 

understand how they could have arrived in the disturbed areas (via the water column or 

not) and thus shed light on how they may have interacted with other taxa during my 

experiment. Other prominent polychaete families sampled during my experiment were 

Phyllodocidae and Nereididae which are mobile, omnivorous, capable of predation 

(Fauchald and Jumars 1979, Pagliosa 2005, Jumars et al. 2014), and were frequently 

sampled as members of the water column community. During my experiment, species of 

Phyllodocidae were more abundant at Grande Anse, but Nereididae were more abundant 

at Pecks Cove, whereas in the past these taxa had similar densities between these two 

sites (Gerwing et al. 2015a). Phyllodocidiae and Nereididae tended to have their highest 



 

45 

 

densities during the summer and lowest during the spring and fall. Overall, annelid taxa 

were present throughout the field season and were often important contributors to 

community differences between treatment levels (disturbed vs. control) during my 

experiment.  

Other mudflat invertebrates naturally occurring in my sites, Macoma petalum 

bivalves, Nemertean ribbon worms, and Ostracoda, also had spatiotemporal dynamics 

similar to those observed in past studies (Gerwing et al. 2015a). The natural dynamics of 

these other taxa could influence recovery trajectories during my experiment, and 

understanding them could reveal when these taxa would be most influential on 

community recovery. Based on my control plots, and similar to previous observations 

(Gerwing et al. 2015a), M. petalum were more abundant at Grande Anse than at Pecks 

Cove and were most abundant in late summer-fall at both sites. During my experiment, 

M. petalum were frequently sampled in the water column as small individuals (personal 

observation), indicating they could have recolonized disturbed mudflat areas from the 

water column. Specimens of Ostracoda, frequently associated with biofilm distributions 

(Buffan-Dubau & Carman 2000), were sampled as members of the infaunal and water 

column communities in variable densities at Grande Anse, consistent with other surveys 

(Cheverie et al. 2014, Gerwing et al. 2015a). In the case of Pecks Cove, Ostracoda had 

relatively low but also variable densities. Nemertea were sampled sparsely throughout my 

experiment as members of the water column (which has been observed before, Bringloe 

2011) and mudflat communities. This examination of the natural spatiotemporal 

community dynamics observed during my experiment provided a useful baseline to 
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subsequently assess how the infaunal community changed and responded to the 

disturbance, and evaluate possible mechanisms underlying recovery.  

 

Implementation of the disturbance effect, and identification of susceptible and 

resistant taxa 

The disturbance method used in my experiment led in all trials to substantial 

reductions in taxa densities, including C. volutator, resulting in community compositions 

significantly different than what they were before the disturbance, as well as than the 

controls. By covering the mud surface for three weeks (using tarps of plastic landscape 

fabric), less oxygen was available at the surface, as evidenced by the black mud and 

lower depth of the transition from aerated mud to anoxic mud (i.e., the apparent redox 

potential discontinuity; Gerwing et al. 2015c) and the reduction in diatom biofilm 

biomass, as evidenced by the reduction in chlorophyll-a concentration (MacIntyre et al. 

1996, Appendix A). My experimental disturbance was designed to not physically modify 

the microstructure of sediments, but only substantially reduce the biota; it is in the range 

of possible natural ecological disturbances in soft-sediment ecosystems, which not only 

include coverage leading to hypoxic/anoxic conditions (e.g., by deposition of dense 

riverine sediments or by the growth of ephemeral algal mats; Thrush et al. 2003, Auffrey 

et al. 2004) as in my experiment, but also scour or resuspended sediments (Grant 1981, 

Kaiser and Spencer 1996, Hall and Harding 1997, Conlan et al. 1998). 

The taxa most susceptible to disturbance were those with mobile life-history 

strategies and/or hypoxia susceptibility. Thus, my susceptible functional group included 

C. volutator (all life stages), errant polychaetes Phyllodocidae and Nereididae, and the 
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vulnerable M. petalum. During the disturbance period, resident C. volutator individuals 

were either killed or forced to emigrate, most likely by crawling. Errant polychaetes 

readily move and reposition themselves on the mud surface (Fauchald and Jumars 1979, 

Jumars et al. 2014, Pagliosa 2005), and so could have easily moved away from my 

covered plots or may have died. Macoma petalum responded to the disturbance by 

emerging toward the sediment surface, a behavior observed previously in other bivalve 

species when exposed to hypoxic conditions (Auffrey et al. 2004, Villnas et al. 2019). 

Three weeks of hypoxic conditions resulted in high mortality of M. petalum during each 

trial, as observed from the many dead shells upon removal of the tarps (personal 

observation). Additionally, swimming C. volutator and other susceptible taxa regularly 

sampled in the water column (though at much lower densities than observed with C. 

volutator) would also have been prevented from immigrating into the covered plots. 

Some infaunal taxa, the relatively sessile deposit feeders, were able to partially 

resist the experimental disturbance. The resistant taxa varied between trials and sites, but 

in general, included Ostracoda at Grande Anse, and Oligochaeta, Spionidae, and 

Capitellidae at Pecks Cove. Thus, I categorized these taxa into the resistant functional 

group (see also Fauchald & Jumas 1979, Appy et al. 1980, Whitlatch 1982). During the 

three-week disturbance implementation period (especially in 2018 when I was developing 

my methods), the edge of the tarp sometimes became unburied, creating an opportunity 

for colonization of the disturbed plots. Occasionally, resistant taxa Ostracoda and 

Capitellidae opportunistically colonized the areas at those times and increased their 

densities. Some Capitellidae taxa, including Heteromastus filiformis (the capitellid 

species occurring in the upper Bay of Fundy mudflats), have been identified as 
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opportunistic and resistant to disturbance and pollution (Pearson and Rosenberg 1978). 

While Capitellidae individuals were able to colonize my disturbed plots during the 

disturbance period, they were not able to maintain their relatively high abundances once 

the mudflat was re-exposed to the water column. Capitellidae displayed opportunistic 

characteristics, in that they appeared to be effective colonizers but not strong competitors; 

I observed this early in the field season (May and June, Trials 1 and 3), but not later in 

the season (Trials 2 and 4). It was important to identify resistant taxa as they were the 

initial occupants of disturbed areas and could potentially interact with later arrivals.  

 

Overview of recolonization patterns in my experiment 

 Recolonization during my experiment was accomplished as taxa progressively 

immigrated from the regional taxa pool into the disturbed plots and reflected the natural 

spatiotemporal dynamics of the mudflat communities. Populations of all taxa sampled 

during the experiment recovered toward natural densities (i.e., became similar to 

controls) during the trials. There were no taxa that were excluded from (unable to 

recolonize) the disturbed plots. Many taxa, including C. volutator (discussed in more 

detail below), Phyllodocidae, Nereididae, and M. petalum, usually only reached similar 

densities between treatment levels late in the recovery period (i.e., sampling days 35 and 

56); Oligochaeta, Spionidae, and Capitellidae did so as well when they were not able to 

resist disturbance. Macoma petalum likely colonized disturbed plots from the water 

column, and Phyllodocidae and Nereididae presumably used both swimming (or tidal 

entrainment) and crawling to reach disturbed plots. These taxa were not as abundant in 

the water column as C. volutator, which likely contributed to their relatively slow 
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recolonization times. Sessile taxa, when not able to completely resist disturbance, were 

not typically present in the water column and likely recolonized the disturbed plots by 

being transported as part of bedload, crawling on the mudflat surface, or burrowing 

through the sediment. In past studies, colonization of disturbed intertidal mud and sand 

flats occurred via the water column, sediment surface, within sediment, and/or bedload 

transport (Lundquist et al. 2006, Negrello Filho et al. 2006, Thrush et al. 2008, Norkko et 

al. 2010).  

Natural spatiotemporal dynamics of C. volutator often significantly influenced 

recolonization community dynamics during my experiment, especially at Pecks Cove. 

When C. volutator were abundant at a site (like Pecks Cove), they rapidly colonized 

disturbed plots. In the earliest seasonal trial (Trial 3 with a May start), C. volutator were 

at very low densities at both Pecks Cove and Grande Anse, and recolonization of 

disturbed plots took longer than it did during trials with high densities of C. volutator. It 

is likely that C. volutator colonized the disturbed plots from the water column at high 

tide, where they were also often present in high densities, and tended to do so in their 

juvenile life stages (Bringloe et al. 2013). During a previous study in the upper Bay of 

Fundy, Drolet and Barbeau (2012) found that C. volutator readily immigrated via the 

water column to small, disturbed areas. Recolonization of disturbed plots occurred most 

rapidly at Pecks Cove when start times were in June-July (Trials 1 and 2), coinciding 

with C. volutator reproduction. Adult C. volutator that colonized the disturbed plots did 

so in similar sex ratio proportions that occurred naturally. Ovigerous females did not tend 

to recolonize disturbed plots until late in the trials and were either females that previously 

colonized the plots and then became ovigerous while occupying the plot, or colonized the 
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plots while ovigerous from the water column (ovigerous females were sampled in the 

water column during my study and in the past; Bringloe et al. 2013). To summarize, 

recolonization of disturbed mudflat areas during my experiment was accomplished by 

multiple taxa and was significantly influenced by C. volutator when present in high 

densities.  

 

Evaluation of mechanisms of community succession for infauna in Bay of Fundy 

mudflats  

The recovery trajectory of a community after disturbance can be significantly 

impacted by a sequence of local interactions between arriving organisms. These local 

interactions may result in the explicit replacement of early arriving taxa by later arrivals, 

prevent colonization by later arriving individuals, or have no effect on recolonization 

dynamics. Connell and Slatyer (1977) formalized models of community succession with 

their discussion of successional mechanisms that describe the effect of early arriving 

organisms on later ones, as described in the introduction of my thesis. As a brief review, 

for the inhibition mechanism, I expected communities in disturbed plots to be different at 

the conclusion of every trial and different from controls. For the facilitation and tolerance 

mechanisms of succession, I expected communities in disturbed plots to become more 

similar to control plots through time, with contributing taxa to early or late dynamics 

being similar during every trial. If recolonization occurred without the presence of the 

above successional mechanisms, I expected communities in disturbed plots to gradually 

become more similar to controls through time reflecting immigration from the regional 
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taxa pool, and I expected communities in control plots to also reflect the regional taxa 

pool at the time. 

Inhibition occurs in ecological succession when there is a limited resource, most 

commonly space in a marine environment, which the initial arriving species can secure 

and inhibit later arrivals from also utilizing (Connolly and Muko 2003, Edwards and 

Schreiber 2010). Results from my experiment do not support the hypothesis posed by 

Gerwing et al. (2016c) that infaunal community composition in the upper Bay of Fundy 

mudflats is driven by a ñfirst come, first servedò process, associated with an inhibition 

model of succession. Resistant and opportunistic taxa inhabiting the disturbed plots at the 

beginning of the trials were unable to inhibit colonization by later arrivals. For example, 

in the trials conducted earlier in the field season at Pecks Cove (Trials 3 and 1, with May 

and June starts), Capitellidae increased their density in plots during the disturbance 

implementation period and were important community members early in the trials, but 

were apparently unable to resist colonization of later arrivals and became less important 

community members as the trials progressed. In other ecosystems including vegetation, 

rocky intertidal, and coral reef habitats, inhibition mechanisms have been identified as 

influencing ecological succession (Farrell 1991, Chadwick and Morrow 2011, Tognetti 

and Chaneton 2012). However, intertidal mudflat ecosystems are not known for being 

space-limited due to their expansive size and three-dimensional structure; so, it is not 

surprising that resistant or early colonizing taxa failed to inhibit later arrivals. 

 Facilitation refers to enhanced colonization potential provided by early 

successional species to later successional species (Connell and Slayter 1977). Organisms 

can facilitate the arrival of others by providing nutrition to later arrivals, or modifying the 
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environment (e.g., the sediment) to suit other taxa, etc. (De Steven 1991, Bertness 1991). 

Facilitation is usually necessary for environments with harsh environmental conditions 

that must be ameliorated prior to colonization of many taxa (Michalet et al. 2014). 

Results of my study do not suggest evidence of facilitation by particular taxa. While it is 

possible that recolonization of the disturbed plots would not have occurred without the 

presence of resistant taxa, Drolet et al. (2013) found that C. volutator were able to readily 

colonize completely azoic mud. Recolonization dynamics varied spatiotemporally during 

my experiment and did not depend on the arrival of a certain taxon to be successful. For 

example, C. volutator were the primary drivers of recolonization and initial arrivals to 

disturbed plots at Pecks Cove during the trials initiated in the summer (Trials 1, 2, and 4) 

but not during the spring (Trial 3), or at Grande Anse during any trial. Recolonization 

successfully occurred during each trial regardless of the initial colonizers. However, 

certain taxa sometimes did not colonize plots until late in the trials (Phyllodocidae, 

Nereididae, M. petalum); it is possible that these taxa were slow colonizers as a result of 

waiting for ameliorated environmental conditions prior to colonizing, and not as a result 

of having relatively low regional densities as I presumed. To develop a more complete 

understanding of facilitation during my experiment, sediment properties could be 

analyzed to determine whether colonization by certain taxa was correlated with specific 

habitat conditions.  

The tolerance mechanism of succession occurs when early arriving organisms 

have neither a positive (facilitation) nor negative (inhibition) effect on later arrivals, and 

species that are tolerant of existing conditions accumulate over time (Connell and Slatyer 

1977, Farrell 1991). Tolerance may be interpreted as ñpassiveò and ñactiveò tolerance 
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(Pickett et al. 1987). Passive tolerance occurs when community composition reflects the 

speciesô ability to tolerate harsh ecological conditions. During passive tolerance, 

organism activity is low and competition between species is rare. Active tolerance occurs 

when community composition develops to reflect the taxa that are the strongest 

competitors. In this scenario, the taxa that initially colonize available habitat areas are 

unimportant as they will eventually be replaced by superior competitors. When existing 

conditions are harsh, passive tolerance occurs and community composition reflects taxa 

that are able to merely survive in the habitat space. However, when existing conditions 

are benign, active tolerance occurs and community composition eventually reflects the 

strongest competing taxa. In my experiment, all taxa were tolerant of natural 

environmental conditions since they naturally occupied the area in surrounding areas and 

prior to disturbance. Passive tolerance was clearly on display during the disturbance 

implementation period when environmental conditions deteriorated as a result of the tarp 

method and only certain taxa were capable of resisting the disturbance. These resistant 

taxa became dominant community members during this time as a result of their tolerant 

life-history strategies, and not as a result of their superior competitive abilities. Active 

tolerance, or species replacement as a result of superior competitive ability, did not occur 

during my experiment. Presumed superior competitors existed in the habitat space with 

presumed weak competitors; i.e., one did not replace the other. It was also common for 

presumed competitive taxa (C. volutator and Spionidae) to both occupy similar habitat 

areas without seeming to compete. Since clear species replacements did not occur, many 

taxa that were important community members early in the trials were also important late 

in the trials. For the tolerance mechanism of succession, it does not matter which taxa 



 

54 

 

initially occupy the habitat spaces as they do not affect the ability of other taxa to 

colonize. Tolerance was clearly a process in my experiment but did not seemingly affect 

recolonization dynamics during the trials. 

 Discrete successional stages have been previously reported difficult to identify in 

soft sediment ecosystems (Thrush et al. 2008). During my experiment, there was little 

evidence of ecological succession as it occurs in terrestrial and rocky intertidal 

ecosystems. In the other ecosystems (terrestrial, rocky intertidal), succession usually 

involves the explicit replacement of early colonizing taxa by later arrivals, and 

successional mechanisms describe the nature of the interactions that occur between them. 

Initial occupants of the habitat spaces did not seem to inhibit nor facilitate the arrival of 

other taxa during my experiment, and tolerant taxa did not compete with and replace one 

another. Local taxa interactions may not have played a significant role in my experiment 

because (i) there were ample available resources including nutrients and space that could 

not be monopolized by a particular taxon, (ii) the disturbance effect resembled a natural 

one and did not alter the sediment properties to a condition requiring amelioration before 

certain taxa could colonize, and (iii) ample space minimized effects of predation and 

competition. If local taxa interactions were not important during community succession, 

then maybe the regional taxa pool was. 

 

Are regional taxa pools influential on infaunal community composition in the upper 

Bay of Fundy? 

 The regional taxa pool may be the primary driver of why the local infaunal 

community composition of mudflats in the upper Bay of Fundy varies spatially. This 
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seems to be the case too for recently studied mudflats at north temperate latitudes on the 

Pacific coast of Canada (British Columbia; Gerwing et al. 2017, Campbell et al. 2019).  It 

is becoming increasingly clear that while local taxa interactions may have small-scale and 

short-term effects on community composition (e.g., Hamilton et al. 2006, Cheverie et al. 

2014), they are not primarily responsible for broader spatiotemporal trends in infaunal 

community composition in the Bay of Fundy mudflats (Gerwing et al. 2016c). My 

experiment demonstrated that local interactions between colonizing taxa did not have an 

effect on community composition after disturbance; however, the start time of the trial 

and the natural dynamics at the time did. A disturbed local community recovered to 

natural mudflat composition as taxa progressively emigrated into the plots from the 

surrounding areas, or the regional taxa pool, without evidence of interactions among taxa. 

Evidence for the regional taxa pool being the primary driver of recolonization dynamics 

during my experiment was that disturbed communities became more similar to controls 

through the trials, and control plots varied temporally.  

At a relatively large scale, over the whole of the upper Bay of Fundy (in New 

Brunswick and Nova Scotia), mudflat communities show differences in diversity 

(Gerwing et al. 2015a), which may reflect differences in the regional taxa pool. It is 

possible that the sites included in my experiment, Grande Anse and Pecks Cove, (which 

are within Shepody Bay and Cumberland Basin, respectively) are truly different regions, 

separated by dispersal barriers driven by water currents and landscape features. This is 

not clear because my two sites are geographically close (both within Chignecto Bay), and 

exposed to the same strong tidal currents, which mixes the water column (Einfeldt & 

Addison 2013). Of interest and to put in context with other intertidal mudflats elsewhere, 
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the diversity of upper Bay of Fundy mudflat communities is relatively low compared to 

lower latitudes (e.g., Jayaraj et al. 2008,  Kundu et al. 2009, Drylie 2019) and likely 

bounded by severe winter conditions that prevent mass proliferation and speciation of 

taxa (Fischer 1960). Also, Atlantic Canadian mudflats tend to be relatively young 

ecosystems as a result of recent glaciation events, and have lower diversity than older 

ecosystems since there has not been as much time for speciation to occur (Cornell and 

Harrison 2014, Schluter 2015). Thus, mudflats in different regions of the upper Bay of 

Fundy have infaunal communities consisting of similar, and relatively few, invertebrate 

taxa, but their composition may still vary among regions as a result of dispersal barriers 

(i.e., differences in their regional taxa pool). 

Mudflat community composition in the upper Bay of Fundy also varies spatially 

on the scale of individual mudflats, not only among regions (Gerwing et al. 2015a). Local 

variation in communities can be primarily driven by stochastic colonization from the 

regional taxa pool and subsequent small-scale local interactions (Maignien et al. 2014). 

Movement through the high tide water column is an effective and semi-diurnal means of 

short- and long-range dispersal for infaunal invertebrates (Drolet et al.2009a, Drolet et al. 

2012b, Bringloe et al. 2013). Furthermore, with the tidal currents in the upper Bay of 

Fundy being strong, many invertebrates are unable to reposition themselves by 

swimming, but rather are entrained through the water column as has been reported in 

other areas (Palmer 1984). These strong currents may prevent swimming invertebrates 

from actively selecting habitat spaces, and community structuring of mudflat areas may 

be a result of stochastic colonization from the regional taxa pool. During my experiment, 

the colonization ability of members of the regional taxa pool was influenced by their 
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abundance in the water and dispersal ability. Results from my experiment demonstrated 

that local community composition varied from the regional taxa pool on a short-term 

basis (days), but was significantly influenced by it on a longer-term basis (weeks and 

months). Overall, aspects of the regional taxa pool may help explain the spatiotemporal 

variation of both local and regional diversity of infaunal communities.  

The relationship between local diversity and regional diversity is often strongly 

influenced by the time since disturbance (Monquet et al. 2003). In temperate forests, local 

species richness was significantly affected by regional species pools soon after 

disturbance but became more largely controlled by local interactions as the plots became 

colonized and matured (Belote et al. 2009). In this example, the regional species pool was 

important as species immigrated into disturbed plots but became less important as habitat 

space become occupied at which point local interactions became more important. Mudflat 

invertebrate community members, unlike those in temperate forests, are highly mobile, 

are not restricted by a root system, and are faced with strong water currents twice daily 

that can cause them to disperse involuntarily. Mudflat invertebrates (perhaps more so in 

the Bay of Fundy compared to tidal flats in less hydrodynamic active regions) may not 

have time to establish communities to a point when local species interactions become 

more influential than the regional taxa pool on their composition. Local community 

richness observed in my control plots did not tend to reach maximum total regional 

richness (rather local richness was, on average, less than half that of total regional 

richness) and varied temporally, suggesting that communities in Bay of Fundy mudflats 

are subject to frequent reorganization. To summarize, frequent dispersal of infaunal 

invertebrates may prevent succession from occurring in intertidal mudflat ecosystems as 
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it does in others (including terrestrial and rocky intertidal ecosystems), resulting in 

characteristics of the regional taxa pool being the primary driver of community 

composition even after substantial time since disturbance. 

 

Value of different start times for experiments 

Generally, having multiple start times within an experimental design provides 

greater power to evaluate the significance of observed phenomena during said 

experiment. Experiments typically have a single start time due to logistical constraints. 

Of the few studies I found in the scientific literature where multiple experimental start 

times were used, there was a significant effect of the experimental start time. Start time 

was found to affect the experimental outcome in a study by Boudreau and Hamilton 

(2012) investigating the seasonal variation of predation effects on an intertidal mussel 

bed. Predation effects on mussels differed between experimental trials beginning in the 

spring and fall, driven by the migratory behavior of diving ducks (Boudreau and 

Hamilton 2012). Experimental start time also affected epiphytic alga dynamics in a 

seagrass ecosystem in a study by Whalen et al. (2013). Seasonal variation in top-down 

and bottom-up control of epiphytic algae was observed during the experiment, with 

grazers being more important in the summer and nutrient additions being more important 

in the fall (Whalen et al. 2013). These past studies demonstrated the importance of using 

multiple start times when conducting ecological experiments because outcomes can differ 

because of the seasonal variation. 

There was no lasting effect of start time during my experiment despite significant 

variation in the natural spatiotemporal dynamics of mudflat infauna. Infaunal community 
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dynamics were affected by a variety of natural processes during my experiment including 

species reproductive cycles, seasonal increases in epifaunal predation, seasonal weather 

differences, and the moon phase (Peer et al. 1986, Hicklin 1987, Barbeau et al. 2009, 

Drolet and Barbeau 2012, Gerwing et al. 2015b). Disturbed mudflat communities became 

similar to controls through time and there was no evidence of local taxa interactions (e.g., 

facilitation or competition) during any of the four start times of my experiment. While the 

general outcome of my experiment did not change across trials, the rate and main taxa 

during recovery varied in response to changing natural spatiotemporal dynamics. 

Disturbed communities became similar to controls (which varied across trials and sites) 

as a result of continued immigration from the regional taxa pool throughout the trials, and 

there was no apparent effect of top-down or bottom-up controls. Conducting my 

experiment with multiple start times and receiving the same experimental outcome at 

each time enabled me to evaluate the driving forces behind the recolonization of infaunal 

mudflat communities more confidently. Recent studies, including my own, demonstrate 

the need for researchers to consider temporal scale and experimental start time when 

planning and executing manipulative experiments, as they may or may not significantly 

impact the outcome of an experiment. 

 

Study limitations, recommendations, and future research 

For my manipulative field experiment, I created realistic disturbance effects on 

local mudflat areas and observed recolonization dynamics, but also dealt with limitations, 

especially that of spatial scale. Field experiments addressing spatial and temporal 

processes have many logistic challenges, including the spatial and temporal grain and 
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extent of the experiment, frequency of sampling, and components of the ecosystem to be 

sampled. The spatial scale is known to affect our perception of ecological processes 

(Gardner et al. 2001, Fraschetti et al. 2005), and how infaunal invertebrates respond to a 

disturbance can depend on its size (Norkko et al. 2006, Norkko et al. 2010). The size of 

disturbance I could create was limited by the size of tarp my assistants and I could 

physically handle while in the field. While the disturbance created in my experiment was 

large for a person, it was still very small at the extent of an entire mudflat. Thus, while 

certain patterns have been observed at the extent of an entire mudflat [e.g., community 

shifts from C. volutator to sessile polychaete taxa observed by Gerwing et al. (2015a) and 

reduction in C. volutator and total infaunal biomass at Grande Anse observed by 

Shepherd et al. (1995)], I did not observe any evidence of community shifts after 

disturbance at the grain of my experiment.  

My ability to draw broad conclusions was also limited by the number of mudflats 

used, duration of experimental trials, and frequency of water column sampling. I used 

only two mudflats; using at least two additional mudflat sites, one in the Shepody Bay 

and the other in the Chignecto Bay, would facilitate an assessment of possible regional 

effects on recolonization dynamics. To increase sampling frequency and/or duration of a 

trial, I would suggest reducing the size of each sampling cell to 25 cm x 25 cm (from 33 

cm x 33 cm) to accommodate a total of 32 sampling cells instead of only 18, but I would 

not suggest increasing the size of the disturbance area. This would allow 16 sampling 

days per trial (instead of 9 days, not including the disturbance implementation day). In 

my study, I sampled for approximately two months after the disturbance period, and in 

some instances it took that long for disturbed plots to recover. More frequent and longer 
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sampling would enable a more detailed analysis of longer-term natural mudflat dynamics 

and how they affect recolonization dynamics, the ability of recovered communities to 

persist, and if local interactions become more influential on community composition as 

time passed. It would also be beneficial to increase the frequency of water column 

sampling and collect samples using bedload traps secured to the base of the plankton net 

where the water column meets the mudflat. Ideally, water column and bedload samples 

should be collected for every infaunal sample, but at a minimum on at least one occasion 

every week for the duration of the mudflat sampling, and as close to mudflat sampling as 

possible. I recommend including multiple water column and bedload sampling days on 

the first seven days of the trials to better capture the importance of dispersal via the water 

column and bedload for recolonization. Collecting more water column and bedload 

samples on days of infaunal sampling would increase the investigative power of the 

multivariate correlation tests conducted to compare infaunal and water column 

communities.   

As mentioned in the introduction, my thesis experiment was designed to primarily 

assess the importance of the inhibition mechanism of succession on community 

composition in the upper Bay of Fundy mudflats, since this was the only scenario where I 

predicted final community composition to be different in disturbed plots in controls. It 

was more difficult for me to assess the facilitation or tolerance models of succession for 

which I predicted the final community composition to be similar to controls. To 

understand the roles of facilitation and tolerance more fully, I suggest that future 

experiments be conducted. To evaluate facilitation, one could use cages similar to Coffin 

et al. (2012) and Drolet et al. (2013) and sieved, azoic mud to create experimental units. 
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Certain densities and taxa of potentially facilitating organisms could be added or withheld 

from the experimental units to assess the role of facilitation. Similar experimental units 

and methods could be used to also evaluate competition in mudflat ecosystems.  

 My research has helped advance understanding of what drives mudflat 

community composition in the upper Bay of Fundy and clarified what next steps should 

or could be done. I recommend that researchers consider regional taxa pools when 

studying mudflat community composition. Dispersal capabilities and barriers between 

mudflats should be studied to better understand regional diversity in the upper Bay of 

Fundy. Many mudflat invertebrate taxa disperse readily in the water column at high tide 

and even travel between mudflats while drifting through the water column. Tidal currents 

in the upper Bay of Fundy are strong and understanding how these currents circulate 

could shed light on the dispersal capabilities of mudflat invertebrates and boundaries of 

regional taxa pools.  

Additional future work that could aid in the understanding of mudflat community 

dynamics in the upper Bay of Fundy is to expand our understanding of functional 

groupings. The functional groups used in my experiment were few, simple, and directly 

related to my disturbance experiment. In other parts of the world (e.g., New Zealand), 

detailed functional groups of mudflat infauna have been defined that may apply to 

mudflat taxa of the upper Bay of Fundy (Greenfield et al. 2016, Drylie 2019). By 

applying these known functional groups to the upper Bay of Fundy taxa, we will be able 

to compare this mudflat system more broadly to others around the world.  

   The implementation and monitoring of my disturbance experiment also included 

many of complementary types of samples to study the mudflat ecosystem more wholly. 
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Many of these samples still need to be processed or analyzed. They include sediment 

samples to quantify water content, organic matter, particle size, and chlorophyll a to 

understand environmental variables influencing the infaunal community (Appendix A, 

Kelaher et al. 2001); samples for meiofauna to assess smaller infauna that may interact 

with macrofauna or serve as a food source, with a focus of foraminifera (Tietjen 1969, 

Watzin 1983); evidence of epifaunal predation which may affect organism behavior 

(MacDonald et al. 2014); and infaunal biomasses to complement densities (Appendix C). 

Mudflat surface cores (2 mm thickness) were also collected to examine the biofilmôs 

dynamics (evaluated using chlorophyll a, a proxy for diatom abundance) and its 

macromolecular content (specifically, proteins and carbohydrates) since biofilm is at the 

base of the mudflat food web (M. Mogle, in preparation). As well, sediment samples for 

environmental DNA were collected (at 0, 1, 4, and 7 cm depth) to examine the recovery 

dynamics of microbial eukaryotes following disturbance (Kalu 2020), and these samples 

are currently being processed using metabarcoding (E. Kalu, in preparation). This rich 

assemblage of samples and data should be continued to be processed and analyzed to aid 

in the development of a more thorough understanding of local interactions between 

infaunal invertebrates, other biota, and their environment after disturbance on the 

expansive mudflats in the upper Bay of Fundy.  

 

Conclusion 

 My findings suggested that local taxa interactions after disturbance do not 

influence infaunal community composition on the mudflats in the upper Bay of Fundy. 

Disturbed mudflat areas were colonized by invertebrates from the regional taxa pool, 
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which did not appear to inhibit, facilitate, or compete with other invertebrate colonizers. 

Through time, disturbed plots gradually became similar to natural mudflat areas (control 

plots). My experiment was enhanced by including multiple start times (i.e., trials) to 

explore the influence of natural seasonal dynamics on recolonization and strengthen the 

evaluation of different possible underlying successional mechanisms. Although patterns 

of recolonization differed among trials, they were related to natural spatiotemporal 

dynamics of invertebrate communities in the mud and in the water column at the time of 

the trials. However, despite these differences in starting conditions and initial 

recolonization, I found that in all cases the disturbed plots converged with controls. This 

means that mechanisms of recolonization following disturbance were independent of 

starting conditions and consistent over time.  

I proposed that infaunal community dynamics on mudflats in the upper Bay of 

Fundy are more strongly influenced by regional taxa pools and dispersal than they are by 

local interactions between taxa, and that variation in local mudflat community 

composition is primarily driven by stochastic colonization from the regional taxa pool. 

Future research on mudflat community composition should focus on conducting deeper 

investigations into potential facilitation or competition between mudflat infauna and 

defining mudflat regions where individual sites form a metacommunity connected by 

dispersal. Research on directions of water currents and dispersal barriers throughout the 

upper Bay of Fundy will aid in defining regional boundaries.  

My research is significant because it advances our collective understanding of 

factors influencing mudflat community composition. In the past, understanding of marine 

soft-sediment communities has been based primarily on paradigms related to terrestrial 
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and rocky intertidal habitats, where biotic interactions substantially affect community 

structure (Wilson 1991). In soft-sediment communities, evidence is accumulating that 

biotic interactions play less important roles in community structuring (Gerwing et al. 

2016c, Gerwing et al. 2017). Improved understanding of mudflat communities enhances a 

knowledge base regarding migratory shorebird populations and fisheries, as infaunal 

mudflat communities play a critical role at the base of food webs in the Bay of Fundy and 

elsewhere (Bertness 2007, Hicklin & Smith 1984, Nybakken & Bertness 2005). 
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Tables 

Table 1. Dates of infaunal sampling as part of four trials of a disturbance experiment at two mudflats (Grande Anse, Pecks Cove) 

during 2018 and 2019. ñDeployò refers to the deployment of the disturbance treatment (i.e., the tarps), after which there was a ~three-

week treatment-implementation period prior to post-disturbance sampling. Post-disturbance sampling began on sampling day 0 

(indicated in bold because this is the date that defines a trial) after completion of the disturbance.  This sampling continued on day 1, 

day 2, day 4, week 1, week 2, week 3, week 5, and week 8 post-disturbance. n = 12 infauna samples collected in disturbed and in 

control plots on each sampling day (totaling 24 samples per day per site). However, a total of 23 samples were missing: c indicates one 

missing sample for control plots and d indicates one missing sample for disturbed plots. * indicates data included in the multivariate 

correlation (RELATE) tests. 

Site Year Trial Sampling day 

Deploy 0 1 2 4 7 14 21 35 56 

Grande 

Anse 

2018 1 16 Mayc 5 Jun* 6 Jun 7 Jun 9 Jun 12 Jun* 19 Jun 26 Jun 10 Julc* 31 Jul* 
 

2 28 Jun 20 Jul 21 Jul 22 Jul 24 Julc,d 27 Jul 3 Augc 10 Augc,d 24 Aug 14 Sep 

2019 3 2 May 25 May* 26 May 27 May 29 May 1 Jun 8 Jun 15 Jun 29 Jun 20 Jul 
 

4 29 Jul 19 Aug3c,d*  20 Aug* 21 Aug* 23 Augd* 26 Aug* 2 Sepd 9 Sep 23 Sep* 14 Octd 

Pecks 

Cove 

2018 1 15 May 8 Junc 9 Jund 10 Jund 12 Jun* 15 Junc 22 Jun 29 Jun 13 Jul* 3 Aug* 
 

2 27 Junc 17 Jul* 18 Jul 19 Jul 21 Jul 24 Jul 31 Jul 7 Aug 21 Aug 12 Sep 

2019 3 1 Mayc,d 20 Mayc,d*  21 May* 22 May 24 May 27 May 3 Jun 10 Jun 24 Jun 15 Jul 
 

4 30 Jul 22 Aug* 23 Aug* 24 Aug* 26 Aug* 29 Aug 5 Sep 12 Sep 26 Sep* 18 Oct 
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Table 2. Dates when sampling the water column during high tide at nighttime (using 

plankton nets) occurred at the Grande Anse and Pecks Cove mudflats as part of the 

disturbance experiment.  m indicates one missing net sample on a sampling day (a total of 

8 samples were missing). * indicates data included in the multivariate correlation 

(RELATE) tests. 

 
Date Site 

3 June 2018 Grande Anse & Pecks Cove 

4 June 2018 Grande Anse* & Pecks Cove 

13 June 2018 Grande Anse* & Pecks Cove* 

14 June 2018 Grande Ansem & Pecks Cove 

18 June 2018 Grande Anse & Pecks Cove 

3 July 2018 Grande Anse & Pecks Cove 

12 July 2018 Grande Anse* & Pecks Cove* 

16 July 2018 Grande Anse & Pecks Covem 

17 July 2018 Grande Anse & Pecks Cove* 

31 July 2018 Grande Anse* & Pecks Cove* 

20 May 2019 Pecks Cove* 

21 May 2019 Pecks Cove* 

25 May 2019 Grande Anse* 

2 July 2019 Grande Anse & Pecks Cove 

3 July 2019 Grande Ansem & Pecks Cove 

4 July 2019 Grande Anse & Pecks Cove 

19 August 2019 Grande Anse* 

20 August 2019 Grande Anse* 

21 August 2019 Grande Anse* 

22 August 2019 Grande Ansem & Pecks Cove* 

23 August 2019 Grande Ansem* & Pecks Cove* 

24 August 2019 Grande Anse & Pecks Cove* 

25 August 2019 Grande Anse & Pecks Cove 

26 August 2019 Grande Anse* & Pecks Cove* 

27 August 2019 Grande Anse & Pecks Cove 

28 August 2019 Grande Ansem & Pecks Cove 

27 September 2019 Grande Ansem & Pecks Cove* 

28 September 2019 Grande Ansem & Pecks Cove 
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Table 3. Structure of the PERMANOVA tests used to analyze the effect of the 

disturbance treatment and recolonization dynamics of invertebrate communities and 

Corophium volutator populations in the mudflat at Grande Anse and Pecks Cove during 

the field experiment in 2018ï2019. Sites and trials were analyzed separately due to 

significant four- and three-way interactions when analyzed together. MS = mean square. 

Test Source of Variation Effect 

Type 

Denominator 

of pseudo-F 

ratio 

Complete 

dataset 

Site Si Fixed MSL(ST) 

Trial Tj Fixed MSL(ST) 

 Treatment Ak Fixed MSAL(ST) 

 Day Dl Fixed MSDL(ST) 

 Site x Trial SiTj   Fixed MSL(ST) 

 Site x Treatment SiAk Fixed MSAL(ST) 

 Site x Day SiDl Fixed MSDL(ST) 

 Trial x Treatment TjAk Fixed MSAL(ST) 

 Trial x Day TjDl Fixed MSDL(ST) 

 Treatment x Day AkDl Fixed MSADL(ST) 

 Site x Trial x Treatment SiTjAk   Fixed MSAL(ST) 

 Site x Trial x Day SiTjDl Fixed MSDL(ST) 

 Site x Treatment x Day SiAkDl Fixed MSADL(ST) 

 Site x Trial x Treatment x Day SiTjAkDl Fixed MSADL(ST) 

 Location(Site x Trial)  Lm(SiTj) Random MSe 

 Treatment x Location(Site x Trial) Ak Lm(SiTj) Random MSe 

 Day x Location(Site x Trial) DlLm(SiTj) Random MSe 

 Treatment x Day x Location (Site x Trial) AkDlLm(SiTj) Random MSe 

 Error en(ijklm) Random  

Individual 

sites  

Trial Ti Fixed MSL(T) 

Treatment Aj Fixed MSAL(T) 

 Day Dk Fixed MSDL(T) 

 Trial x Treatment TiAj Fixed MSAL(T) 

 Trial x Day TiDk Fixed MSDL(T) 

 Treatment x Day AjDk Fixed MSADL(T) 

 Location(Trial)  Ll(Ti) Random MSe 

 Treatment x Location(Trial) AjLl(Ti) Random MSe 

 Day x Location(Trial) DkLl(Ti) Random MSe 

 Treatment x Day x Location (Trial) AjDkLl(Ti) Random MSe 

 Error em(ijkl) Random  

Individual 

sites & trials  

Treatment Ai Fixed MSAL 

Day Dj Fixed MSDL 

 Treatment x Day AiDj Fixed MSADL 

 Location  Lk Random MSe 

 Treatment x Location AiLj Random MSe 

 Day x Location DjLk Random MSe 

 Treatment x Day x Location AiDjLk Random MSe 

 Error el(ijk) Random  
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Table 4. PERMANOVA results investigating whether the mudflat invertebrate 

communities varied through space, time, and experimental treatment at Grande Anse and 

Pecks Cove before and after disturbance during four trials in 2018 and 2019. Taxa 

densities were fourth root transformed prior to analyses. Significant and interpretable P-

values of fixed effects are in bold. Multiple comparisons were conducted to determine if 

treatment levels (disturbed, control) varied before and after disturbance. In the table 

header, MS = mean square. Number of unique permutations = 973ï999. Negative t-

values were replaced with 0 (see explanation in methods, K.R. Clarke, personal 

communication with M. A. Barbeau). Sites are analyzed separately due to significant 

three-way interactions when analyzed together (Appendix E, Table E.1). 

Site, 

Trial 

Source of variation df MS Pseudo 

F 

P Multiple 

comparisons 

t P 

Grande 

Anse,  

1 ï 4 

Trial 3 14820 20.492 0.001    

Treatment 1 12494 19.396 0.001    

Day 1 13041 17.024 0.001    

 Trial*Treatment 3 954.11 1.4812 0.146    

 Trial*Day 3 2911.4 3.8006 0.001    
 Treatment*Day 1 17754 22.281 0.001    

      Deploy 0.725 0.700 

      Day 0 6.012 0.001 

 Trial*Treatment*Day 3 1010.3 1.2679 0.272    

 Location(Trial) 20 723.21 1.0813 0.033    

 Treatment*Location(Trial) 20 644.16 0.9631 0.569    
 Day*Location(Trial) 20 766.05 1.1453 0.246    

 Treatment*Day*Location(Trial) 20 769.83 1.1914 0.180    

 Error 91 668.84      

Pecks 

Cove,  

1 ï 4  

Trial 3 8321.6 7.7823 0.001    

Treatment 1 9896.6 10.9 0.001    

Day 1 12575 10.461 0.001    
 Trial*Treatment 3 2232.1 2.4584 0.008    

 Trial*Day 3 3100.8 2.5795 0.012    

 Treatment*Day 1 9220.1 13.16 0.001    
 Trial*Treatment*Day 3 1828.2 2.6095 0.016    

 Location(Trial) 20 1069.3 1.383 0.036    

 Treatment*Location(Trial) 20 907.95 1.1743 0.184    
 Day*Location(Trial) 20 1202.1 1.5547 0.009    

 Treatment*Day*Location(Trial) 20 700.61 0.9061 0.678    

 Error 91 773.19      

1 Treatment 1 3547.6 2.4783 0.080    

 Day 1 7506.1 3.7072 0.049    

 Treatment*Day 1 3524.5 3.6904 0.048    
      Deploy 0 - 

      Day 0 2.658 0.019 

 Location 5 1180.9 0.8646 0.611    
 Treatment*Location 5 1431.5 1.0481 0414    

 Day*Location 5 2024.7 1.4824 0.145    

 Treatment*Day*Location 5 955.03 0.6992 0.778    
 Error 24 1365.8      

2 Treatment 1 3416.4 12.882 0.009    

 Day 1 2691.4 10.504 0.015    

 Treatment*Day 1 3897.1 6.8501 0.011    

      Deploy 0.306 0.950 

      Day 0 3.574 0.005 

 Location 5 797.17 3.5696 0.001    
 Treatment*Location 5 265.2 1.1875 0.370    

 Day*Location 5 256.24 1.1474 0.339    

 Treatment*Day*Location 5 568.91 2.5475 0.019    
 Error 23 223.32      

3 Treatment 1 4424.5 2.6723 0.055    

 Day 1 7594.4 3.7288 0.023    
 Treatment*Day 1 2857.8 3.1356 0.069    
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      Deploy 0.695 0.739 

      Day 0 2.102 0.037 

 Location 5 1628.5 1.3901 0.192    

 Treatment*Location 5 1655.7 1.4132 0.149    
 Day*Location 5 2036.7 1.7384 0.054    

 Treatment*Day*Location 5 911.41 0.7779 0.697    

 Error 20 1171.6      

4 Treatment 1 5204.3 18.623 0.004    

 Day 1 4085.4 8.326 0.009    

 Treatment*Day 1 4425.5 12.056 0.003    
      Deploy 0.605 0.613 

      Day 0 4.440 0.004 

 Location 5 670.62 2.0195 0.017    
 Treatment*Location 5 279.46 0.8415 0.678    

 Day*Location 5 490.68 1.4776 0.124    

 Treatment*Day*Location 5 367.09 1.1055 0.382    
 Error 24 332.07      
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Table 5. Summary of SIMPER results investigating the contributions of individual taxa to differences between infaunal communities 

sampled in control and disturbed plots during the four trials in 2018 and 2019 at Grande Anse and Pecks Cove. For the sampling days 

during each trial, ñDò represents the disturbance implementation day (see Table 1 for exact dates). Avg. diss. represents the total 

average dissimilarity (in percent) between control and disturbed plots on a given day, and the remaining numbers represent the 

contribution (in percent) of individual taxa to that total average dissimilarity. Bolded Avg. diss. values represent days with significant 

differences between treatment levels detected by the PERMANOVA multiple comparison tests (see Tables 4 and 9). * represents 

when the discriminating level (average dissimilarity of a taxon/SD of its dissimilarities) > 1.0. See Appendix F, Tables F.1 and F.2, for 

full SIMPER tables. 

Site, 

Trial 

Taxon Sampling day 

D 0 1 2 4 7 14 21 35 56 

Grande 

Anse,  

1 

Avg. diss. (%) 41.37 48.64 47.15 52.91 47.20 39.21 41.88 39.44 30.15 31.39 

C. volutator 15.27* 23.85* 25.10* 22.35* 19.33* 23.06* 25.87* 31.60* 23.65 11.93* 

Oligochaeta 15.72 16.38 15.70 18.84* 19.16* 15.34* 17.75* 17.79 22.18 15.06 

 Spionidae 20.74* 16.24* 18.54* 15.85* 23.19* 17.23* 15.44* 3.96 14.83 21.72* 

 Phyllodocidae 3.43 10.25 10.99 11.40 15.02* 12.20* 19.04* 21.29* 17.88* 10.92* 

 Ostracoda 20.79 14.46* 13.55* 25.74* 13.55* 13.55* 15.10* 17.88* 15.26* 14.56 

 M. petalum 4.59 4.68 3.30 0.00 3.38 3.81 0.00 1.93 0.46 11.48 

2 Avg. diss. (%) 28.21 47.86 47.23 57.21 46.34 39.21 37.85 32.71 29.04 29.60 

 C. volutator 30.98* 7.64 3.14 7.62 9.11 11.20* 16.82* 10.37* 2.47 4.31 

 Oligochaeta 20.15* 32.09* 37.11* 34.18* 28.37* 22.36* 11.18* 8.79* 15.24* 18.31* 

 Spionidae 15.32* 17.13 18.78* 15.30* 15.30* 28.46* 20.32* 22.06* 19.88* 22.79* 

 Phyllodocidae 13.03 14.48* 18.14* 16.70* 14.82* 15.80* 16.82* 15.99* 12.15* 15.35* 

 Ostracoda 7.93* 13.25* 13.59* 10.49* 12.00 10.50* 13.29* 19.43* 29.26* 21.10* 

 M. petalum 3.52 3.39 4.52 2.74 4.56 8.53 11.48* 13.22* 10.74* 13.94 

3 Avg. diss. (%) 33.01 52.32 54.49 61.44 43.82 44.16 44.90 45.74 34.38 21.55 
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 C. volutator 16.92* 10.42 13.21 13.42 13.28 18.90* 21.03* 18.86* 24.13* 10.46* 

 Oligochaeta 22.13* 13.51 16.36* 16.78* 21.40 25.86* 14.37 19.45* 14.20* 17.36* 

 Spionidae 17.18* 19.86* 21.24* 26.47* 24.46* 18.00* 18.00* 15.90* 14.68* 17.92* 

 Phyllodocidae 9.77 9.70 7.94* 13.91* 10.73 7.28 7.28 5.80 13.31* 14.50* 

 Ostracoda 11.89* 21.93 28.23* 18.66* 16.39* 18.00* 16.48* 17.43 9.71* 11.08* 

 M. petalum 12.61 13.67* 3.97 9.22 13.75 8.55 3.70 9.62 8.69 6.03 

4 Avg diss. (%) 21.00 57.81 53.81 59.29 53.61 55.97 42.97 50.93 32.07 20.16 

 C. volutator 21.34* 16.25* 14.41* 16.11* 13.55* 9.70 25.75* 19.52* 23.00* 17.79* 

 Oligochaeta 12.85* 29.42* 29.92* 28.81* 21.95* 29.83* 11.94* 16.52 10.49 20.09* 

 Spionidae 12.37 18.18* 22.65* 22.95* 21.60* 23.51* 26.20* 25.64* 28.09* 13.57* 

 Phyllodocidae 11.07 17.10* 14.85* 10.21* 13.95* 12.48 12.34* 8.68* 9.84* 13.91* 

 Ostracoda 18.86 11.02 10.43* 6.50* 11.96 18.52 8.17* 14.54 7.15 8.05 

 M. petalum 2.01 0.00 0.00 4.63 8.59 1.48 4.99 7.29 10.54* 15.41* 

Pecks 

Cove, 

1 

Avg diss. (%) 40.48 59.73 32.61 40.56 40.90 35.42 29.53 34.82 23.78 23.19 

C. volutator 10.59* 27.37* 27.82* 27.47* 30.64* 26.74* 19.52* 28.67 9.65* 7.65* 

Oligochaeta 36.26 32.17* 13.03* 17.48 18.11 17.70 24.74 25.48 20.95 17.50* 

 Spionidae 15.01 12.61* 17.34* 17.45* 12.31* 14.52* 16.48* 8.10 20.62* 24.51* 

 Capitellidae 12.40* 10.48* 14.55* 11.57* 9.84 12.57 11.91 14.29* 14.84* 16.47* 

 Nereididae 11.03 5.46 14.34 12.40* 15.94* 16.48* 17.24* 12.97* 17.84* 15.23* 

 Phyllodocidae 1.58 5.14 1.71 0.00 4.04 5.72 6.16 4.27 6.84 12.18 

2 Avg diss. (%) 19.14 44.36 34.48 29.00 26.67 28.96 26.23 29.64 27.08 29.38 

 C. volutator 22.02* 40.33* 33.01* 23.92* 18.83* 12.72* 12.14* 28.04 5.93* 7.27* 

 Oligochaeta 10.25* 17.30* 20.44* 27.14* 34.87* 24.55* 30.62* 35.19* 37.12* 19.24* 

 Spionidae 22.05* 14.67* 14.06 11.64 13.82 11.38 12.94 11.43 17.75 3.13 
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 Capitellidae 18.19* 13.30* 8.52 18.60* 8.91 14.32* 15.24 13.51 10.73 5.19 

 Nereididae 15.35* 5.68 15.21 16.12 17.23* 21.55* 15.86 9.33 19.12* 19.24 

 Phyllodocidae 4.87 6.02 4.98 2.58 2.23 7.83 8.86 2.50 2.67 15.86 

3 Avg diss. (%) 44.98 58.32 48.07 46.70 35.53 33.84 39.52 30.33 24.65 24.57 

 C. volutator 13.37 27.79* 24.92* 22.82* 24.37* 24.63* 24.21* 19.21* 12.96* 23.34* 

 Oligochaeta 34.42* 28.36* 30.38* 29.35* 28.68* 30.54 32.76* 27.54* 14.34* 48.32* 

 Spionidae 11.29 8.64 10.17 11.19 12.28 12.61 12.78 16.08 9.74 12.26 

 Capitellidae 1.94 12.05* 7.76 13.63* 8.31 11.74 6.17 8.12 12.59 5.94 

 Nereididae 9.66 9.18 13.51 11.48 10.18 6.66 11.48 10.21 14.34 0.00 

 M. petalum 8.55 5.57 3.12 3.40 6.95 5.85 4.07 10.49 10.02 0.00 

4 Avg diss. (%) 16.14 50.72 35.25 46.92 44.59 30.19 19.83 22.73 31.07 22.60 

 C. volutator 15.30* 38.24* 42.07* 34.32* 26.71* 21.54* 8.68* 11.03* 19.25 7.35* 

 Oligochaeta 24.27* 26.49 17.95* 27.94* 30.02* 22.75* 27.13* 30.50* 30.52* 39.31* 

 Spionidae 13.09 12.19* 11.73 6.83 13.58* 18.92* 20.78 16.93 2.15 10.17 

 Capitellidae 3.65 6.05 0.00 4.75 1.36 4.85 0.00 6.27 6.45 6.33 

 Nereididae 26.51* 12.64* 19.54* 16.72* 15.52* 21.04* 36.23* 31.62* 23.10* 30.06* 

 Phyllodocidae 13.34 3.03 4.77 7.57 9.46 6.75 3.26 3.61 12.15 3.35 
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Table 6. PERMANOVA results investigating whether the Corophium volutator 

populations in the mudflat varied through space, time, and experimental treatment at 

Grande Anse and Pecks Cove before and after disturbance during the four trials in 2018 

and 2019. Corophium volutator life stage densities were fourth root transformed prior to 

analyses. Significant and interpretable P-values of fixed effects are in bold font. Multiple 

comparisons were conducted to determine if treatment levels (disturbed, control) varied 

before and after disturbance. In the table header, MS = mean square. Number of unique 

permutations = 964ï999Sites are analyzed separately due to significant three-way 

interactions when analyzed together (Appendix E, Table E.1). 

Site, 

Trial 

Source of variation df MS Pseudo

-F 

P Multiple 

comparisons 

t P 

Grande 
Anse, 

1 ï 4 

Trial 3 15390 9.0066 0.001    
Treatment 1 9896.1 3.4759 0.039    

Day 1 50979 27.474 0.001    

 Trial*Treatment 3 1970.4 69207 0.712    
 Trial*Day 3 15086 8.13 0.001    

 Treatment*Day 1 11913 5.4765 0.009    

      Deploy 0.093 0.982 
      Day 0 2.936 0.002 

 Trial*Treatment*Day 3 1339.5 0.6158 0.738    

 Location(Trial) 20 1708.7 0.9225 0.622    
 Treatment*Location(Trial) 20 2847.3 1.5373 0.016    

 Day*Location(Trial) 20 1855.5 1.0018 0.447    
 Treatment*Day*Location(Trial) 20 2175.4 1.1745 0.203    

 Error 91 1852.1      

Pecks 

Cove,  
1 ï 4  

Trial 3 26475 17.32 0.001    

Treatment 1 33602 31.685 0.001    
Day 1 40603 3.532 0.001    

 Trial*Treatment 3 3825.1 3.6069 0.001    

 Trial*Day 3 7891.3 7.4888 0.001    
 Treatment*Day 1 34714 46.249 0.001    

 Trial*Treatment*Day 3 3809.5 5.0753 0.001    

 Location(Trial) 20 15286 2.3772 0.001    

 Treatment*Location(Trial) 20 1060.5 1.6492 0.007    

 Day*Location(Trial) 20 1053.8 1.6387 0.006    

 Treatment*Day*Location(Trial) 20 750.6 1.1673 0.232    
 Error 91 643.04      

1 Treatment 1 12889 6.6587 0.019    

 Day 1 29575 18.51 0.003    
 Treatment*Day 1 13740 13.536 0.010    

      Deploy 1.283 0.256 

      Day 0 3.677 0.009 
 Location 5 3018.8 3.5531 0.001    

 Treatment*Location 5 1935.7 2.2782 0.006    

 Day*Location 5 1597.8 1.8806 0.041    
 Treatment*Day*Location 5 1015.1 1.1948 0.309    

 Error 24 849.63      

2 Treatment 1 12211 17.696 0.005    
 Day 1 7935.2 12.45 0.004    

 Treatment*Day 1 11143 15.295 0.003    

      Deploy 0.957 0.495 
      Day 0 5.265 0.002 

 Location 5       

 Treatment*Location 5 839.06 2.792 0.006    
 Day*Location 5 690.04 2.2961 0.020    

 Treatment*Day*Location 5 637.36 2.1208 0.039    

 Error 23 728.55 2.4243 0.024    

3 Treatment 1 13109 10.106 0.008    
 Day 1 14836 13.624 0.003    

 Treatment*Day 1 13758 15.226 0.003    

      Deploy 0.708 0.570 
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      Day 0 3.795 0.004 

 Location 5 1454.7 2.3541 0.026    

 Treatment*Location 5 1297.1 2.099 0.055    

 Day*Location 5 1089 1.7622 0.126    
 Treatment*Day*Location 5 903.58 1.4622 0.190    

 Error 20 617.95      

4 Treatment 1 6868.6 21.521 0.003    
 Day 1 11930 13.391 0.004    

 Treatment*Day 1 7501.6 21.122 0.001    

      Deploy 0.901 0.492 
      Day 0 4.806 0.004 

 Location 5 801.98 0.9974 0.444    

 Treatment*Location 5 319.16 0.3969 0.968    
 Day*Location 5 890.9 1.108 0.380    

 Treatment*Day*Location 5 355.15 0.4417 0.960    

 Error 24 804.04      
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Table 7. Summary of SIMPER results investigating the contribution of individual Corophium volutator life stages to differences 

between populations sampled in control and disturbed plots during the four trials during 2018 and 2019 at Grande Anse and Pecks 

Cove. For the sampling days during each trial, with ñDò representing the disturbance implementation day (see Table 1 for exact dates). 

Avg. diss. represents the total average dissimilarity (in percent) between control and disturbed plots on a given day, and the remaining 

numbers represent the contribution (in percent) of individual stages to that total  average dissimilarity. * represents when the 

discriminating level (average dissimilarity of a stage/SD of its dissimilarities) > 1.0. Bolded Avg. diss. values represent days with 

significant differences between treatment levels detected by the PERMANOVA multiple comparison tests (Tables 6 and 10). See 

Appendix F, Tables F.3, and F.4. for full SIMPER tables. 

Site, 

Trial 

Life stage Sampling Day 

D 0 1 2 4 7 14 21 35 56 

Grande 

Anse,  

1 

Avg. diss. (%) 83.44 86.24 84.55 89.46 88.18 85.18 84.05 61.65 94.42 81.33 

<1.5mm 14.27 36.95* 36.01* 35.92* 43.76 16.33* 30.99* 23.00* 18.76* 66.78* 

1.5-2.5mm 0.00 38.24* 33.40* 42.97* 26.35 43.09* 33.72* 23.05* 28.56 9.38 

 2.5-4mm 5.94 9.57 11.88 7.58 13.12 21.14 26.06* 28.23 30.44 15.62 

 Non-ovigerous Fem. 33.37 10.15 14.14 10.78 13.12 11.37 8.86 16.95* 14.00 8.22 

 Male 29.85 0.00 2.85 1.37 3.57 2.67 0.36 6.59 5.84 0.00 

 Ovigerous Fem. 16.57 5.09 1.72 1.37 0.00 5.40 0.00 1.12 0.00 0.00 

2 Avg. diss. (%) 69.86 100 100 94.68 100 91.22 87.95 88.11 100 100 

 <1.5mm 20.95 7.03 0.00 54.59* 59.48* 14.12 33.00 20.88 100 0.00 

 1.5-2.5mm 25.40* 5.59 50.00* 14.61 0.00 51.27* 32.37* 35.46* 0.00 49.81* 

 2.5-4mm 25.96* 56.19* 0.00 15.40 15.43 18.75 22.55 15.04 0.00 0.00 

 Non-ovigerous Fem. 17.29* 31.19 50.00* 0.00 0.00 2.30 6.63 28.63 0.00 50.19* 

 Male 6.80 0.00 0.00 15.40 25.09* 2.30 5.44 0.00 0.00 0.00 

 Ovigerous Fem. 0.00 0.00 0.00 0.00 0.00 11.26 0.00 0.00 0.00 0.00 

3 Avg. diss. (%) 78.83 95.39 95.00 96.29 98.81 96.79 81.06 70.54 76.77 29.53 

 <1.5mm 12.93 67.09* 28.83 0.00 21.12 33.79 57.72* 64.42* 23.39 17.51* 
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 1.5-2.5mm 37.48 11.68 0.00 11.76 17.39 0.00 7.44 20.51 23.97* 16.39 

 2.5-4mm 31.33 0.00 5.20 4.21 0.00 20.57 0.00 2.17 29.96* 15.59 

 Non-ovigerous Fem. 18.26 21.23 39.63 38.23* 17.53 25.70 3.73 7.37 9.67 20.28 

 Male 0.00 0.00 26.33 24.67* 22.54 9.78 25.09 1.45 13.01 15.74 

 Ovigerous Fem. 0.00 0.00 0.00 21.13 21.42 10.16 6.02 4.08 0.00 14.49 

4 Avg. diss. (%) 42.26 83.46 98.24 94.73 81.90 96.76 82.70 85.94 63.81 47.42 

 <1.5mm 21.67* 21.44* 40.42* 24.26* 38.47* 39.56 24.69* 29.48* 17.48* 21.46* 

 1.5-2.5mm 21.93* 28.67* 25.31 29.45 22.54* 25.66 26.75* 14.05 23.14* 18.12* 

 2.5-4mm 15.46* 41.23* 25.72 26.27* 22.30* 34.78 26.01* 32.79 29.46* 26.02* 

 Non-ovigerous Fem. 16.06 8.67 8.55 10.55* 15.30 0.00 13.37 15.71 14.41* 21.60* 

 Male 19.26* 0.00 0.00 4.62 1.39 0.00 9.18 7.98 12.67* 12.79 

 Ovigerous Fem. 5.62 0.00 0.00 4.82 0.00 0.00 0.00 0.00 2.84 0.00 

Pecks 

Cove,  

1 

Avg. diss. (%) 45.23 91.68 66.99 74.18 73.84 50.92 35.14 40.60 12.53 13.91 

<1.5mm 7.94 38.02* 35.05* 33.00* 34.65* 30.54* 22.71* 23.26 24.94* 14.62* 

1.5-2.5mm 9.32 6.79 8.31 13.37 15.96* 19.19 15.76* 21.28 13.46* 10.35* 

 2.5-4mm 17.89 1.46 1.49 0.00 6.91 5.30 14.92* 16.35 15.94* 9.53* 

 Non-ovigerous Fem. 18.57 32.96* 25.83* 31.97* 21.50* 19.44* 20.46* 19.76* 18.09 13.22* 

 Male 24.43* 12.87* 13.79* 16.46* 12.74* 17.08* 11.90 12.43* 27.58* 20.08* 

 Ovigerous Fem. 16.63 4.18 15.53* 4.20 7.10 8.46 14.25* 6.91 0.00 15.96* 

2 Avg. diss. (%) 27.57 67.75 41.83 23.31 24.20 17.81 15.90 20.75 12.52 14.17 

 <1.5mm 19.75 27.41* 20.36* 18.79* 14.45* 15.31* 17.67* 23.10 14.10* 33.24* 

 1.5-2.5mm 17.45 16.86* 16.99 12.38* 17.40* 17.46* 12.11* 18.90 13.97* 14.75* 

 2.5-4mm 19.42* 23.32* 17.57* 16.86* 19.93* 19.20* 15.26* 19.23 9.88* 10.53* 

 Non-ovigerous Fem. 13.57* 19.59* 24.73* 24.04* 22.66* 19.66* 25.74* 16.69 17.49* 16.26* 

 Male 13.44* 7.58 8.38 22.11* 19.93* 17.82* 24.87* 19.18* 26.49* 12.02* 

 Ovigerous Fem. 16.38* 4.43 7.01 3.76 1.64 2.04 4.35 0.00 0.00 0.00 
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3 Avg. diss. (%) 20.81 86.24 69.31 67.84 53.23 42.32 48.29 31.32 21.07 14.99 

 <1.5mm 24.01* 7.72 8.47 1.67 6.22 2.62 12.26 36.08* 17.63* 23.34* 

 1.5-2.5mm 26.85* 9.14 2.61 1.72 4.50 6.46 3.54 0.00 17.98 17.23* 

 2.5-4mm 14.03* 16.90* 17.29* 13.92* 17.01* 19.22* 13.34* 11.63 21.30* 14.28* 

 Non-ovigerous Fem. 15.43 31.41* 29.97* 29.08* 14.10* 22.69 22.20* 10.43* 12.46 14.13 

 Male 19.68 29.68* 24.15* 24.84* 25.14* 19.70 19.58* 20.89 15.10* 8.38 

 Ovigerous Fem. 0.00 5.15 16.29* 26.96* 33.03* 29.31* 29.08* 20.96 15.53 22.63* 

4 Avg. diss. (%) 10.98 69.82 49.03 56.43 43.89 24.65 11.60 11.62 21.46 11.89 

 <1.5mm 17.57* 21.44* 17.96* 17.61 14.16* 8.73* 40.62* 29.97* 22.04 32.22* 

 1.5-2.5mm 10.65* 20.78 16.22* 21.86* 19.89* 17.49* 8.99* 15.33* 22.87 19.29* 

 2.5-4mm 8.54* 20.07* 18.11* 22.04* 21.36* 22.40* 12.32* 11.81* 16.03 12.15* 

 Non-ovigerous Fem. 17.39 20.78* 24.36* 22.15* 25.02* 27.05* 23.16 20.10* 19.54 15.19* 

 Male 16.99 13.41* 19.50* 16.34* 19.58* 20.29* 14.27 18.95 13.53 13.01 

 Ovigerous Fem. 25.61* 2.69 2.69 0.00 0.00 0.00 0.00 0.00 2.00 0.00 
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Table 8. PERMANOVA results investigating whether the mudflat invertebrate 

communities and Corophium volutator populations varied through space, time, and 

disturbance treatment at Grande Anse and Pecks Cove from immediately following 

disturbance (Day 0) until 56 days later during the four trials in 2018 and 2019. Densities 

of taxa and C. volutator life stages were fourth root transformed prior to analyses. 

Significant and interpretable P-values of fixed effects are in bold font. In the table header, 

MS = mean square. Number of unique permutations = 994ï999. 

Response Site Source of variation df MS Pseudo-

F 

P 

Infaunal 

invertebrate 

community 

Grande 

Anse 

Trial 3 27478 19.056 0.001 

Treatment 1 2.405E+05 124.24 0.001 

 Day 8 10062 16.321 0.001 

  Trial*Treatment 3 6863.2 6.5921 0.001 

  Trial*Day 24 4898 7.9444 0.001 

  Treatment*Day 8 5011 7.542 0.001 

  Trial*Treatment*Day 24 1172.2 1.7368 0.001 

  Location(Trial) 20 1442 2.282 0.001 

  Treatment*Location(Trial) 20 1041.2 1.6477 0.003 

  Day*Location(Trial) 160 616.52 0.97569 0.631 

  Treatment*Day*Location(Trial) 160 674.94 1.0681 0.197 

  Error 419 631.88   

 Pecks 

Cove 

Trial 3 38707 17.997 0.001 

 Treatment 1 47385 39.104 0.001 

  Day 8 8802.6 18.035 0.001 

  Trial*Treatment 3 4710.6 3.8873 0.001 

  Trial*Day 24 1731.4 3.5473 0.001 

  Treatment*Day 8 2484.2 5.5665 0.001 

  Trial*Day*Treatment 24 1031.9 2.3122 0.001 

  Location(Trial) 20 2151 4.4839 0.001 

  Treatment*Location(Trial) 20 1211.9 2.5236 0.001 

  Day*Location(Trial) 160 488.1 1.0175 0.405 

  Treatment*Day*Location(Trial) 160 446.26 0.93027 0.798 

  Error 426 479.7   

Corophium 

volutator 

population 

Grande 

Anse 

Trial 3 50287 16.855 0.001 

Treatment 1 58568 23.012 0.001 

 Day 8 15945 8.0381 0.001 

  Trial*Treatment 3 4510.6 1.7722 0.131 

  Trial*Day 24 10892 5.4907 0.001 

  Treatment*Day 8 3087.7 1.7508 0.043 

  Trial*Treatment*Day 24 4056 2.2998 0.001 

  Location(Trial) 20 2983.6 1.715 0.004 

  Treatment*Location(Trial) 20 2545.2 1.463 0.024 

  Day*Location(Trial) 160 1984 1.1404 0.056 

  Treatment*Day*Location(Trial) 160 1763.6 1.0137 0.441 

  Error 419 1739.7   

 Pecks 

Cove 

Trial 3 95025 47.67 0.001 

 Treatment 1 97468 70.178 0.001 

  Day 8 14656 22.065 0.001 

  Trial*Treatment 3 7252.1 5.2215 0.001 

  Trial*Day 24 7084.8 10.666 0.001 

  Treatment*Day 8 8921.2 13.293 0.001 
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  Trial*Treatment*Day 24 1441.2 2.1475 0.001 

  Location(Trial) 20 1993.5 3.3407 0.001 

  Treatment*Location(Trial) 20 1389 2.3276 0.001 

  Day*Location(Trial) 160 664.27 1.1132 0.093 

  Treatment*Day*Location(Trial) 160 671.18 1.1248 0.073 

  Error 426 596.73   
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Table 9. PERMANOVA results investigating for each trial whether the mudflat 

invertebrate communities varied through space, time, and disturbance treatment at 

Grande Anse and Pecks Cove from immediately following disturbance (Day 0) until 56 

days later in 2018 and 2019. Taxa densities were fourth root transformed prior to 

analyses. Significant and interpretable P-values of fixed effects are in bold font. Multiple 

comparisons were conducted to determine if treatment levels (disturbed, control) varied 

after disturbance. In the table header, MS = mean square. Number of unique permutations 

= 964ï999 Each trial was analyzed separately due to a significant three-way interaction 

when analyzed together (Table 8). 

Site, 

Trial 

Source of variation df MS Pseudo

-F 

P Multiple 

comparisons 

t P 

Grande 
Anse,  

1 

Treatment 1 22740 19.35 0.002    
Day 8 6090.7 8.398 0.001    

Treatment*Day 8 1391.7 1.831 0.022    

      Day 0 3.9312 0.009 

      Day 1 1.8056 0.067 

      Day 2 2.1677 0.035 

      Day 4 2.6555 0.028 

      Day 7 1.6956 0.088 

      Day 14 2.6362 0.028 

      Day 21 1.8458 0.045 

      Day 35 1.4855 0.125 

      Day 56 0.8356 0.582 
 Location 5 2227.9 3.250 0.001    

 Treatment*Location 5 1175.4 1.715 0.049    

 Day*Location 40 725.26 1.058 0.331    
 Treatment*Day*Location 40 760.16 1.109 0.238    

 Error 107 685.41      

2 Treatment 1 39087 46.14 0.008    

 Day 8 5755.6 13.37 0.001    
 Treatment*Day 8 2439.9 5.402 0.001    

      Day 0 3.9939 0.008 

      Day 1 3.2592 0.008 

      Day 2 4.798 0.004 

      Day 4 3.8454 0.004 

      Day 7 7.3999 0.004 
      Day 14 3.4951 0.009 

      Day 21 2.4355 0.015 

      Day 35 1.4466 0.131 
      Day 56 1.6628 0.092 

 Location 5 827.87 2.158 0.012    

 Treatment*Location 5 874.2 2.208 0.011    
 Day*Location 40 430.54 1.122 0.236    

 Treatment*Day*Location 40 451.64 0.177 0.170    

 Error 103 383.6      

3 Treatment 1 35200 26.12 0.002    

 Day 8 6702.0 8.952 0.001    

 Treatment*Day 8 1704.5 2.476 0.002    
      Day 0 2.5055 0.011 

      Day 1 2.3237 0.025 

      Day 2 3.6173 0.003 
      Day 4 2.6954 0.018 

      Day 7 2.4405 0.018 

      Day 14 3.22 0.005 
      Day 21 2.146 0.034 

      Day 35 1.6409 0.100 

      Day 56 2.1259 0.043 
 Location 5 1879.6 2.579 0.001    

 Treatment*Location 5 1347.5 1.849 0.026    

 Day*Location 40 748.68 1.027 0.395    
 Treatment*Day*Location 40 688.25 0.944 0.632    
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 Error 108 728.66      

4 Treatment 1 54474 55.81 0.002    

 Day 8 4969.4 9.634 0.001    

 Treatment*Day 8 2558.2 3.669 0.001    
      Day 0 2.9614 0.006 

      Day 1 4.7587 0.004 

      Day 2 5.0419 0.006 
      Day 4 4.3428 0.002 

      Day 7 2.8716 0.012 

      Day 14 3.4698 0.004 
      Day 21 1.9381 0.043 

      Day 35 3.7823 0.005 

      Day 56 1.7633 0.059 
 Location 5 858.6 1.416 0.126    

 Treatment*Location 5 981.47 1.619 0.053    

 Day*Location 40 515.59 0.850 0.847    
 Treatment*Day*Location 40 697.46 1.150 0.167    

 Error 101 606.35      

Pecks 

Cove,  

1 

Treatment 1 9110.4 6.860 0.005    

Day 8 4568.5 7.444 0.001    

Treatment*Day 8 1388 2.359 0.001    

      Day 0 2.658 0.012 

      Day 1 1.998 0.034 
      Day 2 2.1938 0.014 

      Day 4 1.614 0.067 
      Day 7 1.4001 0.138 

      Day 14 0.9994 0.414 

      Day 21 1.0453 0.442 
      Day 35 1.8133 0.077 

      Day 56 1.7917 0.086 

 Location 5 2514.9 3.727 0.001    
 Treatment*Location 5 1347.7 1.997 0.009    

 Day*Location 40 613.7 0.995 0.757    

 Treatment*Day*Location 40 588.4 0.872 0.828    
 Error 104 674.74      

2 Treatment 1 6814.1 5.028 0.016    

 Day 8 4043.5 9.657 0.001    

 Treatment*Day 8 1207.7 3.170 0.001    
      Day 0 3.5738 0.003 

      Day 1 2.5282 0.014 

      Day 2 1.6948 0.063 
      Day 4 2.698 0.012 

      Day 7 1.8131 0.073 

      Day 14 0.7298 0.658 
      Day 21 0.9619 0.556 

      Day 35 0.9816 0.417 

      Day 56 0.7969 0.605 
 Location 5 1720 4.781 0.001    

 Treatment*Location 5 1355.3 3.767 0.001    

 Day*Location 40 418.72 1.164 0.161    
 Treatment*Day*Location 40 380.99 1.059 0.370    

 Error 108 359.77      

3 Treatment 1 15614 10.34 0.006    
 Day 8 4118 6.942 0.001    

 Treatment*Day 8 1433.8 2.605 0.001    

      Day 0 2.1019 0.039 
      Day 1 2.2269 0.027 

      Day 2 2.7799 0.020 

      Day 4 2.288 0.024 
      Day 7 1.3553 0.174 

      Day 14 2.9693 0.005 

      Day 21 1.7986 0.039 
      Day 35 1.9841 0.049 

      Day 56 0.3707 0.855 

 Location 5 3147.4 5.206 0.001    
 Treatment*Location 5 1509.3 2.496 0.006    

 Day*Location 40 593.18 0.981 0.531    
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 Treatment*Day*Location 40 550.38 0.910 0.698    

 Error 106 604.55      

4 Treatment 1 29858 47.01 0.002    

 Day 8 1281.1 3.921 0.001    
 Treatment*Day 8 1547.9 5.835 0.001    

      Day 0 4.4403 0.006 

      Day 1 5.2171 0.006 
      Day 2 3.1849 0.004 

      Day 4 7.3644 0.003 

      Day 7 4.8884 0.002 
      Day 14 4.6511 0.004 

      Day 21 3.9576 0.006 

      Day 35 2.1611 0.056 
      Day 56 1.8687 0.061 

 Location 5 1221.5 4.378 0.001    

 Treatment*Location 5 635.24 2.277 0.007    
 Day*Location 40 326078 1.171 0.175    

 Treatment*Day*Location 40 265.26 0.951 0.615    

 Error 108 279.01      
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Table 10. PERMANOVA results for each trial investigating whether mudflat Corophium 

volutator populations varied through space, time, and disturbance treatment at Grande 

Anse and Pecks Cove from immediately following disturbance (Day 0) until 56 days later 

in 2018 and 2019. Life stage densities were fourth root transformed prior to analyses. 

Significant and interpretable P-values of fixed effects are in bold font. Multiple 

comparisons were conducted to determine if treatment levels (disturbed, control) varied 

after disturbance. In the table header, MS = mean square. Number of unique permutations 

= 247ï999 Negative t-values were replaced with 0 (see explanation in methods, K.R. 

Clarke, personal communication with M. A. Barbeau). Each trial was analyzed separately 

due to a significant three-way interaction when analyzed together (Table 8). 

Site, 

Trial 

Source of variation df MS Pseudo

-F 

P Multiple 

comparisons 

t P 

Grande 
Anse,  

1 

Treatment 1 10546 3.153 0.111    
Day 8 6307.3 2.4787 0.004    

Treatment*Day 8 6458.3 2.803 0.004    

      Day 0 2.2237 0.054 
      Day 1 1.7643 0.075 

      Day 2 2.4664 0.039 

      Day 4 1.2951 0.230 
      Day 7 0.95846 0.406 

      Day 14 2.728 0.012 

      Day 21 1.0738 0.349 

      Day 35 0.84947 0.539 

      Day 56 1.0574 0.354 
 Location 5 5328.5 2.5696 0.005    

 Treatment*Location 5 3344.9 1.613 0.077    

 Day*Location 40 2544.6 1.2271 0.103    
 Treatment*Day*Location 40 2304.1 1.111 0.250    

 Error 107 2073.7      

2 Treatment 1 9126.5 6.6703 0.052    

 Day 8 5466.3 3.2799 0.001    
 Treatment*Day 8 2023 1.484 0.120    

 Location 5 1239.7 0.9619 0.488    

 Treatment*Location 5 2023 1.484 0.120    
 Day*Location 40 1666.6 1.2932 0.069    

 Treatment*Day*Location 40 1363.2 1.0578 0.348    

 Error 103 1288.8      

3 Treatment 1 11858 3.9476 0.049    

 Day 8 21414 10.222 0.001    

 Treatment*Day 8 1864.2 1.6173 0.045    
      Day 0 0.90322 0.431 

      Day 1 0.88097 0.507 

      Day 2 1.629 0.128 
      Day 4 0.85024 0.560 

      Day 7 1.5864 0.122 

      Day 14 2.4973 0.016 
      Day 21 1.5462 0.149 

      Day 35 1.7771 0.104 

      Day 56 0.71484 0.625 
 Location 5 2372.1 1.2468 0.217    

 Treatment*Location 5 3004 1.579 0.107    

 Day*Location 40 2095.3 1.1014 0.254    
 Treatment*Day*Location 40 1151 0.605 1.00    

 Error 108 1902.5      

4 Treatment 1 42497 16.433 0.006    
 Day 8 14665 8.78 0.001    

 Treatment*Day 8 4554.1 2.0642 0.017    

      Day 0 1.4762 0.155 
      Day 1 2.3819 0.044 

      Day 2 2.7102 0.012 

      Day 4 1.4211 0.158 
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      Day 7 0.9596 0.421 

      Day 14 3.3736 0.010 

      Day 21 1.4832 0.156 

      Day 35 2.886 0.007 
      Day 56 1.6673 0.117 

 Location 5 3254 1.8763 0.04    

 Treatment*Location 5 2586.1 1.4913 0.125    
 Day*Location 40 1670.2 0.9638 0.571    

 Treatment*Day*Location 40 2207.3 1.2728 0.065    

 Error 101 1743.2      

Pecks 

Cove,  

1 

Treatment 1 42051 19.879 0.002    

Day 8 16445 15.298 0.001    

Treatment*Day 8 3588.6 3.1908 0.001    
      Day 0 3.6991 0.011 

      Day 1 1.9226 0.004 

      Day 2 2.2213 0.028 
      Day 4 2.9929 0.009 

      Day 7 2.311 0.025 

      Day 14 2.6393 0.024 
      Day 21 1.5715 0.112 

      Day 35 1.2753 0.245 

      Day 56 0 - 
 Location 5 4612.5 5.3187 0.001    

 Treatment*Location 5 2115.4 2.4392 0.006    

 Day*Location 40 1075 1.2396 0.091    
 Treatment*Day*Location 40 1124.7 1.2969 0.048    

 Error 104 867.22      

2 Treatment 1 12955 41.043 0.003    
 Day 8 3860.8 12.351 0.001    

 Treatment*Day 8 2862.4 9.6654 0.001    

      Day 0 5.2649 0.002 
      Day 1 2.8124 0.004 

      Day 2 3.6156 0.002 

      Day 4 5.4302 0.004 
      Day 7 2.0933 0.027 

      Day 14 3.0826 0.021 

      Day 21 1.4524 0.166 
      Day 35 2.8032 0.030 

      Day 56 0.49432 0.829 

 Location 5 589.63 2.8446 0.001    
 Treatment*Location 5 315.64 1.5228 0.090    

 Day*Location 40 312.62 1.5082 0.005    

 Treatment*Day*Location 40 296.18 1.4289 0.007    
 Error 108 207.28      

3 Treatment 1 39064 15.773 0.006    

 Day 8 12405 15.028 0.001    

 Treatment*Day 8 3828.6 4.2242 0.001    
      Day 0 3.7954 0.007 

      Day 1 2.4093 0.019 

      Day 2 2.7879 0.007 
      Day 4 3.1498 0.007 

      Day 7 1.5022 0.146 
      Day 14 1.9597 0.056 

      Day 21 1.8373 0.063 

      Day 35 1.5059 0.139 
      Day 56 0.9617 0.449 

 Location 5 2158.1 2.3822 0.003    

 Treatment*Location 5 2476.7 2.1338 0.002    

 Day*Location 40 825.45 0.9111

7 

0.713    

 Treatment*Day*Location 40 906.35 1.0005 0.494    
 Error 106 905.93      

4 Treatment 1 25151 38.806 0.003    

 Day 8 3225.2 7.2654 0.001    

 Treatment*Day 8 2961.4 8.2809 0.001    
      Day 0 4.8062 0.003 

      Day 1 3.5843 0.003 
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      Day 2 3.2559 0.006 

      Day 4 4.7695 0.001 

      Day 7 5.694 0.002 

      Day 14 2.8673 0.016 
      Day 21 2.427 0.023 

      Day 35 1.4328 0.211 

      Day 56 2.1813 0.038 
 Location 5 613.88 1.5032 0.113    

 Treatment*Location 5 648.19 1.5872 0.090    

 Day*Location 40 443.98 1.0872 0.271    
 Treatment*Day*Location 40 357.53 0.8754

8 

0.780    

 Error 108 408.38      
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Table 11. PERMANOVA results investigating whether the invertebrate communities and 

Corophium volutator populations sampled in the water column at high tide at night varied 

through space and time at the Grande Anse and Pecks Cove mudflats during 2018 and 

2019. Densities of taxa and C. volutator life stages were fourth root transformed prior to 

analyses. Significant and interpretable P-values of fixed effects are in bold font. In the 

table header, MS = mean square. Number of unique permutations = 995ï999. See 

Appendix B for information on water flow and differences between samples collected 

during the day and night. 

  
Response Source of 

variation 

df MS Pseudo-

F 

P 

Invertebrate 

community 

Site 1 24501 9.2491 0.001 

Date 19 6311.3 12.439 0.001 

 Site*Date 19 2649 5.221 0.001 

 Error 192 507.37   

C. volutator 

population 

Site 1 27675 7.8712 0.002 

Date 19 4867.4 7.0911 0.001 

 Site*Date 19 3516 5.1223 0.001 

 Error 192 686.4   
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Table 12. RELATE results investigating correlations between the mudflat and water 

column invertebrate communities and Corophium volutator populations at Grande Anse 

and Pecks Cove on occasions when both communities were sampled (either on the same 

day or within 4 days). Early disturbed represents sampling days 0-7 at Grande Anse and 

0-4 at Pecks Cove, late disturbed represents days 35 and 56 at both sites, and control 

includes control plots on days 0-7, 35, and 56 at Grande Anse and days 0-4, 35, and 56 at 

Pecks Cove. Rho is the Spearman correlation coefficient. Significant P-values are in bold 

font. Number of unique permutations = 999 See Tables 1 and 2 for exact sampling dates 

included in the analyses, and see Appendix G, Table G.1. for identification of water 

column taxa or C. volutator life stages contributing most to detected patterns.  

  

Response Site Time period 

and treatment 

Number of 

matching 

samples 

Rho P 

Infauna 

community 

Grande Anse Early disturbed   48 0.169 0.003 

Late disturbed  18 0.091 0.159 

 Control  66 0.244 0.001 

 Pecks Cove Early disturbed  48 0.229 0.007 

 Late disturbed  18 0 0.702 

  Control  66 0.173 0.012 

Corophium 

volutator 

population 

Grande Anse Early disturbed  48 0 0.631 

Late disturbed  18 0.321 0.008 

 Control  66 0.105 0.001 

Pecks Cove Early disturbed  48 0.315 0.001 

 Late disturbed  18 0.357 0.004 

  Control  66 0.264 0.001 
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Figures 

 

Figure 1. Hypothetical nMDS graphs of what the expected community dynamics would 

be for the (a) inhibition, (b) facilitation, and (c) tolerance mechanisms of succession, as 

well as (d) if no mechanism were active (and the community reflected the species 

regional pool). A symbol represents a hypothetical community at a given time. The gray 

arrow shows the direction of change through time. ñ0ò represents the beginning of the 

hypothetical trial after the disturbance has occurred. Note that identifying the species 

contributing to the early or late-successional dynamics helps differentiate between the 

facilitation and tolerance models; for the former, facilitating species would always appear 

and dominate first before being replaced, and for the latter, competitively dominant 

species would appear relatively late and always dominate in the final community. To 

provide evidence for the 4th scenario where local interactions are not important, one 

needs to sample the regional species pool (e.g., the water column and surrounding 

mudflat communities for my project); evidence for this 4th scenario would be that the 

target community (the benthic community in my project) matched the regional species 

pool.   
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Figure 2. Map of the Maritime Provinces of Canada (P.E.I. = Prince Edward Island) to 

show the location of the Bay of Fundy and the two study sites (mudflats) located in 

Chignecto Bay: Grande Anse (in Shepody Bay) and Pecks Cove (in Cumberland Basin), 

on either side of the Maringouin Peninsula.  
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Figure 3. Layout for the field experiment at Grande Anse and Pecks Cove, showing 6 

replicate locations (at the intersection of strata perpendicular and parallel to shore) for 4 

trials. At each location, there was a randomly selected disturbed and control plot on either 

the north or south side in each plot pair. 
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Figure 4. a) Aerial photograph of a pair of plots (one in the forefront and one in the 

background of the photograph), each with two wooden planks arranged as a ñTô for 

samplers to cross the buffer area and reach the middle sampling area. The plots are 5 m x 

6 m, delineated by rebar. For scale, a wooden plank is 1 m long. b) Aerial photograph of 

a tarp deployed and secured to the mudflat for the 3-week treatment-implementation 

period. The trap is 5 m x 6 m in size. c) Photograph of a plankton net (20 cm diameter 

opening, and a 500 ml collecting bottle at the narrow end) deployed at low tide to sample 

the water column during high tide.  
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Figure 5. Non-metric multidimensional scaling (nMDS) graphs of average mudflat 

invertebrate communities and Corophium volutator population structures before and after 

(on Day 0) experimental disturbance at Grande Anse and Pecks Cove in disturbed and 

control plots during 4 trials in 2018 and 2019. Each symbol represents the average 

community or C. volutator population composition over locations per date, treatment 

level, and trial (n = 9-12 cores). Symbols closer together on the graphs represent plots 

with invertebrate community structure or C. volutator population structure more like one 

another than for symbols further apart. The number above each symbol is trial number. 

Densities were fourth root transformed and Bray-Curtis similarity matrices were 

constructed. The vector diagrams on the right represent the correlations (Pearson 

correlation coefficients) between taxa or life stage and MDS axes for correlation values > 

0.2 and show the direction of increased density for taxa or C. volutator life stages 

contributing to the observed patterns in the nMDS plots.  
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Figure 6. Boxplots displaying the total densities of mudflat invertebrates (n = 9-12 cores, 

pooling over taxa) before and after experimental disturbance at Grande Anse and Pecks 

Cove in disturbed and control plots during 4 trials in 2018 and 2019. The community 

graphically analyzed does not include Ostracoda (see Appendix D for graphs including 

Ostracoda). Sampling days during each trial at each site are on the x-axis, with ñDò 

representing the ñtarp deploymentò or ñdisturbance implementationò day (see Table 1 for 

exact dates). For the boxplots, midline represents the median, + indicates the mean, box 

edges are the first and third quartiles, the whiskers are Ñ 1.5*interquartile range (IQR), 

and dots are outliers (i.e., values beyond the IQR). 
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Figure 7. Boxplots displaying the taxa richness (n = 9-12 cores) of mudflat invertebrates 

before and after experimental disturbance at Grande Anse and Pecks Cove in disturbed 

and control plots during 4 trials in 2018 and 2019. See Figure 6 for explanations of the x-

axis labels and boxplots. 
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Figure 8. Boxplots displaying the Shannon-Wiener diversity (Hô, n = 4-12 cores) of 

mudflat invertebrates before and after experimental disturbance at Grande Anse and 

Pecks Cove in disturbed and control plots during 4 trials in 2018 and 2019. See Figure 6 

for explanations of the x-axis labels and boxplots. 
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Figure 9. Boxplots displaying the Pielouôs evenness (Jô, n = 4-12 cores) of mudflat 

invertebrates before and after experimental disturbance at Grande Anse and Pecks Cove 

in disturbed and control plots during 4 trials in 2018 and 2019. See Figure 6 for 

explanations of the x-axis labels and boxplots. 
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Figure 10. Boxplots displaying the densities of various infaunal taxa (n = 11-12 cores) 

before and after experimental disturbance at the Grande Anse mudflat in control and 

disturbed plots during the first trial in 2018 (June start). See Figure 6 for explanations of 

the x-axis labels and boxplots. 
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Figure 11. Boxplots displaying the densities of various infaunal taxa (n = 11-12 cores) 

before and after experimental disturbance at the Grande Anse mudflat in control and 

disturbed plots during the second trial in 2018 (July start). See Figure 6 for explanations 

of the x-axis labels and boxplots. 
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Figure 12. Boxplots displaying the densities of various infaunal taxa (n = 12 cores) before 

and after experimental disturbance at the Grande Anse mudflat in control and disturbed 

plots during the third trial, first in 2019 (May start). See Figure 6 for explanations of the 

x-axis labels and boxplots.  
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Figure 13. Boxplots displaying the densities of various infaunal taxa (n = 9-12 cores) 

before and after experimental disturbance at the Grande Anse mudflat in control and 

disturbed plots during the fourth trial, second in 2019 (August start). See Figure 6 for 

explanations of the x-axis labels and boxplots.  
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Figure 14. Boxplots displaying the densities of various infaunal taxa (n = 11-12 cores) 

before and after experimental disturbance at the Pecks Cove mudflat in control and 

disturbed plots during the first trial in 2018 (June start). See Figure 6 for explanations of 

the x-axis labels and boxplots.  
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Figure 15. Boxplots displaying the densities of various infaunal taxa (n = 11-12 cores) 

before and after experimental disturbance at the Pecks Cove mudflat in control and 

disturbed plots during the second trial in 2018 (July start). See Figure 6 for explanations 

of the x-axis labels and boxplots. One outlier for Capitellidae (13.8 x 103 ind. m-2) on 

sampling day 0 in a control plot is not shown on the graph.   
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Figure 16. Boxplots displaying the densities of various infaunal taxa (n = 11-12 cores) 

before and after experimental disturbance at the Pecks Cove mudflat in control and 

disturbed plots during the third trial, first in 2019 (May start). See Figure 6 for 

explanations of the x-axis labels and boxplots.  
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Figure 17. Boxplots displaying the densities of various infaunal taxa (n = 12 cores) before 

and after experimental disturbance at the Pecks Cove mudflat in control and disturbed 

plots during the fourth trial, second in 2019 (August start). See Figure 6 for explanations 

of the x-axis labels and boxplots. One outlier for Nereididae (11.2 x 103 ind. m-2) on 

sampling day 14 in a control plot and one for Phyllocodicae (11.4 x 103 ind. m-2) on 

sampling day 4 in a control plot are not shown on the graph.  
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Figure 18. Boxplots displaying the densities of various Corophium volutator life stages (n 

= 11-12 cores) before and after experimental disturbance at the Grande Anse mudflat in 

control and disturbed plots during the first trial in 2018 (June start). See Figure 6 for 

explanations of the x-axis labels and boxplots. 
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Figure 19. Boxplots displaying the densities of various Corophium volutator life stages (n 

= 11-12 cores) before and after experimental disturbance at the Grande Anse mudflat in 

control and disturbed plots during the second trial in 2018 (July start). See Figure 6 for 

explanations of the x-axis labels and boxplots. 

  



 

119 

 

 

Figure 20. Boxplots displaying the densities of various Corophium volutator life stages (n 

= 12 cores) before and after experimental disturbance at the Grande Anse mudflat in 

control and disturbed plots during the third trial, first in 2019 (May start). See Figure 6 

for explanations of the x-axis labels and boxplots. 
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Figure 21. Boxplots displaying the densities of various Corophium volutator life stages (n 

= 9-12 cores) before and after experimental disturbance at the Grande Anse mudflat in 

control and disturbed plots during the fourth trial, second in 2019 (August start). See 

Figure 6 for explanations of the x-axis labels and boxplots. 
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Figure 22. Boxplots displaying the densities of various Corophium volutator life stages (n 

= 11-12 cores) before and after experimental disturbance at the Pecks Cove mudflat in 

control and disturbed plots during the first trial in 2018 (June start). See Figure 6 for 

explanations of the x-axis labels and boxplots. 
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Figure 23. Boxplots displaying the densities of various Corophium volutator life stages (n 

= 11-12 cores) before and after experimental disturbance at the Pecks Cove mudflat in 

control and disturbed plots during the second trial in 2018 (July start). See Figure 6 for 

explanations of the x-axis labels and boxplots. 

 

  



 

123 

 

 

Figure 24. Boxplots displaying the densities of various Corophium volutator life stages (n 

= 11-12 cores) before and after experimental disturbance at the Pecks Cove mudflat in 

control and disturbed plots during the third trial, first in 2019 (May start). See Figure 6 

for explanations of the x-axis labels and boxplots. 
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Figure 25. Boxplots displaying the densities of various Corophium volutator life stages (n 

= 12 cores) before and after experimental disturbance at the Pecks Cove mudflat in 

control and disturbed plots during the fourth trial, second in 2019 (August start). See 

Figure 6 for explanations of the x-axis labels and boxplots. 
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Figure 26. Non-metric multidimensional scaling (nMDS) graphs of average mudflat 

invertebrate communities on days 0-56 after experimental disturbance at Grande Anse in 

disturbed and control plots during 4 trials in 2018 and 2019. A symbol represents an 

infaunal community averaged over 9-12 cores; the number above is the sampling day. See 

Figure 5 for descriptions of nMDS construction and the vector diagrams.  
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Figure 27. Non-metric multidimensional scaling (nMDS) graphs of average mudflat 

invertebrate communities on days 0-56 after experimental disturbance at Pecks Cove in 

disturbed and control plots during 4 trials in 2018 and 2019. A symbol represents an 

infaunal community averaged over 11-12 cores; the number above is the sampling day. 

See Figure 5 for descriptions of nMDS construction and the vector diagrams.  
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Figure 28. Non-metric multidimensional scaling (nMDS) graphs of average Corophium 

volutator populations 0-56 days after experimental disturbance at Grande Anse in 

disturbed and control plots during 4 trials in 2018 and 2019. A symbol represents a C. 

volutator population composition averaged over 9-12 cores; the number above is the 

sampling day. See Figure 5 for descriptions of nMDS construction and the vector 

diagrams. 
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Figure 29. Non-metric multidimensional scaling (nMDS) graphs of average Corophium 

volutator populations 0-56 days after experimental disturbance at Pecks Cove in 

disturbed and control plots during 4 trials in 2018 and 2019. A symbol represents a C. 

volutator population composition averaged over 11-12 cores; the number above is the 

sampling day. See Figure 5 for descriptions of nMDS construction and the vector 

diagrams.  
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Figure 30. Non-metric multidimensional scaling (nMDS) graph of invertebrate 

community (top) and Corophium volutator population (bottom) structures sampled in the 

water column at Grande Anse and Pecks Cove during the 4 trials in 2018 and 2019. Each 

symbol represents a community or C. volutator population composition averaged over 

locations per site and sampling night (n=5-6 plankton nets). Densities were standardized 

using estimated amount of water that passed through each net. See Figure 5 for 

descriptions of nMDS construction and the vector diagrams. 
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Figure 31. Boxplots displaying the densities of various invertebrate taxa sampled in the 

water column above the Grande Anse and Pecks Cove mudflats during the four trials in 

2018 and 2019. n = 35, 24, 23, 68 plankton nets (Grande Anse) and n = 36, 23, 30, 54 

plankton nets (Pecks Cove) for Trials 1, 2, 3, and 4, respectively. See Figure 6 for 

explanation of boxplots.  
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Figure 32. Boxplots displaying the densities of various Corophium volutator life stages 

sampled in the water column above the Grande Anse and Pecks Cove mudflats during the 

four trials in 2018 and 2019. n = 35, 24, 23, 68 plankton nets (Grande Anse) and n = 36, 

23, 30, 54 plankton nets (Pecks Cove) for Trials 1, 2, 3, and 4, respectively. See Figure 6 

for explanation of boxplots.  
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Figure 33. Non-metric multidimensional scaling (nMDS) graphs of invertebrate 

community structure sampled in control plots at Grande Anse and Pecks Cove during 4 

trials in 2018 and 2019. Each symbol represents average community composition over 

locations per date and trial (n = 9-12 cores). See Figure 5 for descriptions of nMDS 

construction and the vector diagrams.  
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Appendices 

Appendix A: Chlorophyll -a concentration pre- and post ï disturbance 

 For my study, I measured the chlorophyll-a concentration, a photosynthetic 

pigment occurring in diatoms (MacIntyre et al. 1996), on the surface of the intertidal 

mudflat at Grande Anse and Pecks Cove to provide information about the state of the 

surface biofilm, specifically diatom abundance. 

Methods 

Sample collection and processing 

I collected two 1-cm core samples (2-3 mm deep) of surface sediment per 

sampling plot per sampling day to quantify the chlorophyll a concentration. These 

samples were kept in darkness at -20°C until processing and efforts were made 

throughout processing to limit exposure of the samples to direct light to prevent the 

breakdown of chlorophyll molecules. Samples collected in Trials 1 and 2 (in 2018) were 

processed using the acetone extraction method (Coulthard and Hamilton 2011). 

Specifically, the samples were mixed with 3 mm of 90% acetone containing 10% of 

saturated MgCO3 and kept in darkness at 5°C for 22 h. The samples were then kept at 

room temperature for 2 h before the acetone solution was extracted, placed in glass test-

tubes, and centrifuged for 20 minutes at 2500 rotations per minute to remove the 

suspended sediment. The absorbance of 1.5mL of the resulting supernatant was then 

measured using a spectrophotometer at 664 and 750 nm wavelengths (750 nm was used 

to measure turbidity of the sample). Then, 67 ɛl 10% HCl was added to the samples and 

they were re-measured at the 665 and 750 nm wavelengths to correct for the presence of 

pheophytin.  
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Data analysis 

The chlorophyll-a concentration was calculated using Eaton et al.ôs formula 

(1995), adjusted based on the sampleôs surface area (1.327x10-4 m2) as in Coulthard and 

Hamilton (2011): Chlorophyll a (mg/m2) = (26.7(644b ï 665a)*V 1)/(V2*L)), where 26.7 

is the absorbance correction, 664b and 665a were wavelengths at which absorbencies were 

read, before and after acidification. These values were previously corrected for turbidity 

by subtracting values obtained from absorbencies at 750nm. V1 was the volume of 

acetone solution placed in the spectrophotometer (3 mL), V2 was the surface area of 

sediment (in m2) from which chlorophyll a was extracted (4.4 x 10-4 m2), and L was the 

path length in cm (1 cm). 

To assess the disturbance effect in my experiment, I processed samples collected 

before (on the disturbance implementation day) and after (on sampling days 0, 1, 2, 4, 7, 

14, 21, 35, and 56) disturbance during Trials 1 and 2. I displayed these data graphically 

using the ggplot2 package (Wickham et al. 2016) within statistical software R with R-

Studio interface (version 4.0.4) (R Core Team 2021).   

Results 

 Photosynthetic activity was reduced by the disturbance and was less than control 

plots after the disturbance period, as evidenced by the reduction in chlorophyll-a 

concentration (Figure A.1). As explained in the thesisô methods, the disturbance was 

made by covering the mud surface for three weeks using tarps made of plastic landscape 

fabric, blocking sunlight, and limiting primary production. The chlorophyll-a 

concentrations tended to approach control levels by the end of the trials. The chlorophyll-

a concentrations did not decrease after disturbance during Trial 1 at Pecks Cove. During 
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Trial 1 at Pecks Cove (as I was developing my methods), the edge of the tarp sometimes 

became unburied and the plots uncovered, providing the opportunity for 

microphytobenthos to survive disturbance in some areas. There was the most variation in 

chlorophyll a concentration on the first sampling day after disturbance (Day 0) during 

this Trial 1 at Pecks Cove than any other trial (Figure A.1), evidence of some tarps 

becoming loose and being less effective while others remaining in place and effective. 
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Figures 

 

Figure A.1. Boxplots displaying the chlorophyll-a concentrations (n = 11-12 cores) 

before and after experimental disturbance at Grande Anse and Pecks Cove in disturbed 

and control plots during the 2 trials in 2018. Sampling days during each trial at each site 

are on the x-axis, with ñDò representing the ñtarp deploymentò or ñdisturbance 

implementationò day (see Table 1 in main thesis for exact dates). For the boxplots, 

midline represents the median, + indicates the mean, box edges are the first and third 

quartiles, the whiskers are Ñ 1.5*interquartile range (IQR), and dots are outliers (i.e., 

values beyond the IQR).  
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Appendix B : Comparison of water column features (water flow, invertebrate 

community, Corophium volutator population) sampled during the day and at night 

Introduction  

 The upper Bay of Fundy includes massive intertidal mudflats that are covered by 

seawater twice daily due to the semi-diurnal tidal cycle and large tidal amplitudes (>12m) 

in the region (Desplanque and Mossman 2004). High tide in an intertidal environment 

provides opportunity for long- and short-ranged dispersal (Negrello Filho et al. 2006, 

Drolet and Barbeau 2011, Drolet and Barbeau 2012, Drolet et al. 2012a). Thorough 

investigations have recently been conducted in the upper Bay of Fundy on the swimming 

behaviour of an important macroinvertebrate, Corophium volutator (Drolet and Barbeau 

2009, Drolet and Barbeau 2012, Drolet et al. 2012a, Bringloe et al. 2013). These 

investigations focused on swimming behaviour during night-time high tides when C. 

volutator was sampled in larger numbers (Drolet and Barbeau 2009). While 

investigations have been conducted on the C. volutator population, the entire invertebrate 

communities in the upper Bay of Fundyôs high tide water column have only been 

coarsely quantified (Bringloe 2011). The objective of this appendix is to briefly 

investigate differences in high tide water flow and water column invertebrate 

communities and Corophium volutator populations sampled during the day and at night 

at the Grande Anse and Pecks Cove intertidal mudflats where a large-scale disturbance 

experiment was being conducted in 2018 and 2019. 
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Methods 

 Sample collection 

 Swimming invertebrates were sampled during day- and night-time high tides 

during 2018 and 2019 at two intertidal mudflat sites in the upper Bay of Fundy, Grande 

Anse and Pecks Cove (Figure 2 in main thesis). Sampling of water column invertebrates 

was conducted to complement my disturbance experiment. In the upper Bay of Fundy 

there are two high tide events daily due to the semi-diurnal tidal cycle (Desplanque and 

Mossman 2004). Samples were collected from the water column using plankton nets as 

described in the thesisô methods (Drolet and Barbeau 2009; Figure 3 in main thesis). To 

quantify the amount of water that passed through each plankton net, a plaster hemisphere 

made from plaster of Paris was molded using halved ping-pong balls and dried to 

constant weight (at ~90 degrees C for 24 hours) before being deployed in the field. A 

metal wire (~15 cm) was placed in the wet mixture, so that the plaster hemisphere could 

be attached to a net. At every sampling event, a plaster hemisphere was attached to the 

edge of the net, while ensuring it did not rub against the net itself. The plankton nets were 

deployed in six locations per site during high tide periods during the day- and night-time 

on the dates listed in Table B.1. Correcting for the volume of water filtered by the 

plankton nets was necessary to make comparisons amongst the sites, times of day, and 

locations of sampling. 

 Sample processing 

Within 24 h of collection, the plaster hemispheres were dried to constant weight 

before being weighed. The dissolution of the plaster has a linear relationship with amount 

of water flow and was calculated using the following equation: y = 37.316x + 9.6513, 
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where y = volume of water (m3) and x = net loss of plaster (g) (Bringloe 2011, Bringloe 

et al. 2013). The water column invertebrate samples were processed as described in the 

main body of the thesis.  

 Data analysis 

To examine how the amount of water flow, water column invertebrate 

communities, and Corophium volutator populations varied through time and space, the 

statistical program PRIMER with the PERMANOVA+ (Permutational Multivariate 

Analysis of Variance) add-on (McArdle and Anderson 2001) was used. The significance 

level was set to Ŭ = 0.05. The amount of water flow was normalised prior to analysis and 

a resemblance matrix was constructed using Euclidean distance. Individual taxon and C. 

volutator life stage densities [numbers per volume of water (m3)] were 4th root 

transformed prior to analyses, and resemblance matrices were calculated using the Bray-

Curtis coefficient and included a dummy variable of 0.1 (considered a ñdummy speciesò 

in the analysis) to deal with density values of zero. Factors included in the statistical 

linear model of the PERMANOVAs were: Time (fixed, 2 levels), Site (fixed, 2 levels), 

Date (random, 15 levels), and Location (6 levels, random, nested in Site and Date) as 

factors. Although the plankton nets were secured to a pole in a fixed location, I 

considered that Location was not crossed with Date because the water sampled at each 

high tide was different due to intense tidal currents and mixing. The appropriate 

denominators for pseudo-F-ratios were determined as in Underwood (1997) (Table B.2). 

Missing data (see Table B.1) for the PERMANOVAs to test differences in the water 

column invertebrate communities and C. volutator populations were replaced with 
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average values calculated from other samples collected at the same site, date, and time, 

and degrees of freedom adjusted as appropriate.  

Non-metric multidimensional scaling (nMDS, 100 restarts) graphs were 

constructed to visualize the invertebrate-community and C. volutator population 

compositions in the water column at my study sites during the experimental trials. Points 

closer together on the nMDS graphs represent plankton net samples with invertebrate 

communities or C. volutator population structure more like one another than points for 

nets further apart. Vectors beside a nMDS graph represent the correlations (Pearson 

correlation coefficients) between taxa or C. volutator life stages and MDS axes. I verified 

that the 2-D stress of each nMDS graph was <0.2, which means that it was a good 2-

dimensonal representation of the multidimensional data set (Clarke 1993). The statistical 

software R with R-Studio interface (version 4.0.4) (R Core Team 2021) and the ggplot2 

extension was used to construct boxplots of water flow volume and taxon and C. 

volutator life stage densities. 

Results 

 Water flow 

 There was a significant difference in the amount of water filtered through the 

plankton nets between sites during the disturbance experiment in 2018 and 2019, with 

more water passing through the nets at Pecks Cove than at Grande Anse (Table B.3, 

Figure B.1). Spatial differences in water flow are likely partially due to the relative 

locations of Grande Anse and Pecks Cove within the Shepody Bay and Cumberland 

Basin, respectively, which results in differing immersion times and water currents. 
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Variation through time at each site is likely due to differences in tidal amplitude, weather, 

etc. depending on the time of sampling.  

 Invertebrate community 

 Invertebrate community in the water column varied significantly depending on the 

site and time of day (significant interaction between Time of day and Site, Table B.3, 

Figure B.2). Ostracod density in the water was greater at Grande Anse than Pecks Cove 

(Figures B.2ïB.4); however,  there were very few Ostracoda sampled at either site during 

Trial 4 (August-October 2019). Pecks Cove had higher densities of C. volutator in the 

water than Grande Anse. All taxa sampled at night were also sampled during the day, but 

usually in lower densities during the day. Taxa sampled in similar densities during the 

day and at night were Macoma petalum and Ostracoda (Figures B.3, B,4).  

 Corophium volutator population 

Corophium volutator populations in the water column varied significantly with 

the main effects of Time of day and Site (Table B.3). Corophium volutator in the water 

were much more abundant during nighttime than daytime high tides at both sites (Figures 

B.2, B.5, B.6). Many more individuals in the smallest size classes (0-2.5mm) were 

sampled at Pecks Cove than at Grande Anse. Site differences in densities of other stage, 

large juveniles (2.5-4mm), adult males and adult females were not as large. Interestingly, 

there were more ovigerous females sampled in the water column at Grande Anse than at 

Pecks Cove.  
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Tables 

Table B.1. Dates when sampling the water column during high tide at daytime and 

nighttime occurred at the Grande Anse and Pecks Cove mudflats as part of the 

disturbance experiment. The superscript m indicates one missing data point on a sampling 

day. 

 

 

  

Date Day Night 

3 June 2018 
 

Grande Anse & Pecks Cove 

4 June 2018 Grande Anse & Pecks Cove Grande Anse & Pecks Cove 

13 June 2018 
 

Grande Anse & Pecks Cove 

14 June 2018 Grande Anse & Pecks Cove Grande Ansem & Pecks Cove 

18 June 2018 Grande Anse & Pecks Cove Grande Anse & Pecks Cove 

3 July 2018 Grande Anse & Pecks Cove Grande Anse & Pecks Cove 

12 July 2018 
 

Grande Anse & Pecks Cove 

16 July 2018 Grande Anse & Pecks Cove Grande Anse & Pecks Covem 

17 July 2018 
 

Grande Anse & Pecks Cove 

31 July 2018 Grande Anse & Pecks Cove Grande Anse & Pecks Cove 

20 May 2019 
 

Pecks Cove 

21 May 2019 Pecks Cove Pecks Cove 

25 May 2019 Grande Anse Grande Anse 

2 July 2019 
 

Grande Anse & Pecks Cove 

3 July 2019 Grande Anse & Pecks Cove Grande Ansem & Pecks Cove 

4 July 2019 Grande Anse & Pecks Cove Grande Anse & Pecks Cove 

19 August 2019 Grande Anse Grande Anse 

20 August 2019 Grande Anse Grande Anse 

21 August 2019 Grande Anse Grande Anse 

22 August 2019 Grande Ansem & Pecks Cove Grande Ansem & Pecks Cove 

23 August 2019 Grande Anse & Pecks Cove Grande Ansem & Pecks Cove 

24 August 2019 Grande Anse & Pecks Cove Grande Anse & Pecks Cove 

25 August 2019 Grande Anse & Pecks Cove Grande Anse & Pecks Cove 

26 August 2019 Grande Anse & Pecks Cove Grande Anse & Pecks Cove 

27 August 2019 Grande Anse & Pecks Cove Grande Anse & Pecks Cove 

28 August 2019 Grande Anse & Pecks Cove Grande Ansem & Pecks Cove 

29 August 2019 Grande Anse & Pecks Cove 
 

27 September 2019 Grande Anse & Pecks Cove Grande Ansem & Pecks Cove 

28 September 2019 Grande Anse & Pecks Covem Grande Ansem & Pecks Cove 

29 September2019 Grande Anse & Pecks Cove 
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Table B.2. Structure of PERMANOVA testsused to analyze the water column 

invertebrate community and Corophium volutator population dynamics at the Grande 

Anse and Pecks Cove intertidal mudflats during the field experiment in 2018ï2019.  

 

 

 

 

 

 

 

  

Source of Variation Effect Type Denominator of 

pseudo-F ratio 

Time of day Ti Fixed MSTD 

Site Sj Fixed MSSD 

Time of day*Site  TiSj Fixed MSTSD 

Date Dk Random MSe 

Time of day*Date  TiDk Random MSe 

Site*Date  SjDk Random MSe 

Time of day*Site*Date 

TiSjDk 

Random MSe 

Error l(ijk) Random  
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Table B.3. PERMANOVA results investigating whether the volume of filtered water, and 

the  invertebrate communities and Corophium volutator populations sampled in the water 

column at high tide varied through space and time at the Grande Anse and Pecks Cove 

mudflats during 2018 and 2019. Data transformations prior to analysis are indicated 

below. Significant and interpretable P-values of fixed effects are in bold font. In the table 

header, MS = mean square. Number of unique permutations = 996ï999. 

Response Source of variation df MS Pseudo-F P 

Volume of 

filtered water 

(m3) 

(normalised) 

Time of day  1 0.0030 0.0007 0.982 

Site 1 32.854 23.61 0.001 

Time of day*Site 1 0.1068 0.11873 0.743 

Date 14 7.959 19.917 0.001 

Time of day*Date 14 4..474 11.195 0.001 

 Site*Date 14 1.3915 3.482 0.001 

 Time of day*Site*Date 14 0.8996 2.251 0.007 

 Error 290 0.3996   

Invertebrate 

community 

Time of day  1 42383 28.976 0.001 

Site 1 47605 10.669 0.002 

(4th root) Time of day*Site 1 6330.5 2.9717 0.046 

 Date 14 9136.9 12.457 0.001 

 Time of day*Date 14 1462.7 1.9941 0.003 

 Site*Date 14 4462.2 6.0834 0.001 

 Time of day*Site*Date 14 2130.2 2.9042 0.001 

 Error 290 733.5   

C. volutator 

population 

Time of day 1 69865 30.324 0.001 

Site 1 54612 9.6132 0.004 

(4th root) Time of day*Site 1 6068.9 1.5625 0.215 

 Date 14 4618.4 4.8377 0.001 

 Time of day*Date 14 2304 2.4134 0.001 

 Site*Date 14 5681 5.9507 0.001 

 Time of day*Site*Date 14 3884 4.0684 0.001 

 Error 290 954.68   
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Figures 

 

Figure B.1. Boxplots displaying the volume of water filtered per plankton net at Grande 

Anse and Pecks Cove during the disturbance experiment in 2018ï2019. For Grande 

Anse, n = 24, 12, 18, 81 and n = 35, 24, 23, 68 plankton nets for Trials 1, 2, 3, 4 during 

the day and at night, respectively. For Pecks Cove, n = 24, 12, 18, 65 and n = 36, 23, 30, 

54 plankton nets for Trials 1, 2, 3, 4 during the day and at night, respectively. For the box 

plots, midline represents the median, + indicates the mean, box edges are the first and 

third quartiles, the whiskers are ± 1.5*interquartile range (IQR)., and dots are outliers.  
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Figure B.2. Non-metric multidimensional scaling (nMDS) graphs of the average 

invertebrate community with (a) and without (b) Ostracoda and Corophium volutator 

population (c) structures sampled in the water column at Grande Anse and Pecks Cove 

during the 4 trials in 2018 and 2019. Each symbol represents the average community or 

C. volutator population composition pooled over locations per site and tide (n=5-6 

plankton nets). Densities were standardized using estimated amount of water that passed 

through each net and then fourth root transformed; Bray-Curtis similarity matrices were 

constructed. The vector diagrams on the right show the direction of increased density for 

taxa or C. volutator life stages contributing to the observed patterns in the nMDS graphs. 
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Figure B.3. Boxplots displaying the densities of various invertebrate taxa sampled in the 

water column above the Grande Anse mudflat in the daytime and nighttime during the 

four trials in 2018 and 2019.  n = 24, 12, 18, 81 and n = 35, 24, 23, 68 plankton nets for 

Trials 1, 2, 3, 4 during the day and at night, respectively. See Figure B.1 for explanation 

of boxplots. 
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Figure B.4. Boxplots displaying the densities of various invertebrate taxa sampled in the 

water column above the Pecks Cove mudflat in the daytime and nighttime during the four 

trials in 2018 and 2019. n = 24, 12, 18, 65 and n = 36, 23, 30, 54 plankton nets for Trials 

1, 2, 3, 4 during the day and at night, respectively. See Figure B.1 for explanation of 

boxplots. 
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Figure B.5. Boxplots displaying the densities of various Corophium volutator life stages 

sampled in the water column above the Grande Anse mudflat in the daytime and 

nighttime during the four trials in 2018 and 2019.  n = 24, 12, 18, 81 and n = 35, 24, 23, 

68 plankton nets for Trials 1, 2, 3, 4 during the day and at night, respectively. See Figure 

B.1 for explanation of boxplots. 
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Figure B.6. Boxplots displaying the densities of various invertebrate taxa sampled in the 

water column above the Pecks Cove mudflat in the daytime and nighttime during the four 

trials in 2018 and 2019. n = 24, 12, 18, 65 and n = 36, 23, 30, 54 plankton nets for Trials 

1, 2, 3, 4 during the day and at night, respectively. See Figure B.1 for explanation of 

boxplots. 
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Appendix C: Importance of measuring biomass in ecological experiments 

 Ecological experiments are enhanced by examining organism densities and 

biomass, which in combination can provide information about the size of individual 

organisms. During my experiment, the mudflat fauna were preserved in 95% ethanol and 

stored in plastic vials, with a waterproof label in the vial and sample information written 

in pencil on the lid of the vial. They were later sorted under a dissecting microscope 

(process described in main body of thesis) and biomass measurements were taken. The 

taxon levels measured for biomass included: Corophium volutator (one biomass 

measurement for adults, >4 mm body length, and juveniles, <4 mm body length), 

Macoma petalum, Nemertean worms, Ostracods, Oligochaetea, and several families of 

polychaete worms (Nereididae, Phyllodocidae, Nepthytidae, Spionidae, Capitellidae, 

Cirratulidae, Glyceridae). The invertebrates were dried at 90 ºC for 24 h and weighed by 

taxon for a given sample. When body sections with no heads were located, they were not 

counted, but were identified and included in the appropriate dry biomass measurement. 

Macoma petalum were removed from their shells prior to being dried and weighed. 

Ostracods, which do not vary substantially in size, were counted and dry biomass 

estimated based on the average mass of an individual. Due to restrictions of the COVID-

19 pandemic, biomasses were calculated using estimate conversions for all taxa in 

samples sorted from AprilïSeptember 2020 (all of Trial 3 samples, many of Trial 4). To 

accurately convert invertebrate density to biomass, body length and width measurements 

of each invertebrate were recorded. The biomass measurements were not analyzed as part 

of the main thesis but will be included in a peer-reviewed publication.   
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Appendix D: Plots with Ostracoda included as community members 

Descriptive statistics including the total invertebrate density, taxa richness, 

diversity, and evenness were calculated for the infaunal community with and without 

Ostracoda. The plots of these community statistics including Ostracoda are presented in 

this appendix.  
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Figure D.1. Boxplots displaying the total mudflat  invertebrate densities (n = 9ï12 cores) 

before and after experimental disturbance at Grande Anse and Pecks Cove in disturbed 

and control plots during 4 trials in 2018 and 2019. Community analyzed includes 

Ostracoda. For sampling days, ñDò representing the ñtarp deploymentò or ñdisturbance 

implementationò day (see Table 1 in main thesis for exact dates). For the boxplots, 

midline represents the median, + indicates the mean, box edges are the first and third 

quartiles, the whiskers are ± 1.5*interquartile range (IQR), and the dots are outliers. 
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Figure D.2. Boxplots displaying the taxa richness (including Ostracoda; n = 9ï12 cores) 

of mudflat invertebrates before and after experimental disturbance at Grande Anse and 

Pecks Cove in disturbed and control plots during 4 trials in 2018 and 2019. See Figure 

D.1 for explanations of the x-axis labels and boxplots. 
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Figure D.3. Boxplots displaying the Shannon-Wiener diversity (Hô; including Ostracoda; 

; n = 9ï12 cores) of mudflat invertebrates before and after experimental disturbance at 

Grande Anse and Pecks Cove in disturbed and control plots during 4 trials in 2018 and 

2019. See Figure D.1 for explanations of the x-axis labels and box plots. 
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Figure D.4. Boxplots displaying the Pielouôs evenness (Jô; including Ostracoda; n = 9ï12 

cores) of mudflat invertebrates before and after experimental disturbance at Grande Anse 

and Pecks Cove in disturbed and control plots during 4 trials in 2018 and 2019. See 

Figure D.1 for explanations of the x-axis labels and box plots. 
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Appendix E: Full PERMANOVA analyses: pre- versus post-disturbance 

Table E.1. Results of the full PERMANOVAs investigating whether the mudflat 

invertebrate communities and Corophium volutator populations varied through space, 

time, and experimental treatment at Grande Anse and Pecks Cove before and after 

disturbance during four trials in 2018 and 2019. Taxa densities were fourth root 

transformed prior to analyses. Significant and interpretable P-values of fixed effects are 

in bold. In the table header, MS = mean square. Number of unique permutations = 995ï

999 
Test Source of variation df MS Pseudo-F P 

Mudflat 

invertebrate 

community 

Site 1 2.405E+05 268.34 0.001 

Trial 3 16590 18.551 0.001 

Treatment 1 18430 23.748 0.001 

 Day 1 19670 19.989 0.001 

 Site*Trial 3 6551.2 7.3095 0.001 

 Site*Treatment 1 3691.3 5.1045 0.004 

 Site*Day 1 5946.4 6.0418 0.003 

 Trial*Treatment 3 1294.1 1.6675 0.107 

 Trial*Day 3 2635.7 2.6784 0.006 

 Treatment*Day 1 19302 25.781 0.001 

 Site*Trial*Treatment 3 1892.1 2.4381 0.013 

 Site*Trial*Day 3 3376.5 3.4312 0.001 

 Site*Treatment*Day 1 7672 10.247 0.001 

 Trial*Treatment*Day 3 1846.1 2.4657 0.010 

 Site*Trial*Treatment*Day 3 992.45 1.3255 0.215 

 Location(Site*Trial) 40 896.26 1.243 0.073 

 Treatment* Location(Site*Trial) 40 776.05 1.0763 0.305 

 Day* Location(Site*Trial) 40 984.06 1.3648 0.014 

 Treatment*Day*Location(Site*Trial) 40 748.72 1.0384 0.398 

 Error 182 721.02   

Corophium 

volutator 

population 

Site 1 1.303E+05 80.52 0.001 

Trial 3 26033 16.083 0.001 

Treatment 1 32649 16.71 0.001 

Day 1 84412 58.03 0.001 

 Site*Trial 3 15830 9.7803 0.001 

 Site*Treatment 1 10890 5.5738 0.003 

 Site*Day 1 7150.7 4.9159 0.006 

 Trial*Treatment 3 3036.5 1.5541 0.133 

 Trial*Day 3 12484 8.5825 0.001 

 Treatment*Day 1 33814 23.114 0.001 

 Site*Trial*Treatment 3 2761.7 1.4135 0.163 

 Site*Trial*Day 3 10487 7.2095 0.001 

 Site*Treatment*Day 1 12853 8.873 0.001 

 Trial*Treatment*Day 3 27371 1.8709 0.087 

 Site*Trial*Treatment*Day 3 2414.4 1.6506 0.121 

 Location(Site*Trial) 40 1618.7 1.2942 0.027 

 Treatment* Location(Site*Trial) 40 1953.9 1.5622 0.001 

 Day* Location(Site*Trial) 40 1454.6 1.1631 0.154 

 Treatment*Day*Location(Site*Trial) 40 1463 1.1697 0.150 

 Error 182 1250.7   
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Appendix F: Full SIMPER analyses 

Table F.1. SIMPER results investigating the contributions of individual taxa to 

differences between the mudflat communities sampled in control and disturbed plots 

during the four trials in 2018 and 2019 at Grande Anse. For the sampling days, ñDò 

represents the disturbance implementation day (see Table 1 in the main thesis for exact 

dates). The total average dissimilarity (in the third column) between control and disturbed 

communities on a given day are. bolded when significant differences were detected by 

the PERMANOVA multiple comparisons. For each taxon, average densities (per core 

and transformed), average dissimilarity (seventh column) and percent contribution (to the 

total average dissimilarity) are then presented. In the table header, Diss. = dissimilarity. 

The Diss./SD is the ratio of average dissimilarity to the standard deviation of the 

dissimilarities for the taxon, and indicates the consistency of the pattern for that taxon; 

values Ó 1 indicate consistent patterns.  
Trial Sampling 

Day 

Average 

Diss. 

Taxon Average density (4th 

root of number 

0.00385 m-2) 

Average 

Diss. 

Diss.

/SD 

Contribution 

(%) 

 Control Disturbed 

1 D 41.37 Ostracoda 2.48 2.38 8.60 0.62 20.79 
   Spionidae 0.95 1.13 8.58 1.11 20.74 

   Oligochaeta 0.56 0.57 6.50 0.97 15.72 
   C. volutator 0.66 0.91 6.32 1.03 15.27 

   Nereididae 0.27 0.18 3.25 0.64 7.86 

   Nepthytidae 0.20 0.17 2.52 0.60 6.10 
   Capitellidae 0.14 0.12 2.00 0.49 4.84 

 0 48.64 C. volutator 1.29 0.38 11.60 1.32 23.85 

 Oligochaeta 0.80 0.14 7.97 0.95 16.38 
   Spionidae 0.84 0.32 7.90 1.14 16.24 

   Ostracoda 2.46 1.95 7.03 1.39 14.46 

   Capitellidae 0.57 0.00 5.45 0.80 11.20 
   Phyllodocidae 0.55 0.00 4.99 0.97 10.25 

 1 47.15 C. volutator 1.46 0.67 11.83 1.25 25.10 

 Spionidae 0.50 1.12 8.73 1.42 18.54 
   Oligochaeta 0.75 0.28 7.40 0.93 15.70 

   Ostracoda 2.54 1.99 6.39 1.34 13.55 

   Phyllodocidae 0.53 0.08 5.18 0.94 10.99 
   Nereididae 0.17 0.18 2.64 0.61 5.59 

   Capitellidae 0.10 0.20 2.42 0.52 5.14 

 2 52.91 Ostracoda 2.43 1.51 13.62 1.12 25.74 
 C. volutator 1.32 0.36 11.83 1.33 22.35 

   Oligochaeta 1.38 0.65 9.97 1.18 18.84 

   Spionidae 0.88 0.18 8.39 1.26 15.85 
   Phyllodocidae 0.59 0.00 6.03 0.95 11.40 

 4 47.20 Spionidae 1.24 0.42 10.95 1.43 23.19 

 C. volutator 0.98 0.39 9.12 1.23 19.33 
   Oligochaeta 1.01 0.39 9.05 1.33 19.16 

   Ostracoda 2.13 1.77 8.63 1.17 18.28 

   Phyllodocidae 0.68 0.08 7.09 1.08 15.02 
 7 39.21 C. volutator 1.20 0.59 9.04 1.19 23.06 

 Spionidae 0.94 0.42 6.76 1.23 17.23 

   Oligochaeta 1.62 1.08 6.01 1.07 15.34 

   Ostracoda 2.65 2.14 5.31 1.35 13.55 

   Phyllodocidae 0.65 0.18 4.78 1.00 12.20 

   Capitellidae 0.25 0.27 3.10 0.71 7.92 
   Nephytidae 0.18 0.00 1.81 0.44 4.63 

 14 41.88 C. volutator 0.61 1.52 10.83 1.32 25.87 

 Phyllodocidae 1.06 0.10 7.97 1.86 19.04 
   Oligochaeta 1.78 1.17 7.44 1.05 17.75 

   Spionidae 0.88 0.29 6.32 1.34 15.44 

   Ostracoda 2.39 2.25 6.32 1.16 15.10 
































