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Abstract 

Coastal plain ponds are an understudied and threatened wetland ecosystem with 

many unique environmental attributes.  Research in these ponds can investigate species-

environment relationships, while simultaneously providing ecosystem-specific 

information crucial to their continued conservation and management.  This dissertation 

explores patterns in coastal plain pond vegetation composition and species-environment 

relationships across space, through time, and in the seed bank and standing vegetation. 

In a two-year field study at 18 coastal plain ponds across the island of Martha’s 

Vineyard, Massachusetts, I investigated species-environment relationships within and 

among ponds.  I identified vegetation species presences and abundances within 1 m2 

quadrats, which ran continuously along transects established perpendicular to the water’s 

edge.  Species data were analyzed against local and landscape-scale environmental data.  I 

also conducted a one-year seed bank study in which sediments from four coastal plain 

ponds were incubated in growth chambers and composition was compared to the 

standing vegetation.  One hundred and thirty-four plant species were identified during 

vegetation sampling and 38 species were identified from incubated sediments. 

I found significant compositional change across space in response to 

environmental gradients, with patterns in species composition occurring at both local 

and landscape scales.  Elevation was the only local factor strongly correlated with 
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species composition.  Significant landscape-scale environmental factors included 

surficial geology and pond water salinity.  Species composition was significantly 

correlated with hydrologic regime in 2005 but not in 2006.  Overall patterns in 

vegetation species composition and abundance were more closely related to landscape-

scale environmental variables than to local environmental variables.   

I also found that coastal plain ponds undergo significant compositional change 

from one year to the next.  Interannual variability disproportionately affected certain 

ponds and quadrats more than others, highlighting patterns in the relationships between 

compositional change and environmental attributes.  Specifically, ephemeral ponds, 

ponds located on the moraine, ponds with high specific conductance values, and 

quadrats located closer to the waterline exhibited greater compositional change from 

2005 to 2006 than permanent ponds, ponds located on the outwash plain, ponds with 

low specific conductance values, and quadrats located further from the waterline.   

Finally, I found that coastal plain ponds exhibit a low degree of similarity 

between composition in sediments and standing vegetation.  More species were 

identified in the standing vegetation than in the seed bank, and in most cases average 

species richness per quadrat was higher in the standing vegetation than in the seed bank.  

Seed bank and standing vegetation samples from ponds with different surficial geology 

were compositionally distinct.  Seed bank samples from permanent and ephemeral ponds 

were compositionally distinct whereas standing vegetation samples were not. 
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1. Introduction and Overview 

This dissertation explores patterns in vegetation composition and species-

environment relationships in coastal plain ponds located on the island of Martha’s 

Vineyard, Massachusetts by addressing three primary questions: 

1. How does plant composition and diversity vary along environmental gradients? 

2. Do species-environment relationships change as a result of interannual 

variability? 

3. Does the distribution of seeds in the seed bank mimic the distribution of plants 

identified in the standing vegetation? 

Coastal plain ponds are an understudied and threatened wetland ecosystem with 

many unique environmental attributes.  Research in these ponds can investigate species-

environment relationships, while simultaneously providing ecosystem-specific 

information crucial to their continued conservation and management.  This dissertation 

consists of three data papers, each focusing on one of the questions outlined above, and 

concludes with a chapter in which I review the results of my research within the context 

of wetland vegetation dynamics.  I make recommendations for the conservation and 

management of imperiled coastal plain ponds, and provide suggestions for future 

research.  The goal of this chapter is to present concepts and background information 

critical to understanding the research presented in the following chapters. 
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1.1 How does plant composition and diversity vary along 
environmental gradients? 

Robert Whittaker defined species diversity at three different scales: alpha 

diversity is the number of species per locality, beta diversity is the rate of species change 

along an environmental gradient, and gamma diversity is the total species richness in a 

region (comprised of both alpha and beta diversity; Whittaker 1956, 1967, 1972).  

Periodic disturbance, chronic stress, and niche specialization are major factors regulating 

species richness, and therefore alpha diversity, in plant communities (Grime 1977, 

Huston 1979).  All three of these factors operate in wetland ecosystems to maintain high 

levels of diversity.  In wetlands, flooding events serve as a periodic disturbance, killing 

existing shoreline species and eventually allowing regeneration of wetland species from 

seed or vegetative propagule.  In addition, soil infertility shifts the competitive balance 

among species, allowing for the persistence of species adapted for survival under low 

nutrient conditions.   And finally, the formation of zones of vegetation around the 

pondshore from low to high elevations demonstrates the presence of niche 

specialization in wetlands (van der Valk and Davis 1976).  These mechanisms contribute 

to the high levels of diversity found in wetland ecosystems.   

Whittaker focused much of his research on beta diversity, demonstrating that 

species respond individualistically to environmental gradients.  Ecologists have 

continued this research, examining species population dynamics in response to 

environmental gradients including elevation gradients along mountains (Allen et al. 
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1991, Lomolino 2001), soil gradients within forests (Palmer and Dixon 1990), and water-

depth gradients along lakeshores (Keddy 1983, Nilson and Wilson 1990).   

Patterns in plant composition along environmental gradients have been studied 

in a variety of wetlands including lakes (Hutchinson 1975, Spence 1982, Keddy 1983), 

salt marshes (Levine et al. 1998), and prairie wetlands (Seabloom et al. 1998).  Early 

lakeshore studies observed that the water-depth gradient extending from the shore at 

low water to the upper shoreline provided the most obvious example of a coenocline 

(Graham and Henry 1933, Hutchinson 1975, Spence 1982).  Researchers have undertaken 

experiments to support these observations with statistical results, demonstrating that 

water depth indirectly affects plant communities.  Water depth is correlated with plant 

community composition along lakeshores (Keddy and Ellis 1985, Keddy and Constabel 

1986) and species richness and stem density in prairie wetlands (Seabloom et al. 1998), 

likely due to its relationship with water and light availability gradients.  Unsuccessful 

attempts to model wetland plant composition and distribution using only the water-

depth gradient in prairie wetlands indicate the importance of additional environmental 

gradients (de Swart et al. 1994, Seabloom et al. 1998).  Paul Keddy and his associates 

found that lakeshore species separate into zones according to both water-depth and 

wave exposure gradients (Keddy 1983, Keddy 1984b, Wilson and Keddy 1985, Keddy 

and Constabel 1986, Wilson and Keddy 1986a), while Pielou and Routledge (1976) found 

that zonation patterns vary along both water-depth and latitudinal gradients in salt 
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marshes.  De Steven and Toner (2004) established the importance of multiple 

environmental gradients impacting vegetation, including surface geology, topography, 

land use, vegetation type, and depression size in southern coastal plain depression 

wetlands.   

Patterns in wetland community composition have been observed at the local and 

landscape scales, and they are likely the result of multiple environmental gradients.  

Within-pond patterns in species composition have been attributed to the water depth 

gradient, but few studies have compared the strength of this gradient with the 

importance of other environmental gradients operating at both spatial scales.  Chapter 2 

examines plant species compositional responses to environmental gradients at two 

spatial scales: within and among coastal plain ponds.  I evaluate the relationships 

between spatial scales to determine the relative contribution of fine-scale and landscape-

scale environmental attributes to vegetation dynamics, and examine patterns in the way 

individual species associate at both spatial scales.  

1.2 Do species-environment relationships change as a result of 
interannual variability? 

There is considerable temporal variation in annual water levels in wetlands 

ranging from prairie potholes to Canadian lakeshores to coastal plain ponds (van der 

Valk 1981, Keddy and Sharp 1994, Schneider 1994, McHorney and Neill 2007).  Several 

studies have attempted to link temporal heterogeneity in plant distributions with this 

temporal variation in annual water levels.  Keddy and Rezenicek (1982) documented 
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interannual variability of more than a meter over six years in lakeshore water levels, and 

they described the corresponding changes in vegetation patterns observed in the field.  

Noe and Zedler (2001) examined temporal variation in the distribution and abundance 

of seedlings in California salt marshes over the span of two years, finding high 

interannual variability in seedling density and significant changes in the annual 

elevation ranges of abundant species between years.   

Interannual heterogeneity in water levels can affect plant population dynamics at 

all stages of the life history process.  Poiani and Johnson (1989) concluded that long 

hydroperiods can disproportionately impact seed survivorship of mudflat annual 

species in prairie wetlands.  The frequency and timing of water level drawdown, as well 

as the monthly timing of the first soil moisture have both been shown to impact wetland 

seed germination (Gerritsen and Greening 1989, Britton and Brock 1994, Bliss and Zedler 

1998).  McKee et al. (1989) and Squires and van der Valk (1992) established the 

significant effects of hydroperiod on adult plant growth and mortality.  In addition, 

variation in annual wetland water levels can affect vegetation patterns through its 

impact on nutrient dynamics, specifically reducing substrate fertility.  Alternating 

flooding and drawdown conditions, and the subsequent alternating anaerobic and 

aerobic soil conditions, allows for the oxidization and dispersion of organic material in 

the drawdown zone, while organic matter accumulates at pond bottoms where the soil 

is rarely exposed to wind and air (Wisheu and Keddy 1992, Sorrie 1994).  Alternating 
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flooding and drawdown conditions also result in increasing soil nitrogen loss through 

denitrification and increasing mineralization of phosphorus (Patrick and Wyatt 1964, 

Reddy and Patrick 1974, Patrick and Khalid 1974, Gosselink and Turner 1978, Gerritsen 

and Greening 1989).  Gerritsen and Greening (1989) conclude that water level variation 

subjects individual wetland plant species to positive and negative pressures, inducing 

and inhibiting germination, growth, and survival at different stages of the hydrologic 

cycle.   

Although studies support the observation that wetland plant distributions have a 

high degree of temporal variability and suggest a relationship between this variability 

and the variability in annual water levels, none of these studies have quantified this 

relationship.  Novel multivariate analytical tools allow for the statistical examination of 

the magnitude and direction of compositional change between years, as well as changes 

in species-environment relationships.  Chapter 3 focuses on plant species compositional 

responses to interannual variability.  I repeat the methods from Chapter 2 on data from a 

subsequent year to examine whether species-environment relationships vary between 

years.  I then use change vector analysis to determine whether coastal plain ponds 

exhibit quantitative compositional change between years, and which environmental 

variables are correlated with the amount and direction of compositional change that 

occurs between years. 
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1.3 Does the distribution of seeds in the seed bank mimic the 
distribution of plants identified in the standing vegetation? 

Seed banks impact vegetation composition differently in different habitat types, 

specifically among wetlands that differ in hydrologic regimes (Leck 1989).  

Hopfensperger (2007) demonstrated that wetlands exhibit an intermediate average 

degree of compositional similarity between the seed bank and the standing vegetation, 

with some studies calculating very high similarity values and others calculating very 

low similarity values.  A high degree of compositional similarity between seed bank and 

standing vegetation has been found in a variety of wetland ecosystems including prairie 

glacial marshes (van der Valk and Davis 1978), lakeshores (Keddy and Reznicek 1982), 

and coastal marshes (Hopkins and Parker 1984).  Conversely, a low degree of 

compositional similarity between seed bank and standing vegetation has been found in 

British salt marshes (Ungar and Woodell 1993, Egan and Ungar 2000), arctic coastal 

marshes (Chang et al. 2001), canal banks in the Netherlands (Boedeltje et al. 2003), and 

desert floodplains (Capon and Brock 2006).   

The variance in seed bank/standing vegetation similarity values among wetlands 

has been attributed to distinct inundation regimes and ratios of annual to perennial 

species in the standing vegetation (Leck 1989, Amiaud and Touzard 2004).   Inundation 

can have both positive and negative impacts on vegetation composition in seed banks 

and standing vegetation.  Inundation can aid in the dispersal of seeds in the seed bank, 

while also destroying seeds that cannot survive extended periods of flooding (Keddy 
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and Reznicek 1982, Smith and Kadlec 1985, Schneider 1994).  Inundation can also affect 

the standing vegetation, flooding and killing woody species and other potential 

competitors, while inducing the germination and establishment of certain wetland 

species in a given year (van der Valk and Davis 1978, Keddy and Reznicek 1982, Leck 

1989).  Different wetland ecosystems exhibit diverse inundation regimes.  Freshwater 

tidal wetlands, for example, experience daily inundation, while vernal pools experience 

annual inundation, and prairie marshes, lakeshores, and swamps experience inundation 

based on a 5-30 year climatic cycle (van der Valk and Davis 1978, Zedler 1987, Leck and 

Simpson 1987); wetlands with annual inundation regimes have been shown to exhibit 

the most complex relationships between above ground and below ground vegetation 

(Leck 1989).  High similarity values between composition in the seed bank and standing 

vegetation are consistently linked with frequent and unpredictable inundation (Amiaud 

and Touzard 2004).  High similarity values have also been linked with the predominance 

of annuals in the wetland standing vegetation.  Some field-dominant perennial species 

have low seed production because they alternate sexual reproduction with vegetative 

forms, and the seeds they do produce have a short-term persistence in the soil (Ungar 

and Woodell 1993, Amiaud and Touzard 2004), whereas field-dominant annual species 

are more likely to be found in the seed bank.   

 The variance in seed bank/standing vegetation similarity values among wetlands 

has also been attributed to the distribution of seeds in the seed bank.  Kadlec and Smith 
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(1984) found that marsh seed banks contained differential distributions, with few seeds 

present in areas not previously occupied by adult plants.  Welling et al. (1988a) found 

the opposite to be true in prairie wetlands, concluding that seeds of all species are 

present at all elevations and that standing vegetation zonation is therefore not the result 

of seed availability within the drawdown zone.  Neill et. al (2009) found that seeds were 

relatively evenly distributed along the shorelines of ephemeral coastal plain ponds, but 

that seed diversity and abundance were lower at low elevations in permanent ponds.  

Differential seed distribution is not consistent among wetland types, and no pattern has 

been uncovered to explain this variance. 

Exceptions to these theories have been identified in the field.  Hopkins and 

Parker (1984) examined perennial dominated coastal marshes with predictable daily and 

seasonal inundation changes and still found a high degree of compositional similarity 

between the seed bank and standing vegetation.  They attributed this similarity to a low 

density, low diversity seed bank.  Keddy and Rezenicek (1982) observed that growth of 

seedlings from the seed bank resembled surface vegetation patterns only during low 

water levels years.  Leck and Simpson (1987 and 1995) examined annual dominated tidal 

freshwater wetlands with frequent daily inundation, and although they initially found a 

high degree of similarity between the seed bank and standing vegetation, they found a 

low degree of similarity in this same system when examined over a decadal time scale.   
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Ultimately, seed banks give wetland species the flexibility to respond to 

fluctuating environmental conditions, since not all species occur simultaneously in the 

standing vegetation, and only a few species may be visible or abundant during high 

water years (Schneider 1994).  Given the variability in the role of seed banks observed 

among wetlands (Leck 1989), additional research can inform the patterns in seed 

bank/standing vegetation similarity values identified above, as well as establish patterns 

in wetland seed distribution not yet identified.  Chapter 4 examines the role of seed bank 

distribution in determining the distribution of standing vegetation.  I determine the 

degree of compositional similarity between the seed bank and standing vegetation in 

coastal plain ponds and investigate whether environmental attributes lead to differences 

in vegetation patterns.  Here, I challenge the use of hydrologic regime as a common 

environmental predictor of vegetation composition by examining and comparing the 

roles of hydrologic regime (permanent versus ephemeral regime), surficial geologic 

origin (moraine versus outwash plain geology), and elevation along the pondshore (four 

distinct zones) in affecting the relationship between the seed bank and standing 

vegetation. 

1.4 Study Area 

The study area includes 18 coastal plain ponds spread across the island of 

Martha’s Vineyard, Massachusetts.  These ponds are a model system in which to study 

wetland vegetation dynamics, specifically the three questions outlined above.  First, each 
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of the selected ponds varies in habitat along environmental gradients.  Each pond has a 

drawdown zone within which species are thought to distribute into qualitative, if not 

quantitative, zones in relation to fine-scale environmental gradients (Sinnott 1912, Sorrie 

1994), and island ponds vary among one another in regard to landscape-scale 

environmental gradients including hydrologic regime, geology, salinity/proximity to the 

ocean, and water quality.  Second, aboveground vegetation in coastal plain ponds varies 

greatly from year to year as a consequence of changing environmental conditions 

(Schneider 1994).  And finally, coastal plain ponds, like other wetlands, are dependent 

on a seed bank for regeneration after inundation.  Unlike the more frequently studied 

prairie potholes and lakeshores, however, coastal plain ponds exhibit an annual 

inundation regime and maintain a high proportion of perennials in the standing 

vegetation, suggesting that the pattern of similarity between the seed bank and the 

standing vegetation might differ from previously observed patterns (van der Valk and 

Davis 1978, Leck and Simpson 1987, Sorrie 1994).   

Development is currently jeopardizing the long-term persistence of coastal plain 

ponds, and many of the plant species have already been designated as regionally or 

globally threatened (Zaremba and Lamont 1993, Sorrie 1994).  Human activities 

including pondshore trampling, nutrient enrichment, and municipal pumping imperil 

the survival of rare coastal plain pond plants (Valiela et al. 1992, McHorney and Neill 

2007).  Climate change also increases the vulnerability of this system, as increasing water 
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levels threaten to decrease the availability of drawdown zone habitat on which these 

species grow.  Conducting research in understudied coastal plain ponds will increase 

the available knowledge of vegetation dynamics in this threatened wetland ecosystem, 

hopefully resulting in more effective and efficient conservation, management, and 

restoration. 

1.5 Summary 

 Wetlands are a highly dynamic habitat with regards to relationships between 

vegetation patterns and environmental gradients, interannual variability, and seed bank 

distribution.  Existing research has focused extensively on prairie potholes and 

lakeshores, wetlands with inundation regimes and other attributes distinct from those of 

coastal plain ponds.  This dissertation addresses wetland vegetation questions within 

coastal plain ponds to better understand the dynamic nature of this habitat, both on its 

own and in contrast with other wetlands.  

The concluding chapter of this dissertation will review the key conclusions of the 

three data chapters, as well as address the broader implications of this research for the 

field of ecology.  I also make recommendations for the conservation and management of 

imperiled coastal plain ponds, and provide suggestions for future research.  
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2. The Relationship between Coastal Plain Pond 
Vegetation and Environment at Two Spatial Scales 

2.1 Introduction 

Ecologists have long studied the responses of plant species to environmental 

gradients (Whittaker 1967) including elevation gradients along mountains (Allen et al. 

1991), soil gradients within forests (Palmer and Dixon 1990), and water-depth gradients 

along lakeshores (Keddy 1983, Nilson and Wilson 1990).  One of the challenges in such 

studies is that the nature of species responses to environmental gradients varies with the 

spatial scale of the study (Levin 1992, Pausas and Austin 2001).  The introduction of 

novel multivariate analytical tools, however, allows us to study species responses to 

multiple environmental gradients at multiple spatial scales. 

In wetlands, local-scale patterns in plant composition have been studied in lakes 

(Hutchinson 1975, Spence 1982, Keddy 1983), salt marshes (Levine et al. 1998), and 

prairie wetlands (Seabloom et al. 1998).  Early lakeshore studies observed that the water-

depth gradient extending from the shore at low water to the upper shoreline provided 

the most obvious correlation with the formation of coenoclines (Graham and Henry 

1933, Hutchinson 1975, Spence 1982).  Researchers have since demonstrated that water 

depth affects seedling community composition along lakeshores (Keddy and Ellis 1985, 

Keddy and Constabel 1986), and species richness and stem density in prairie wetlands 

(Seabloom et al. 1998).  Comparable quantitative studies have not been performed in 
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coastal plain ponds, although Zaremba and Lamont (1993) observed a relationship 

between patterns in vegetation composition and the water-depth gradient in New York 

ponds.  Unsuccessful attempts to model wetland plant composition and distribution 

using only the water-depth gradient in prairie wetlands suggest the importance of 

additional environmental gradients (de Swart et al. 1994, Seabloom et al. 1998).   

 Wetland studies have also been conducted to examine compositional differences 

at the landscape-scale, among distinct water bodies.  Zedler (2003) found that diversity 

was correlated with the degree of connectedness among vernal pools.  Zampella and 

Laidig (2003) demonstrated that species composition varied significantly between 

natural and created coastal plain ponds.  De Steven and Toner (2004) established that 

multiple landscape-scale environmental attributes, including surface geology, 

topography, land use, vegetation type, and depression size, correlated with vegetation 

composition and dynamics in southern coastal plain depression wetlands.  All of these 

studies concluded to varying degrees that landscape-scale environmental attributes are 

correlated with patterns in species composition. 

A few wetland studies have attempted to examine community-environment 

relationships across multiple spatial scales.  Pielou and Routledge (1976) found that 

zonation patterns vary along both water-depth and latitudinal gradients in salt marshes; 

Keddy (1984) determined that zonation patterns vary along both water-depth and 

exposure gradients in lakes; and Seabloom and van der Valk (2003) determined that 
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zonation patterns vary along the water-depth gradient and among natural and restored 

prairie wetlands.  Pausas and Austin (2001), however, still worry about the over reliance 

on single-factor studies, given the likelihood that patterns in species composition are 

governed by two or more environmental gradients.  

Coastal plain ponds provide an ideal system in which to study community-

environment relationships across spatial scales.  Coastal plain ponds support a 

distinctive flora (Fernald 1942, Wisheu and Keddy 1989).  Annual high water levels in 

these wetlands limit invasion by trees and shrubs (Keddy 1989, Zaremba and Lamont 

1993, Sorrie 1994), and low nutrient levels are thought to limit invasion by competitors 

(Sorrie 1994, Wisheu and Keddy 1994).  Many coastal plain pond species have been 

designated as regionally or globally threatened as a consequence of human 

development, which directly disturbs shorelines, alters pond hydrology, and increases 

nutrient availability (Simmons 1999, Swain 1996, Keddy and Wisheu 1989, Zaremba and 

Lamont 1993, Wisheu and Keddy 1994).  Understanding how these species respond to 

environmental gradients at both local and landscape spatial scales will help protect this 

fragile ecosystem. 

Martha’s Vineyard supplied an island landscape containing coastal plain ponds 

that express variation at the local and landscape scale.  Each of the selected ponds has a 

drawdown zone within which species are thought to distribute into qualitative, if not 

quantitative, zones in relation to fine-scale environmental gradients (Sinnott 1912, Sorrie 
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1994).  Zaremba and Lamont (1993) categorized coastal plain pond vegetation into five 

zones, describing the substrate and dominant species found in each zone.  Sorrie (1994) 

stated that while species occupy broad zones, each species has its own niche relative to 

winter inundation and summer drawdown: there may be suites of species found 

together along the pondshore from year to year, but each species is responding 

individually to fine-scale environmental gradients.  In addition, the island ponds vary 

among one another in landscape-scale environmental attributes including depth and 

duration of flooding (hydrologic regime), surficial geology, salinity/proximity to the 

ocean, and water quality parameters such as pH and dissolved nutrient concentrations.   

The objectives of this study were to: 1) examine how patterns in vegetation 

species composition and abundance related to environmental factors that vary within 

and among coastal plain ponds, 2) determine whether patterns in vegetation species 

composition and abundance are more closely related to local or landscape-scale 

environmental variables, and 3) examine patterns in the way individual species associate 

at both spatial scales.  I addressed these objectives by collecting fine-scale species 

composition data along individual pondshores and landscape-scale species composition 

data from 18 freshwater coastal plain ponds across Martha’s Vineyard.  
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2.2 Methods 

2.2.1 Study Area 

Martha’s Vineyard is a 249 km2 island located three to five miles off of the 

eastern coast of Cape Cod, Massachusetts.  The topography and soils of Martha’s 

Vineyard are primarily the result of glacial activity, and selected ponds were distributed 

on both glacial moraine and outwash sites.  Martha’s Vineyard represents the southern 

limit of the Wisconsinan Laurentide ice sheet in this region.  The advance of the 

Buzzard’s Bay lobe of the Laurentide ice sheet left morainal ridges in the Western and 

Northeastern regions of the island, while the currents and glacial streams formed by 

melting ice during the retreat of the Cape Cod lobe created the outwash plain region in 

the center of the island (Woodsworth and Wigglesworth 1934, Oldale 2001).   

Coastal plain ponds have no inlets or outlets, therefore the seasonal changes in 

pond hydrology depend on patterns of rainfall and variations in the level of the 

underlying groundwater.  Water levels typically recede in summer and early fall, due to 

decreased rainfall and increased evaporation, exposing a drawdown zone below the 

high water mark (Sorrie 1994, McHorney and Neill 2007).  The extent of the drawdown 

zone for a given pond varies from year to year.  The degree of seasonal drawdown also 

varies among ponds: the larger ponds are generally permanent and retain water 

throughout the year, while the smaller ponds can be ephemeral.  This seasonal 

inundation limits invasion by trees and shrubs, and provides unique habitat for an array 
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of perennial and annual herbs, many of which are regionally rare or threatened 

(Zaremba and Lamont 1993, Sorrie 1994).  Eighteen of these freshwater coastal plain 

ponds were selected for study across the island of Martha’s Vineyard, Massachusetts 

(Figure 2.1, Table 2.1). 

2.2.2 Sampling Methodology 

I collected the vegetation data for this study in August and September of 2005.  

Ponds were selected only if shorelines were known to support a seasonal drawdown 

zone and subsequent coastal plain pond vegetation habitat.  Within each pond, I 

established transects perpendicular to the water’s edge.  Six transects were placed in 

each pond, at least five meters apart.  In two small ponds (Pecoy Point and Spectacle), 

only four transects were placed due to space limitations.  I placed one additional 

transect in two of the larger, more compositionally diverse ponds (Duartes and Old 

House) to ensure a sufficient sampling effort.  I divided each transect into continuous 1 

m2 quadrats stretching from the current water line on the day of sampling to the 

permanent high-water mark surrounding the pond; transects were extended into the 

pond if significant vegetation was growing from submerged soil.  A total of 580 quadrats 

was sampled across the 18 study ponds on Martha’s Vineyard.   

Within each 1 m2 quadrat, each species was identified and scored it into one of 

six cover classes (1= only one individual found, 2= <1% cover, 3= 1-10% cover, 4= 10-25%  
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Figure 2.1: Map of 18 sample pond locations on Martha’s Vineyard, Massachusetts. 
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Table 2.1: Pond number, name, and associated characteristics.  The quadrats columns 

refer to the number of quadrats analyzed in the NMS ordination and Mantel 

correlations. 

Pond Name Geology Hydrology Quadrats 

(NMS) 

Quadrats 

(Mantel) 

1 Daggetts Moraine Permanent 41 8 

2 Dodgers Hole Outwash Permanent 36 0 

3 Duartes Outwash Permanent 54 10 

4 Fresh Outwash Permanent 18 5 

5 Google Outwash Ephemeral 40 8 

6 Grays Moraine Ephemeral 27 6 

7 Jernigans Outwash Permanent 22 5 

8 Little Outwash Permanent 43 8 

9 Near Farm Outwash Ephemeral 30 0 

10 Old House Moraine Permanent 24 4 

11 Pecoy Point Outwash Ephemeral 26 4 

12 Rainwater Moraine Ephemeral 24 6 

13 Ripleys – John Hoft Moraine Ephemeral 24 2 

14 Ripleys – Lambert’s Cove Moraine Ephemeral 7 3 

15 Seths Moraine Permanent 17 1 

16 Smith Moraine Permanent 30 6 

17 Spectacle Moraine Permanent 18 3 

18 Sweetened Water Outwash Permanent 63 10 



 

21 

cover, 5= 25-50% cover, 6= >50% cover); identifications were made according to Fernald 

(1950) and Newcomb (1977).  A total of 128 plant species was encountered and identified 

during vegetation sampling (Appendix 1).  A series of environmental measurements 

was recorded for each pond, including pond name, surficial geological origin (moraine 

or outwash deposit), hydrologic regime (permanent or ephemeral), and the pH, specific 

conductance, and concentrations of ammonium and nitrate in pondwater.  A series of 

environmental measurements was also recorded within ponds at the quadrat level, 

including elevation relative to waterline, distance from waterline, and soil chemistry.  In 

addition, I determined the geographic coordinates for the center of each pond using 

ArcGIS 9.0.  Correlations between all measured variables are displayed in Appendix 2.   

I collected one liter of water from the surface of each pond.  Chemical analyses 

were performed by The North Atlantic Coastal Laboratory in North Truro, 

Massachusetts.  Soil cores (10 cm depth, 2 cm diameter) were collected from every other 

transect within each pond.  From each of these transects I collected three to four soil 

cores, one from each “zone” of vegetation, determined subjectively by scanning the 

dominant vegetation species.  In general, one core was collected from the high water 

mark, one core was collected from either the soil bordering the pond water or from the 

center of the pond depending on whether the pond still retained water, and one to two 

cores were collected from the middle of the transect.  Soils were air-dried and sent to 

Brookside Laboratories, Inc. in New Knoxville, Ohio.  Bulk density was estimated in the 
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laboratory, after the dried sample was screened through a 2-mm sieve, and represents 

the dry weight of a known volume of prepared sample.  The organic matter content of 

each field-collected sediment sample was determined by heating 10 g of sediment at 360 

°C for 2 h, and estimated from Loss on Ignition (Schulte and Hopkins 1996, Brown 1998).  

Exchangeable or extractable sodium, aluminum, sulfate, phosphate, calcium, potassium, 

and magnesium, as well as micronutrients (boron, iron, manganese, copper, and zinc) 

were estimated by Melich III extraction (Mehlich 1984, Brown 1998).  Soil pH was 

measured with a 1:1 soil:water ratio in H2O, following the methods of McLean (1982).  

Total exchange capacity (TEC) was calculated by summation of cations from the Mehlich 

III extraction (Ross 1995, Brown 1998). 

2.2.3 Data Screening 

I evaluated the patterns in species composition and abundance at local (within-

pond) and landscape (among-pond) scales.  Although 128 plant species were identified, 

only 31 of these species were present in 5% of sample plots (i.e., 29 quadrats, McCune 

and Grace 2002).  All statistical comparisons were based on the data for these 31 species 

(Table 2.2).  Thirty-six quadrats became empty after the removal of rare species and 

were removed from analysis, leaving 544 quadrats for analysis.  Because soil samples 

were not collected at all quadrats, the environmental variables matrix was not complete.  

Full environmental measurements were collected at 89 quadrats (Table 2.3).  I created a 

species composition matrix to match the environmental variables matrix, composed of  



 

 

23 

Table 2.2: Names, mnemonic codes, and characteristic attributes for plant species recorded in more than 5% of sample plots.  

Species were classified by their National Wetland Indicator Status as defined by the United States Fish and Wildlife Service: 

OBL=obligate wetland (99%), FACW=facultative wetland (67-99%), FAC=facultative (34-66%), FACU=facultative upland (1-33%); 

(+)=frequency toward higher end, (-)=frequency toward lower end. 

Code Scientific Name Common Name Duration Nativity Wetland Growth 

BICO Bidens connata Swamp Beggar Ticks Annual Native FACW+ Forb/Herb 

CACA Calamagrostis canadensis Blue-joint grass Perennial Native FACW+ Graminoid 

CASC Carex scoparia Broom Sedge Perennial Native FACW Graminoid 

COPE Comptonia peregrina Sweet Fern Perennial Native --- Subshrub 

CORO Coreopsis rosea Rose Coreopsis Perennial Native FACW Forb/Herb 

DEVE Decodon verticillatus Swamp Loosestrife Perennial Native OBL Subshrub 

ERSE Eriocaulon septangulare Common Pipewort Perennial Native OBL Forb/Herb 

EUPE Eupatorium perfoliatum Boneset Perennial Native FACW+ Forb/Herb 

EUTE Euthamia tenuifolia Slender-leaved Goldenrod Perennial Native FACU Forb/Herb 

GAPA Galium palustre Common Marsh Bedstraw Perennial Native OBL Forb/Herb 

GRAU Gratiola aurea Golden Hedge Hyssop Perennial Native OBL Forb/Herb 

HOLA Holcus lanatus Common Velvetgrass Perennial Introduced FACU Graminoid 

HYMU Hypericum mutilum Dwarf St. Johnswort  Perennial Native FACW Forb/Herb 

HYVI Hypericum virginicum Marsh St. Johnswort  Perennial Native OBL Forb/Herb 

JUCA Juncus canadensis Canadian Rush Perennial Native OBL Graminoid 

JUTE Juncus tenuis Common Rush Perennial Native FACW+ Graminoid 

LUPA  Ludwigia palustris Water Purslane Perennial Native OBL Forb/Herb 

LYUN Lycopus uniflorus Northern Bugleweed Perennial Native OBL Forb/Herb 

LYTE Lysimachia terrestris Swamp Candles Perennial Native OBL Forb/Herb 

PAN Panicum spp. Panicum spp. Perennial   Graminoid 

PAVI Panicum virgatum Switchgrass Perennial Native FAC Graminoid 
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Table 2.2: (Continued) 

POHY Polygonum 

hydropiperoides 

Mild Water Pepper Perennial Native OBL Forb/Herb 

POOH Polytrichum ohioense Hair Cap Moss Perennial Native --- Nonvascular 

PRPA Proserpinaca palustris Mermaid Weed Perennial Native OBL Forb/Herb 

RUHI Rubus hispidus Bristly Dewberry Perennial Native FACW Subshrub 

SCAM Scirpus americanus Three-square Bulrush Perennial Native FACW+ Graminoid 

SORU Solidago rugosa Rough-stemmed Goldenrod Perennial Native FAC Forb/Herb 

SPTO Spiraea tomentosa Steeplebush Perennial Native FACW Shrub 

TORA Toxicodendron radicans Poison Ivy Perennial Native FAC Shurb/Forb 

VACO Vaccinium corymbosum Highbush Blueberry Perennial Native FACW- Shrub 

VILA2 Viola lanceolata Lance-leaved Violet Perennial Native OBL Forb/Herb 
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Table 2.3: List of environmental variables and basic summary statistics for the 89 

quadrats used in subsequent data analysis.  Certain variables were recorded at the 

pond level, while other variables were recorded at the quadrat level. 

Variable Description Summary Statistics 

Landscape-scale environmental variables: 

  Quadrats Quadrats 

XY Geographic coordinates of pond center --- --- 

Pond Pond name --- --- 

Hydrology Hydrologic regime 

(ephemeral/permanent) 

Ephemeral = 25 Permanent = 64 

Geology Geologic regime (outwash/moraine) Outwash = 50 Moraine = 39 

  
Mean SD Min Max 

Water pH Water pH 5.50 0.80 4.12 7.53 

Alkalinity Water Alkalinity (mg/L as CaCO3) 4.0 11.5 -5.9 39.1 

SC Water Specific Conductance (uS/cm) 52 23 25 110 

NH4
+
 Water Ammonium Concentration (ug/L) 24 20 3 85 

NO3
-
 Water Nitrate Concentration (ug/L) 21 3 17 27 

 

Fine-scale environmental variables: 

Elevation Elevation from waterline (m) 1.31 0.98 -0.96 4.03 

WaterDist Distance from waterline (m) 2.11 2.76 -1.00 10.00 

TEC Soil Total Exchange Capacity (meq/100g) 9.68 6.31 0.77 26.61 

Soil pH Soil pH 5.0 0.5 4.2 6.4 

Organic 

Matter 
Loss on Ignition (%) 3.90 6.01 0.11 47.56 

S Melich-III S (ppm) 31 16 7 111 

P Melich-III P (ppm) 65 50 7 242 

Ca Melich-III Ca (ppm) 257 179 86 1293 

Mg Melich-III Mg (ppm) 63 38 26 265 

K  Melich-III K (ppm)  29 15 9 80 

Na  Melich-III Na (ppm)  38 16 17 90 

B   Melich-III B (ppm)  0.49 0.26 0.00 1.53 

Fe  Melich-III Fe (ppm)  161 112 23 473 

Mn Melich-III Mn (ppm)  3 4 0 22 

Cu Melich-III Cu (ppm)  1 1 0 2 

Zn Melich-III Zn (ppm)  2 3 0 19 

Al  Melich-III Al (ppm) 679 440 42 1691 

Bulk Density Undisturbed core (g/cc) 1.04 0.23 0.21 1.82 
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the same 89 quadrats.  Most of the analyses were performed using these 89-sample 

matrices, with the exception of the NMS ordination and subsequent cluster analysis, 

which were both performed on the 544-sample species composition matrix.  

2.2.4 Analysis - Plant Species Response to Environmental Gradients 
at Both Spatial Scales 

To examine the relationship between species composition/abundance and 

environmental variables at both the local and landscape scale, I ran a series of simple 

and partial Mantel tests.  Simple Mantel tests were used to determine the correlation 

between compositional dissimilarity, within-pond environmental dissimilarity, among-

pond environmental dissimilarity, and geographic dissimilarity.  I used the Bray-Curtis 

distance measure to create the species dissimilarity matrix and the Mahalanobis distance 

measure to create the two environmental dissimilarity matrices, thus accounting for 

correlations between environmental variables (McCune and Grace 2002).  I used 

Euclidian distance to calculate distances in individual environmental variables. Partial 

Mantel tests were used to determine which within-pond and among-pond 

environmental variables were significant predictors of overall species composition and 

abundance, after controlling for the effects of the other within-pond and among-pond 

environmental variables.  Within-pond and among-pond environmental variables were 

evaluated separately first in order to examine species response to environmental 

gradients at each spatial scale separately.  Within-pond and among-pond environmental 

variables were then evaluated together to examine species response to environmental 
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gradients at both spatial scales simultaneously.  Significance was tested by permutation 

with 10,000 runs.  This test was run in S-Plus 8.0 (Venables and Ripley 2003), using the 

“Ecodist” library (Goslee and Urban 2006).   

To confirm relationships between species composition and the within-pond and 

among-pond environment, I performed a non-metric multidimensional scaling (NMS) 

ordination with varimax rotation on the full 544-sample species composition matrix 

(Mather 1976).  NMS analyses were performed on a Bray-Curtis dissimilarity matrix of 

species abundances in PC-ORD 5.0 (McCune and Mefford 1999) using 50 runs and a 

maximum of 200 iterations.  Standard step-down procedures were used to find the 

appropriate number of axes sufficient to reduce stress.  The correlations between NMS 

and both environmental matrices reflect the relationships between within-pond 

environmental gradients, among-pond environmental gradients, and patterns in species 

composition across all 18 ponds. 

 I used hierarchical agglomerative cluster analysis on my 544-quadrat species 

matrix to identify groups of quadrats with similar patterns in species composition.  

Cluster analysis was performed using the flexible beta linkage method with beta = -0.25 

in PC-ORD 5.0 (McCune and Mefford 1999).  The number of cluster groups produced 

ranged from two to 12, and Mantel’s tests were used to determine the appropriate 

clustering level.  I created a group contrast design matrix so that two samples in the 

same group (cluster) had a dissimilarity of 0, while two samples in different groups had 
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a dissimilarity of 1 (Legendre and Legendre 1998).  A Mantel correlation between 

compositional dissimilarity and the group contrast matrix indexed the extent to which 

dissimilarities among groups were large relative to dissimilarities within groups.  I 

repeated this test for all clustering levels, and the level at which the Mantel correlation 

was highest suggested the appropriate number of groups.   

I used group membership at the appropriate cluster level as the response 

variable for Classification and Regression Tree (CART) analysis to assess the extent of 

differences among cluster groups and to demonstrate how cluster groups separate 

hierarchically with respect to measured environmental variables.  CART rank 

transforms continuous explanatory variables and attempts to find the split within one 

variable that optimizes group separation by maximizing the decrease in deviance.  I 

performed a CART analysis using all of my within- and among-pond environmental 

variables on the groups created using cluster analysis, withholding the pond name 

identifier because this variable dominated results (McCune and Mefford 1999). 

2.2.5 Analysis - Relative Importance of Local and Landscape-Scale 
Environmental Variables 

To assess the relative importance of within- versus among-pond variables, I 

performed a series of partial Mantel tests on species compositional dissimilarity, 

environmental within-pond dissimilarity, environmental among-pond dissimilarity, and 

geographic distance.   In addition, the partial Mantel tests on specific within- and 

among-pond environmental variables and CART analysis yielded a hierarchy of 
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environmental variables; labeling these variables as within- or among-pond variables 

allowed for interpretation of the relative importance of each spatial scale.  I graphed the 

NMS ordination, grouping quadrats by the environmental variables most closely 

associated with species composition (geology, hydrologic regime, specific conductance, 

and elevation) in order to visually assess the strength of the relationships. 

2.2.6 Analysis - Individual Species Patterns 

Because previous research highlights the importance of water depth gradients, I 

focused on variation in individual species composition and abundance with respect to 

the elevation gradient.  I separated the elevation gradient into three simplified zones 

based on field knowledge: -2-0 m (submerged soil), 0-2.5 m (drawdown zone), and 2.5-5 

m (upper drawdown/shrub zone).  Indicator species analysis (ISA) was performed in 

PC-ORD 5.0 (McCune and Mefford 1999) to examine the relationships of individual 

species to each elevation zone.  This test calculates the affinity of each species for each 

elevation zone, calling attention to the species whose composition has changed 

significantly between zones.  Indicator values are calculated by combining proportional 

abundance and proportional frequency for each species in each zone of elevation; the 

highest indicator value is used as the overall indicator value for the species (McCune 

and Grace 2002).  The statistical significance of the indicator value is evaluated using a 

Monte Carlo test with 1000 randomizations.   
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I also performed ISA to determine which species were indicators of the 

statistically significant environmental variables that vary among ponds: geology 

(moraine versus outwash plain); hydrologic regime (permanent versus ephemeral); and 

specific conductance (high versus low).  I used the results of my CART to define low 

specific conductance as any value below 47 uS/cm and high specific conductance as any 

value above 47 uS/cm.  

2.3 Results 

2.3.1 Plant Species Response to Environmental Gradients at Both 
Spatial Scales 

Species compositional dissimilarity matrices and environmental variables that 

vary at the local and landscape scale had significant Mantel correlations, even after 

accounting for the effect of pond location (Table 2.4).  For local-scale variables, soluble 

sulfur, aluminum, TEC, soil pH, P, and elevation had the strongest relationships with 

species composition according to simple Mantel tests.  The Mantel tests became 

increasing conservative by controlling for the effects of additional environmental 

variables (Table 2.5).  TEC, soil pH, P, and elevation retained significant correlations in 

subsequent partial Mantel analyses, in which correlations between species composition 

were compared to each environmental variable after removing variation due to other 

within-pond environmental variables.  Only elevation was significantly correlated with 

species composition in partial Mantel tests calculated after removing variation due to 
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other with-pond and among-pond environmental variables, indicating that quadrat 

elevation was the most important local factor determining patterns in vegetation species 

composition.   

 

Table 2.4: Simple and partial Mantel correlations between species compositional 

dissimilarity, within-pond or among-pond environmental dissimilarity (evaluated 

separately), and geographic distance.  Elements in the upper triangle of the matrix are 

simple correlations, while elements in the lower triangle are partial correlations (P 

values in parentheses; NS = not significant). 

 Species Environment 

(within-pond) 

Environment 

(among-pond) 

Space 

Species --- 0.082 (0.022) 0.217 (0.000) 0.256 (0.000) 

Environment 

(within-pond) 

0.085(0.018) --- --- NS 

Environment 

(among-pond) 

0.152 (0.000) --- --- 0.303 (0.000) 

Space 0.204 (0.000) NS 0.262 (0.000) --- 
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Table 2.5: Mantel correlations between species compositional dissimilarity and 

dissimilarity on fine scale or landscape scale environmental variables.  Mantel 

coefficients are simple correlations with species composition, partials with species 

controlling for within-pond (fine scale) environmental variables, partials with species 

controlling for among-pond (landscape scale) environmental variables, and partials 

with species controlling for within- and among-pond variables (P values in 

parentheses; NS = not significant; --- = not evaluated). 

Environmental 

Variable 

Species Species|Within Species | Among Species|Environment 

Elevation 0.095 (0.002) 0.095 (0.003) --- 0.071 (0.013) 

TEC 0.131 (0.000) 0.096 (0.001) --- NS 

Soil pH 0.104 (0.001) 0.066 (0.012) --- NS 

Organic Matter NS NS --- NS 

S 0.065 (0.047) NS --- NS 

P 0.064 (0.034) 0.070 (0.013) --- NS 

Ca NS NS --- NS 

Mg NS NS --- NS 

K NS NS --- NS 

Na NS NS --- NS 

B NS NS --- NS 

Fe NS NS --- NS 

Mn NS NS --- NS 

Cu NS NS --- NS 

Zn NS NS --- NS 

Al 0.085 (0.001) NS --- NS 

Bulk Density NS NS --- NS 

XY 0.256 (0.000) --- NS NS 

Pond 0.378 (0.000) --- 0.231 (0.000) 0.230 (0.000) 

Hydrology 0.145 (0.000) --- 0.078 (0.004) 0.056 (0.015) 

Geology 0.275 (0.000) --- 0.147 (0.000) 0.161 (0.000) 

Water pH 0.127 (0.000) --- NS NS 

Alkalinity NS --- NS NS 

Specific 

Conductance 

0.160 (0.000) --- 0.068 (0.015) 0.063 (0.011) 

NH4
+
 0.116 (0.001) --- NS NS 

NO3
-
 0.174 (0.000) --- NS NS 
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For landscape-scale variables, pond location, water pH, ammonium, and nitrate 

all correlated with species composition until the effects of other among-pond 

environmental variables were considered, suggesting correlation with other among-

pond environmental variables.  Pond identity, hydrologic regime, geology, and specific 

conductance were also significantly correlated with species composition in all Mantel 

analyses (Table 2.5).   

NMS ordination of vegetation species composition provided a 3-axis solution in 

which axes 1, 2, and 3 represented 23.2%, 20.6%, and 20.7% of the total variance in 

original species space.  High correlations between species composition, elevation, and 

soil variables were calculated between NMS axes and within-pond environmental 

variables (Table 2.6).  Correlations between NMS axes and among-pond environmental 

variables confirmed the results of the Mantel tests, while also suggesting high 

correlations of additional water quality variables with patterns in species composition 

(Table 2.6).   

To explain differences in species composition among groups of quadrats based 

on environment, I performed CART analysis.  Mantel correlations between 

compositional dissimilarity and the group contrast matrices created from cluster 

analysis were highest at the seven cluster group level, indicating that the creation of 

seven cluster groups maximized within cluster homogeneity and among cluster 

heterogeneity.  The CART created using these seven cluster groups was limited to six  



 

34 

Table 2.6: Correlations for fine scale (within-pond) and landscape scale (among-pond) 

environmental variables with NMS axis ordination scores (P values in parentheses). 

Environmental 

Variable 

NMS1 NMS2 NMS3 

   

Fine scale environmental variables:   

Elevation 0.266 (0.012) -0.298 (0.005) 0.221 (0.037) 

TEC 0.216 (0.042) -0.245 (0.021) -0.395 (0.000) 

Soil pH -0.292 (0.006) --- 0.251 (0.018) 

Organic Matter --- --- --- 

S --- --- --- 

P 0.374 (0.000) -0.262 (0.013) --- 

Ca --- --- --- 

Mg --- --- --- 

K 0.234 (0.027) --- --- 

Na -0.249 (0.019) --- --- 

B --- --- 0.248 (0.019) 

Fe 0.272 (0.010) -0.229 (0.031) --- 

Mn --- -0.428 (0.000) --- 

Cu 0.247 (0.020) -0.323 (0.002) --- 

Zn --- --- --- 

Al --- -0.226 (0.033) 0.280 (0.008) 

Bulk Density -0.221 (0.037) --- 0.237 (0.025) 

   

Landscape scale environmental variables: 

Longitude (X) 0.537 (0.000) --- --- 

Latitude (Y) -0.456 (0.000) --- --- 

Pond --- 0.231 (0.030) -0.371 (0.000) 

Hydrology 0.225 (0.034) --- --- 

Geology -0.656 (0.000) 0.229 (0.031) --- 

Water pH -0.225 (0.034) --- 0.387 (0.000) 

Alkalinity --- --- 0.318 (0.002) 

Specific 

Conductance 

-0.310 (0.003) 0.476 (0.000) --- 

NH4
+
 --- 0.336 (0.001) -0.285 (0.007) 

NO3
-
 0.472 (0.000) --- --- 
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branches on the basis of cross-validation results.  Specific conductance, geologic regime, 

and water pH accounted for the most heterogeneity between quadrat groups in the 

classification tree, followed by alkalinity, aluminum, and soil organic matter (Figure 2.2). 

|
sc<47

geology<0.5

al<553

waterph<4.5

alkalinity<7.525

som<4.18

78

3 364

44

3 68

1

 

Figure 2.2: CART showing how quadrats separate hierarchically with respect to 

variables. 

 

2.3.2 Relative Importance of Local and Landscape-Scale 
Environmental Variables 

Landscape-scale environmental variables were significantly correlated with 

species composition, even after controlling for the effect of environmental variables that 

vary at the local-scale (Mantel r = 0.286, p=0.000).  The reverse did not hold: local-scale 

environmental variables were not significantly correlated with species composition after 

controlling for the effect of environmental variables that vary at the landscape-scale, 



 

36 

suggesting that landscape-scale environmental variables were more closely related to 

patterns in species composition than fine-scale environmental variables.  The NMS 

ordination supported this result: the relationships between species composition and 

landscape-scale environmental variables (geology, hydrologic regime, specific 

conductance) were stronger than the relationship with local-scale variables (elevation) 

(Figure 2.3). 

 

 

Figure 2.3: NMS ordinations with quadrats grouped according to environmental 

variables. 
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2.3.3 Individual Species Patterns 

Indicator species of low elevation zones were primarily forbs and herbs classified 

as wetland obligates, while mid elevation species were primarily graminoids classified 

as facultative wetland species.  Indicator species of high elevation zones fell into all 

categories, including the only shrubs that qualified as indicator species and the only 

species designated as facultative upland species (Table 2.7).   

The relationships between indicator species and landscape-scale environmental 

variables were increasingly vague.  Indicator species of the outwash plain fell into all 

wetland and growth form categories, while indicator species of the moraine were only 

obligate and facultative wetland species, and did not include any shrubs (Table 2.7).  

Indicator species of both permanent and ephemeral ponds fell into all wetland and 

growth form categories, creating no discernable patterns.  Indicator species of low 

salinity were primarily forbs and herbs that were classified as wetland obligate species 

(Table 2.7).  Indicator species of high salinity fell into a mixture of growth form 

categories, primarily designated as facultative wetland species; no obligate wetland 

species were identified as indicator species of high salinity ponds (Table 2.7).
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Table 2.7: Indicator Species Analysis for the elevation, geology, hydrology, and specific conductance data sets.  IV = indicator 

value.  Elevation groups include: low = -2-0 m, mid = 0-2.5 m, high = 2.5-5 m. Geology groups include: moraine and outwash plain. 

Hydrology groups include: ephemeral and permanent. Specific conductance groups include: low < 47 and high ≥ 47. 

 Elevation Geology Hydrology Specific Conductance 

Species Group IV P Group IV P Group IV P Group IV P 

BICO High 15 0.003   NS Ephemeral 33 0.001 Low 28 0.001 

CACA Mid 25 0.001 Outwash 14 0.008 Permanent 13 0.006   NS 

CASC High 34 0.001 Outwash 15 0.001   NS   NS 

COPE   NS Outwash 8 0.012 Ephemeral 16 0.001 Low 13 0.001 

CORO Mid 8 0.018 Moraine 19 0.001   NS High 10 0.001 

DEVE   NS Outwash 26 0.001   NS Low 24 0.001 

ERSE Low 17 0.003 Moraine 30 0.001   NS Low 14 0.004 

EUPE   NS Moraine 13 0.001   NS   NS 

EUTE High 24 0.005  NS   NS High 29 0.001 

GAPA   NS  NS  NS Low 12 0.003 

GRAU Low 19 0.011 Moraine 46 0.001 Permanent 19 0.004 Low 23 0.001 

HOLA High 11 0.002 Outwash 7 0.005 Permanent 0.009 High 6 0.024 

HYMU Low 6 0.036 Moraine 22 0.001   NS Low 32 0.001 

HYVI Low 14 0.044 Outwash 22 0.001 Ephemeral 22 0.001 Low 23 0.001 

JUCA   NS   NS   NS   NS 

JUEF Mid 20 0.042 Outwash 57 0.001 Permanent 30 0.001   NS 

LUPA  NS Moraine 8 0.006 Ephemeral  0.001 Low 13 0.001 

LYUN High 20 0.007 Outwash 23 0.011 Permanent 27 0.001   NS 

LYTE High 15 0.013 Moraine 16 0.016   NS Low 26 0.001 

PAN Low 9 0.025 Outwash 11 0.001 Permanent 13 0.001 High 19 0.001 

PAVI  High 31 0.001   NS Ephemeral 15 0.001 Low 20 0.001 

POHY  Low 8 0.035 Outwash 9 0.003 Permanent 8 0.004 Low 10 0.002 

POOH    NS  Outwash 13 0.001 Permanent 8 0.009  High 13 0.001 
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Table 2.7: (Continued) 
PRPA  Low 9 0.007 Outwash 6 0.021 Ephemeral 17 0.001 Low 7 0.003 

RUHI High 17 0.001 Outwash 22 0.001 Permanent 17 0.001 High 28 0.001 

SCAM   NS Moraine 20 0.001 Ephemeral 34 0.001 High 13 0.005 

SORU   NS Outwash 18 0.001 Permanent 20 0.001 High 25 0.001 

SPTO High 30 0.001 Outwash 33 0.001   NS High 21 0.001 

TORA   NS Outwash 12 0.006 Ephemeral 10 0.023 Low 14 0.001 

VACO Mid 10 0.004 Outwash 8 0.036 Permanent 10 0.001 High 17 0.001 

VILA2 High 26 0.001 Outwash 10 0.018 Ephemeral 16 0.001 Low 10 0.019 
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2.4 Discussion 

2.4.1 Plant Species Response to Environmental Gradients 

The results of this study demonstrate the distinct patterns in species composition 

found within a complex of coastal plain ponds on the island of Martha’s Vineyard, and 

support the hypothesis that these patterns change when examined at different spatial 

scales. 

My results corroborate the significance of the relationship between species 

composition and the water depth gradient demonstrated in earlier wetland studies 

(Graham and Henry 1933, Hutchinson 1975, Spence 1982, Keddy 1983, Keddy 1984, 

Wilson and Keddy 1985, Keddy and Ellis 1985, Keddy and Constabel 1986, Seabloom et 

al. 1998).  My research also supports Zaremba and Lamont’s (1993) qualitative 

observation that compositional patterns in coastal plain ponds correlate with the water-

depth gradient.  Although many of the measured environmental variables that vary 

within the boundaries of a coastal plain pond demonstrated relationships with species 

composition, the relationship between species composition and elevation was the only 

local-scale relationship that was statistically significant in all analyses.  

Elevation likely affects species composition through its effect on water, light, and 

soil nutrient availability, as well as soil particle size and gas exchange rates.  Specifically, 

higher elevation quadrats are submerged at a decreased frequency and duration each 
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year.  This generates a complex environmental gradient that includes variations in such 

factors as light availability, soil nutrient availability and particle size, and gas exchange 

rates that could influence species’ distributions based on their tolerances and 

competitive abilities.   

The local-scale elevation gradient alone does not explain the compositional 

patterns found on Martha’s Vineyard.  Instead, variation in species composition among 

ponds is also related to landscape-scale environmental variables geologic profile, 

hydrologic regime, and specific conductance levels.  Moraine and outwash plain are the 

two geologic profiles underlying coastal plain ponds on Martha’s Vineyard.  The 

bottoms of the ponds in these two glacial categories are comprised of different geologic 

materials, resulting in different nutrient content available for plants and different rates 

of water drawdown (Oldale 2001); both of these factors likely influence species 

composition (Van Voast and Novitzki 1968).  

The distinction between permanent and ephemeral ponds (hydrologic regime) 

also correlates with among-pond variation in species composition.  This relationship has 

been documented in other wetland systems; for example, Poiani and Johnson (1993) 

demonstrated that variations in hydrologic regime produced vegetation compositional 

differences in semi-permanent prairie wetlands.  These compositional differences can be 

attributed to the increased heterogeneity in the pond environment in permanent ponds; 
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permanent ponds offer habitat that ranges from dry to flooded, while ephemeral ponds 

skew towards drier habitat, given that they do not retain water during most summers.  

This difference in heterogeneity might also apply to ponds over time; permanent and 

ephemeral ponds may respond to changing annual water levels in different ways, 

resulting in interannual heterogeneity in pond habitat. 

Results also demonstrated a relationship between species composition and 

specific conductance levels.  Specific conductance measures the total dissolved solids 

content of water, including salts such as sodium chloride and calcium bicarbonate (Hem 

1985, Giovannelli 1980).  These results support studies highlighting the influence of 

salinity levels on plant composition in other wetlands.  Kantrud et al. (1989) conducted a 

review of prairie pothole studies to conclude that the number of species present in a 

given wetland zone decreases with increasing salinity.  Zampella and Laidig (1997) 

found that characteristic stream vegetation was replaced by exotic invasive species at 

high levels of specific conductance, while Holm and Sasser (2001) demonstrated that 

species composition and abundance changed with specific conductance.  In addition to 

favoring salt-tolerant species over freshwater species (Sharpe and Baldwin 2009), 

salinity has also been shown to affect species composition by inhibiting germination 

(Noe 2002).  Salinity is widely regarded as a stressor on the maintenance of species 

richness (Sharpe and Baldwin 2009); since Martha’s Vineyard is an island, varying pond 
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proximity to the ocean and associated levels of salt spray make salinity a relevant 

stressor in this system, and one likely to impact patterns in species composition (Boyce 

1954, Griffiths and Orians 2004).   

Environmental factors that vary among ponds were significantly related to 

composition even after accounting for the affect of the elevation gradient.  However, it 

was not the case that environmental factors that vary within ponds were significantly 

related to composition after accounting for the affect of factors that vary among ponds.  

Although there is some degree of zonation occurring within ponds, patterns in species 

composition appear to be more closely associated with landscape-scale environmental 

factors that vary among ponds.  This result helps create a hierarchy of environmental 

factors in terms of their relationship to species composition.     

2.4.2 Individual Species Patterns 

The pattern of indicator species along the elevation gradient can be understood 

by examining the ecological context; annual flooding keeps shrubs from colonizing 

lower elevation zones, and facultative upland species inhabit high elevation zones 

which border non-wetland ecosystems and are most susceptible to edge effects.  

Maximizing the area of the drawdown zone is therefore important in preserving these 

species.  The ISA on landscape-scale environmental variables showed that indicator 

species of moraine geology and low specific conductance water tend to be wetland 
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obligate species, which can be useful to organizations focused on the conservation and 

management of wetland species.  

2.4.3 Conclusions and Conservation Implications 

This research creates a framework for examining community-environment 

relationships within coastal plain ponds.  Within-pond compositional patterns 

(zonation) are highly correlated with the water-depth gradient (elevation along the 

pondshore), while among-pond compositional patterns are highly correlated with 

geology, hydrologic regime, and salinity.  My model therefore suggests that patterns in 

species composition occur at both local and landscape-level spatial scales.  The fact that 

overall patterns in vegetation species composition and abundance across the island are 

more closely related to among-pond environmental variables than within-pond 

environmental variables, however, suggests the increased relative importance of 

environmental variables that are expressed at the landscape-level.   

These landscape-scale environmental gradients can be used by conservation 

organizations alongside the elevation gradient to properly identify coastal plain pond 

priorities.  Some conservation efforts focus on protecting particular threatened species.  

Organizations can use the ISA results to determine which categories of ponds their 

target species indicate; efforts can then focus on protecting these groups of ponds.  If a 

conservation organization is concerned with protecting the coastal plain pond ecosystem 
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more broadly, they should protect a network of ponds that captures the full range of 

environmental variability, since ponds that vary in hydrologic regime, surficial geology, 

and water salinity exhibit significantly different patterns in species composition.  
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3. Examining interannual variability in vegetation 
species composition of coastal plain ponds 

3.1 Introduction 

Changes in environmental conditions lead to changes in species composition 

over time.  This relationship is even more apparent in systems where environmental 

conditions can change dramatically from one year to the next.  Interannual variability 

can have both an immediate effect, impacting which species are found in a given year, as 

well as an effect over time, by selecting for species adapted to the high degree of 

variability.  Many wetland studies and traditional wetland classification systems fail to 

take into account the dynamic nature of wetland conditions and wetland vegetation 

(Kandtrud et al. 1989, Euliss et al. 2004).   

Existing research shows that much of the change in wetland species composition 

originates with fluctuations in environmental conditions (Kantrud et al. 1989, Chesson 

1994).  These compositional changes have often been attributed to fluctuations in annual 

water levels produced by shifts in wet-dry cycles of annual precipitation (van der Valk 

and Davis 1978, Kantrud et al. 1989, Euliss et al. 2004).  Kantrud et al. (1989) insist that 

“any attempt to deal with the composition, classification, or dynamics of the region’s 

wetland vegetation must take into account the impact of wet-dry cycles.”  As in other 

wetlands, coastal plain ponds exhibit a dramatic wet-dry cycle.  In addition, species 
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composition in coastal plain ponds can vary significantly from one growing season to 

the next (Fernald 1918, Graham and Henry 1933, Sorrie 1994).  There have been no 

quantitative studies of interannual variation in coastal plain ponds species composition 

to date, however, despite repeated calls for such research (Rawinski and Price 1994, van 

der Valk et al. 1994, Keddy and Sharp 1994).   

Coastal plain ponds are wetlands located in the Atlantic coastal plain.  Annual 

high water levels limit invasion by trees and shrubs (Keddy 1989, Zaremba and Lamont 

1993, Sorrie 1994), and low nutrient levels are thought to limit invasion by competitors 

(Sorrie 1994, Wisheu and Keddy 1994).  These environmental constraints result in 

distinctive flora where many species have been designated as regionally or globally 

threatened (Fernald 1942, Wisheu and Keddy 1989).  Human development is altering the 

hydrology of the ponds and increasing nutrient availability, jeopardizing already 

threatened species and enhancing the conservation priority status of this community 

(Simmons 1999, Keddy and Wisheu 1989, Zaremba and Lamont 1993, Wisheu and 

Keddy 1994).   

In Chapter 2 I examined species-environment relationships within and among 

coastal plain ponds on Martha’s Vineyard, Massachusetts in 2005.  To quantify 

compositional change from one growing season to the next, I resampled the same 

quadrats in 2006.  I used non-metric multidimensional scaling and change vector 
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analysis to examine year-to-year variation in the relationships between patterns in plant 

species composition and environmental variables.  Specifically, I sampled the vegetation 

along the low-high water gradient in 18 coastal plain ponds on Martha’s Vineyard 

during two successive summers (one wet and one dry) to answer three questions: (1) Do 

coastal plain ponds exhibit quantitative compositional change between years? (2) Do 

species-environment relationships vary between years? and (3) Which environmental 

variables are correlated with the amount and direction of compositional change that 

occurs between years?  I expected to find significant compositional change between 2005 

and 2006 because 2005 was an average to dry year and 2006 was a wet year, providing 

conditions associated with different points on the wet-dry cycle.   

3.2 Methods  

3.2.1 Study area 

Martha’s Vineyard is a 249 km2 island located three to five miles off of the eastern 

coast of Cape Cod, Massachusetts (Figure 3.1, Table 3.1).  The topography and substrates 

of Martha’s Vineyard are primarily the result of glacial activity, and selected ponds were 

distributed on both glacial moraine and outwash sites.  Martha’s Vineyard represents 

the southern limit of the Wisconsinan Laurentide ice sheet in this region.  The advance 

of the Buzzard’s Bay lobe of the Laurentide ice sheet left morainal ridges in the Western  
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Figure 3.1: Map of 18 sample pond locations on Martha’s Vineyard, Massachusetts. 
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Table 3.1: Pond number, name, and associated characteristics.  The NMS quadrats 

column lists the number of quadrats analyzed in the NMS ordination, and the CVA 

quadrats column lists the number of quadrats analyzed in the change vector analysis. 

 Pond Name Geology Hydrology NMS 

Quadrats 

CVA 

Quadrats 

1 Daggetts Moraine Permanent 73 64 

2 Dodgers Hole Outwash Permanent 66 54 

3 Duartes Outwash Permanent 83 58 

4 Fresh Outwash Permanent 24 12 

5 Google Outwash Ephemeral 67 54 

6 Grays Moraine Ephemeral 45 36 

7 Jernigans Outwash Permanent 36 28 

8 Little Outwash Permanent 84 82 

9 Near Farm Outwash Ephemeral 35 10 

10 Old House Moraine Permanent 41 34 

11 Pecoy Point Outwash Ephemeral 37 22 

12 Rainwater Moraine Ephemeral 39 30 

13 Ripleys – John Hoft Moraine Ephemeral 27 2 

14 Ripleys – Lambert’s Cove Moraine Ephemeral 7 0 

15 Seths Moraine Permanent 27 18 

16 Smith Moraine Permanent 43 26 

17 Spectacle Moraine Permanent 37 36 

18 Sweetened Water Outwash Permanent 124 122 
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and Northeastern regions of the island, while the currents and glacial streams formed by 

melting ice during the retreat of the Cape Cod lobe created the outwash plain region in 

the center of the island (Woodsworth and Wigglesworth 1934, Oldale 2001).   

Coastal plain ponds have no inlets or outlets, therefore the seasonal changes in 

pond hydrology depend on patterns of rainfall and variations in the level of underlying 

groundwater.  Water levels recede in summer and early fall, due to decreased rainfall 

and increased evaporation, exposing a drawdown zone below the high water mark 

(Sorrie 1994, McHorney and Neill 2007).  The extent of the drawdown zone for a given 

pond varies from year to year.  The degree of seasonal drawdown also varies among 

these ponds: the larger ponds are generally permanent, retaining water throughout the 

year, whereas the smaller ponds can be ephemeral.  This seasonal inundation limits 

invasion by trees and shrubs, and provides unique habitat for an array of perennial and 

annual herbs, many of which are regionally rare or threatened (Zaremba and Lamont 

1993, Sorrie 1994).  Eighteen of these freshwater coastal plain ponds were selected for 

study across the island of Martha’s Vineyard, Massachusetts (Figure 3.1, Table 3.1). 

3.2.2 Field Methods 

I collected the vegetation data for this study in August and September of 2005 

and 2006.  Ponds were selected only if shorelines were known to support a seasonal 

drawdown zone and subsequent coastal plain pond vegetation habitat.  Within each 
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pond, I established transects perpendicular to the water’s edge.  Six transects were 

placed in each pond, at least five meters apart.  In two small ponds (Pecoy Point and 

Spectacle), only four transects were placed due to space limitations.  I placed an 

additional transect in two of the larger, more compositionally diverse ponds (Duartes 

and Old House) to ensure a sufficient sampling effort.  I divided each transect into 

continuous 1 m2 quadrats extending from the current water line on the day of sampling 

to the permanent high-water mark surrounding the pond; transects were extended into 

the pond if significant vegetation was growing from submerged soil.  Eight hundred and 

ninety-five quadrats were sampled over the course of the two field seasons.  Of these, 

781 quadrats were sampled in both 2005 and 2006: 344 quadrats contained species in 

both 2005 and 2006, and 93 quadrats contained species only in 2005 due to flooding in 

2006.   

Within each 1 m2 quadrat, I identified each species present and scored it into one 

of six cover classes (1= only one individual found, 2= <1% cover, 3= 1-10% cover, 4= 10-

25% cover, 5= 25-50% cover, 6= >50% cover); identifications were made according to 

Fernald (1950) and Newcomb (1977).  A total of 134 plant species was encountered and 

identified during vegetation sampling in 2005 and 2006; 108 species were identified in 

2005 and 104 species were identified in 2006, with 88 species found in both years.   
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In 2005 I collected one liter of water from the upper meter of each pond; chemical 

analyses for pH, alkalinity, specific conductance, ammonium, and nitrate were 

performed by the Cape Cod National Park Service lab in Wellfleet, Massachusetts.  I 

determined the vertical elevation and horizontal distance from the waterline for each 

quadrat in 2005 and in 2006.  I also recorded the aspect for each transect and calculated 

transformed aspect using the method of Beers et al. (1966).  Year of data collection (2005 

or 2006), hydrologic regime (permanent or ephemeral), surficial geologic origin 

(outwash plain or moraine), and pond area were also recorded as environmental 

variables for each quadrat (Table 3.2).  

3.2.3 Analysis - Between Year Compositional Change 

I calculated overall species richness and average species richness per quadrat in 

individual ponds and the entire pond complex in 2005 and 2006 to quantify changes in 

species richness at multiple spatial scales.  Only species occurring in 5% of the sample 

plots were included in analyses of compositional change (McCune and Grace 2002).  The 

analysis in this section is based on the 30 species found in the joint 2005/2006 data set 

(Table 3.3).   

To assess whether compositional dissimilarity between quadrats sampled in 

different years was greater than compositional dissimilarity between quadrats in the 

same year, I ran a Mantel test on species composition dissimilarity and temporal  
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Table 3.2: List of environmental variables and basic summary statistics for the 781 

quadrats used in a majority of the data analysis.  Certain variables were recorded at 

the pond level (landscape-scale), while other variables were recorded at the quadrat 

level (fine-scale). 

Variable Description Summary Statistics 

 

Landscape-scale environmental variables: 

  Quadrats  Quadrats 

Year Year 

(2005/2006) 

2005 = 437 2006 = 344 

Hydrology Hydrologic regime 

(ephemeral/permanent) 

Ephemeral = 193 Permanent = 588 

Geology Geologic regime 

(outwash/moraine) 

Outwash = 473 Moraine = 308 

  
Mean SD Min Max 

Area Area 15426.29 18757.32 158.11 50521.24 

Water pH Water pH 5.42 0.76 4.12 7.53 

Alkalinity Water Alkalinity 3.12 10.68 -5.85 39.05 

Specific 

Conductance 

Water Specific Conductance 51.22 20.92 25.00 110.00 

NH4+ Water Ammonium 

Concentration 

24.99 18.65 2.00 110.00 

NO3- Water Nitrate Concentration 21.55 3.36 17.00 33.00 

 

Fine-scale environmental variables: 

Elevation Vertical elevation from 

waterline (m) 

1.31 1.23 -1.73 11.50 

Water 

Distance 

Horizontal distance from 

waterline (m) 

2.22 3.10 -7.5 11.5 

Water 

Distance 2005 

Horizontal distance from 

waterline in 2005 (m) 

2.71 3.12 -7.5 11.5 

Water 

Distance 2006 

Horizontal distance from 

waterline in 2006 (m) 

1.83 2.97 -5.5 11.5 

Aspect Transformed Aspect  

(Beers et al. 1966) 

1.04 0.68 0.00 2.00 
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Table 3.3: Names and codes for abundant plant species, species recorded in more than 5% 

of sample plots in either the 2005, 2006, or the data set that includes both 2005 and 2006. 

Code Scientific Name Common Name 2005 2006 Both 

AGGI Agrostis gigantea Redtop Grass X X 

ANSC Andropogon scoparius Little Bluestem X X 

BICO Bidens connata Swamp Beggar Ticks X X X 

CACA Calamagrostis canadensis Blue-joint Grass X X X 

CASC Carex scoparia Broom Sedge X X X 

COPE Comptonia peregrina Sweet Fern X X X 

CORO Coreopsis rosea Rose Coreopsis X X 

DEVE Decodon verticillatus Swamp Loosestrife X X X 

ELAC Eleocharis acicularis Spike Rush X 

ERSE Eriocaulon septangulare Common Pipewort X X X 

EUPE Eupatorium perfoliatum Boneset X 

EUTE Euthamia tenuifolia Slender-leaved Goldenrod X X X 

GAPA Galium palustre Common Marsh Bedstraw X X X 

GRAU Gratiola aurea Golden Hedge Hyssop X X X 

HOLA Holcus lanatus Common Velvetgrass X 

HYCA Hypericum canadense Canada St. Johnswort X X 

HYMU Hypericum mutilum Dwarf St. Johnswort  X X X 

HYVI Hypericum virginicum Marsh St. Johnswort  X X 

JUCA Juncus canadensis Canadian Rush X X X 

JUPE Juncus pelocarpus Brownfruit Rush X 

JUTE Juncus tenuis Path Rush X X X 

LUPA Ludwigia palustris Marsh Seedbox X X X 

LYUN Lycopus uniflorus Northern Bugleweed X X X 

LYTE Lysimachia terrestris Swamp Candles X X X 

PAN Panicum spp. Panicum spp. X 

PAVI Panicum virgatum Switchgrass X X 

POHY Polygonum hydropiperoides Mild Water Pepper X X X 

POOH Polytrichum ohioense Hair Cap Moss X X X 

PRPA Proserpinaca palustris Mermaid Weed X 

RUHI Rubus hispidus Bristly Dewberry X X X 

SCAM Scirpus americanus Three-square Bulrush X X X 

SORU Solidago rugosa Rough-stemmed Goldenrod X X X 

SPTO Spiraea tomentosa Steeplebush X X X 

TORA Toxicodendron radicans Poison Ivy X X X 

VACO Vaccinium corymbosum Highbush Blueberry X X X 

VILA Viola lanceolata Lance-leaved Violet X X X 



 

56 

 

dissimilarity matrices.  The compositional dissimilarity matrix was created using the 

Bray-Curtis dissimilarity metric, while the temporal dissimilarity matrix was created as 

a group contrast matrix (Legendre and Legendre, 1998).  Significance was tested by 

permutation with 10,000 runs.  This test was run in S-Plus 8.0 (Venables and Ripley 

2003), using the “Ecodist” library (Goslee and Urban 2006). 

To examine the amount and direction of compositional change from 2005 to 2006, 

I performed a non-metric multidimensional scaling (NMS) ordination with varimax 

rotation on the full 895 quadrat data set (Mather 1976).  NMS analysis was performed on 

a Bray-Curtis dissimilarity matrix of species abundances in PC-ORD 5.0 (McCune and 

Mefford 1999) using 50 runs and a maximum of 200 iterations.  Standard step-down 

procedures were used to find the appropriate number of axes sufficient to reduce stress.  

Ordination scores were imported into S-Plus 8.0 (Venables and Ripley 2003) and plotted 

in three dimensions.  Vectors were constructed between the 344 quadrat pairs that 

contained species in both years, connecting their 2005 position in ordination space with 

their 2006 position.  The magnitude of each vector represents the amount of 

compositional change that occurred between years.  The relative positions of the 2005 

and 2006 observations were compared with a paired two-sample t-test on each 

ordination axis to determine the degree of consistency in the direction of compositional 

change (Peterson & McCune 2001).  
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3.2.4 Analysis – Between Year Differences in Species-Environment 
Relationships 

In Chapter 2 I established a model for examining community-environment 

relationships within coastal plain ponds based on 2005 data.  I replicated the exact 

methods used in Chapter 2 to create a new model, this time based on 2006 data.  

Methods included performing simple and partial Mantel tests to identify significant 

environmental predictors of overall species composition, NMS ordinations to confirm 

relationships between species composition and the within-pond and among-pond 

environment, and additional Mantel tests to assess the relative importance of local- 

versus landscape-scale environmental variables.  In addition to performing simple and 

partial Mantel tests on each data set individually, I also performed the tests on the entire 

two-year data set to assess whether aggregating the data changes the relationship 

between composition and environmental variables.  The resulting models were 

compared to the model constructed in Chapter 2 to determine if the species-environment 

relationships vary between years.   

3.2.5 Analysis – Environmental Predictors of Compositional Change 
between Years 

To assess whether the amount of compositional change between years varies 

with environment, I compared the length of the change vectors to measured 

environmental variables.  I ran permutation t-tests in S-Plus 8.0 to analyze the 
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relationships between categorical environmental variables and change vector lengths, 

and I ran permutation regression tests to analyze the relationships between continuous 

environmental variables and the change vectors lengths.   

I relocated the paired plot change vectors to the origin and calculated the 

magnitude of the change vector in the direction of each NMS axis to assess whether the 

direction of compositional change between years varies with environment.  Permutation 

t-tests and regression tests were run in S-Plus 8.0 to analyze the relationships between 

environmental variables and the direction of compositional change along each NMS 

axis.  In addition, I calculated the coefficients of determination to identify the 

correlations between the ordination axes and environmental variables.   

Environmental characteristics of the 93 quadrats lacking species in 2006 were 

compared to those of the 334 quadrats containing species in both years. I created a status 

variable in which all quadrats were categorized into two groups: quadrats with species 

present in both years and quadrats with species present only in 2005.  T-tests and chi-

square tests run between this status variable and environmental variables assessed the 

relationship between the environment and the likelihood of quadrats being empty of 

species in 2006, a year with high water levels. 
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3.3 Results 

3.3.1 Between Year Compositional Change 

I identified 134 species over the course of the study, 88 of which were found in 

both years.  Overall species richness changed little from 2005 to 2006, with 108 species 

identified in 2005 and 104 species identified in 2006, and average species richness per 

quadrat was 5.59 and 5.32 in 2005 and 2006, respectively.  At the individual pond level, 

overall species richness increased in six ponds, decreased in 11 ponds, and remained the 

same in one pond, while the average species richness per quadrat increased in six ponds 

and decreased in 12 ponds (Table 3.4). 

Species composition exhibited significant change between 2005 and 2006 (Mantel 

correlation coefficient=0.034, p=0.000).  Ordination of species composition data from 

both years provided a 3-axis solution with a final minimum stress of 22.07.  The three 

axes cumulatively represent 61.5% of the total variance in original species space.  

Significant compositional change did not occur along any of the three NMS axes, 

indicating that quadrats were not all changing in the same direction as the major trends 

in the data.  
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Table 3.4: Summary of species richness and average number of species per quadrat 

recorded from field surveys of Martha’s Vineyard coastal plain ponds in 2005 and 2006. 

Both values were calculated for pond groups including permanent ponds, ephemeral 

ponds, ponds located on the outwash plain, and ponds located on the moraine. 

 2005 Species 

Richness  

2005 Average # 

Species/Quadrat  

2006 Species 

Richness  

2006 Average # 

Species/Quadrat  

Daggetts 28 5.32 34 6.38 

Dodgers Hole 11 2.55 14 2.18 

Duartes 43 6.83 37 8 

Fresh 45 10.17 26 8.33 

Google 24 7.7 32 7.33 

Grays 21 5.07 24 4.28 

Jernigans 19 5.68 13 3.14 

Little 29 7.95 24 6.88 

Near Farm 15 5.4 9 4 

Old House 21 7.58 21 5.44 

Pecoy 22 9.04 17 5.55 

Rainwater 14 3.75 5 1.5 

Ripleys – JH 10 1.77 2 2 

Ripleys – LC 8 3.3 1 1 

Seths 15 4.94 9 3.2 

Smith 32 5.94 25 6.31 

Spectacle 32 6.26 34 7.11 

SweetenedWater 19 3.98 23 4.48 

Epemeral Ponds 68 5.21 57 4.85 

Permanent Ponds 89 5.80 99 5.45 

Outwash Pond 88 6.18 89 5.42 

Moraine Ponds 74 4.76 81 5.12 

Total 108 5.59 104 5.32 
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3.3.2 Between Year Differences in Species-Environment 
Relationships 

Mantel tests become increasing conservative by controlling for the effects of 

additional environmental variables (Table 3.5).  Elevation and aluminum were the only 

fine-scale environmental variables significantly correlated with species composition 

after controlling for the effects of all other variables.  For landscape-scale variables, pond 

identity, geology, alkalinity, and nitrate were significantly correlated with species 

composition in all Mantel analyses.   

Comparing these results with the 2005 results reveals important similarities and 

differences.  In both 2005 and 2006 elevation, pond identity, and geology were all 

strongly related to patterns in species composition.  Soil aluminum is strongly related to 

species composition in 2006, but in 2005 only the simple Mantel test between aluminum 

and species composition was significant.  Specific conductance is not strongly related to 

species composition in 2006, despite being strongly related in 2005; however, water 

alkalinity, which did not exhibit a strong relationship with species composition in 2005, 

demonstrated a strong relationship in 2006.  Hydrologic regime, which was strongly 

related to species composition in 2005, was correlated with species compositional 

patterns in 2006, but not after controlling for the effects of all additional environmental 

variables, suggesting that the relationship was not as strong in 2006 as it was in 2005. 
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Table 3.5: Mantel correlations between species compositional dissimilarity and 

dissimilarity on fine-scale or landscape-scale environmental variables.  Mantel 

coefficients are simple correlations with species composition, partials with species 

controlling for within-pond (fine-scale) environmental variables, partials with species 

controlling for among-pond (landscape-scale) environmental variables, and partials 

with species controlling for within- and among-pond variables (p-values in 

parentheses; NS = not significant; --- = not evaluated). 

Environmental 

Variable 

Species Species|Within Species | Among Species| 

Environment 

Elevation 0.137 (0.000) 0.143 (0.000) --- 0.083 (0.010) 

Water Distance NS NS --- NS 

Soil TEC 0.151 (0.000) 0.053 (0.047) --- NS 

Soil pH 0.063 (0.031) NS --- NS 

SOM NS NS --- NS 

Soluble Sulfur NS NS --- NS 

Soil P 0.071 (0.036) NS --- NS 

Soil Ca NS NS --- NS 

Soil Mg NS NS --- NS 

Soil K NS NS --- NS 

Soil Na NS NS --- NS 

Soil B NS NS --- NS 

Soil Fe NS NS --- NS 

Soil Mn NS NS --- NS 

Soil Cu NS NS --- NS 

Soil Zn NS 0.078 (0.042) --- NS 

Soil Al 0.165 (0.000) 0.103 (0.003) --- 0.094 (0.007) 

Bulk Density 0.088 (0.016) NS --- NS 

XY 0.261 (0.000) --- NS NS 

Pond 0.385 (0.000) --- 0.230 (0.000) 0.213 (0.000) 

Hydrology 0.135 (0.000) --- 0.056 (0.042) NS 

Geology 0.360 (0.000) --- 0.272 (0.000) 0.266 (0.000) 

Water pH 0.109 (0.002) --- NS NS 

Alkalinity 0.096 (0.016) --- 0.069 (0.048) 0.075 (0.030) 

Specific 

Conductance 

0.136 (0.000) --- NS NS 

NH4+ 0.149 (0.000) --- NS NS 

NO3- 0.240 (0.000) --- 0.063 (0.042) 0.063 (0.031) 
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NMS ordination of vegetation species composition in 2006 provided a 3-axis 

solution.  NMS Axis 1 was correlated with the elevation gradient, NMS Axis 2 was 

correlated with pond location and geologic regime, and NMS Axis 3 was correlated with 

the alkalinity gradient (Table 3.6).  Although these axes cannot be directly compared to 

the NMS axes created in 2005, examining the environmental variables that these axes are 

most strongly correlated with can indicate the major trends in the data.  In 2005 there 

were NMS axes representing geology and alkalinity, but there was no NMS axis that 

was strongly correlated with elevation (Chapter 2).   

Partial Mantel tests performed between species compositional dissimilarity, 

environmental within-pond dissimilarity, environmental among-pond dissimilarity, and 

geographic distance, demonstrate that landscape-scale environmental variables were 

significantly correlated with species composition, even after controlling for the effect of 

environmental variables that vary at the local-scale (Mantel r = 0.192, p=0.000).  The 

reverse did not hold: local-scale environmental variables were not significantly 

correlated with species composition after controlling for the effect of environmental 

variables that vary at the landscape-scale, suggesting that landscape-scale 

environmental variables were more closely related to patterns in species composition 

than fine-scale environmental variables.  This same pattern was found when examining 

the species composition data in 2005 (Chapter 2).   
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Table 3.6: Correlations for fine-scale and landscape-scale environmental variables 

with NMS axis ordination scores (p-values in parentheses). 

Environmental 

Variable 

NMS1 NMS2 NMS3 

   

Fine scale environmental variables:   

Elevation -0.366 (0.000) --- --- 

WaterDistance -0.353 (0.000) -0.303 (0.000) 0.134 (0.012) 

Soil TEC --- -0.465 (0.000) --- 

Soil pH --- 0.409 (0.001) --- 

SOM --- --- --- 

Soil Soluble Sulfur --- --- --- 

Soil P -0.306 (0.014) -0.462 (0.000) --- 

Soil Ca --- --- --- 

Soil Mg --- --- --- 

Soil K --- -0.326 (0.009) --- 

Soil Na --- --- --- 

Soil B --- --- --- 

Soil Fe -0.374 (0.002) -0.380 (0.002) --- 

Soil Mn --- --- --- 

Soil Cu -0.344 (0.005) -0.317 (0.011) --- 

Soil Zn --- --- --- 

Soil Al --- -0.270 (0.031) --- 

Soil Bulk Density --- 0.427 (0.000) --- 

Aspect --- 0.107 (0.044) --- 

   

Landscape scale environmental variables: 

Longitude (X) --- -0.619 (0.000) 0.111 (0.039) 

Latitude (Y) --- 0.460 (0.000) --- 

Pond 0.197 (0.000) -0.180 (0.001) 0.353 (0.000) 

Hydrology  --- -0.164 (0.002) 0.176 (0.001) 

Geology 0.207 (0.000) 0.707 (0.000) --- 

Water pH --- 0.394 (0.000) -0.125 (0.020) 

Alkalinity -0.166 (0.002) --- -0.411 (0.000) 

Specific Conductance 0.149 (0.005) 0.378 (0.000) 0.268 (0.000) 

NH4+ 0.193 (0.000) -0.204 (0.000) 0.377 (0.000) 

NO3- --- -0.504 (0.000) 0.338 (0.000) 
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Species composition was correlated with all measured environmental variables 

when simple and partial Mantel tests were performed on the 2005 and 2006 data 

simultaneously.  These relationships between species composition and each 

environmental variable, with the exception of ammonium, remained correlated when 

accounting for the effects of the remaining environmental variables.  Geology, pond 

identity, water pH, specific conductance, and hydrologic regime had the highest partial 

Mantel correlations (Table 3.7). 

Table 3.7: Simple and partial Mantel correlations between compositional dissimilarity 

and environmental dissimilarity.  Partial Mantel coefficients test for the correlation 

between each variable and composition, while controlling for the effect of all other 

environmental variables (p-values in parentheses; NS = not significant). 

 Compositional Dissimilarity 

 Simple Mantel R Partial Mantel R 

Year 0.034 (0.000) 0.039 (0.000) 

Pond 0.416 (0.000) 0.227 (0.000) 

Hydrology 0.143 (0.000) 0.138 (0.000) 

Geology 0.328 (0.000) 0.252 (0.000) 

Area 0.209 (0.000) 0.078 (0.000) 

Water pH 0.171 (0.000) 0.149 (0.000) 

Alkalinity 0.085 (0.000) 0.025 (0.017) 

Specific Conductance 0.174 (0.000) 0.164 (0.000) 

NH4+ 0.117 (0.000) NS 

NO3- 0.203 (0.000) 0.048 (0.000) 

Elevation 0.144 (0.000) 0.106 (0.000) 

Water Distance 0.056 (0.000) 0.044 (0.000) 

Aspect 0.058 (0.000) 0.049 (0.000) 
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3.3.3 Environmental Predictors of Compositional Change Between 
Years 

Although species richness did not vary significantly from 2005 to 2006, species 

richness was shown to vary with environment: permanent ponds contained more 

species and had higher levels of species richness per quadrat than ephemeral ponds, and 

ponds located on the outwash plain contained more species and had higher levels of 

species richness per quadrat than ponds located on the moraine, both regardless of year 

(Table 3.4).    

 Permutation tests between environmental variables and change vector 

magnitudes demonstrated which ponds and quadrats exhibited significantly more 

compositional change between years than other ponds or quadrats including: ephemeral 

ponds, moraine ponds, ponds with lower water pH values, ponds with higher specific 

conductance and alkalinity values, ponds with higher ammonium values, and quadrats 

located at a lower elevation and closer distance relative to the waterline (Table 3.8, 

Figure 3.2).  

The results of the permutation tests between environmental variables and NMS 

axes show the direction in which quadrats with given environmental characteristics 

changed compositionally along ordination axes from 2005 to 2006 (Table 3.9).  Quadrats 

with the following characteristics, or quadrats located within ponds with the following  
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Table 3.8: Permutation results indicating relationships between environmental 

variables and the magnitude of the paired plot change vectors.  Permutation t-tests 

show p-value and observed difference between group means for categorical variables, 

while permutation regression tests show p-value and observed slope for continuous 

variables.  The observed difference/slope indicates the direction of the relationship. 

 

P-value Observed Difference/Slope 

Hydrology (mean) 

(ephemeral-permanent) 0.000 0.245595 

Geology (mean) 

(moraine-outwash) 0.002 0.1591719 

Area NS --- 

Water pH 0.006 -0.0735171 

Alkalinity 0.006 0.005765327 

Specific Conductivity 0.006 0.00002450265 

NH4+ 0.026 0.002751588 

NO3- NS --- 

Elevation from Water 0.068 -0.0352086 

Water Distance 2005 0.000 -0.02960067 

Water Distance 2006 0.000 -0.03000255 

Aspect NS --- 
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Figure 3.2: NMS ordination of plots in species space with paired-plot vectors 

from 2005 and 2006 observations, divided into separate plots based on hydrology and 

geology.  Symbols are plots coded for year: ▲= 2005, ■ = 2006.
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Table 3.9: Permutation results indicating relationships between environmental 

variables and the direction of the change vectors.  T-tests yield p-values and observed 

differences between group means for categorical variables, while regression tests 

yield p-values and observed slopes for continuous variables.  Observed 

difference/slope indicates the direction of the relationship. 

 

NMS Axis 
P-value 

Observed 

Difference/Slope 

Observed Difference 

Calculation 

Hydrology (mean) 

NMS1 0.015 0.02147557 Ephemeral-Permanent 

NMS2 0.000 0.07209807 Ephemeral-Permanent 

NMS3 0.000 0.1117766 Ephemeral-Permanent 

Geology (mean) 

NMS1 0.002 0.2124827 Moraine-Outwash 

NMS2 0.001 0.04312116 Moraine-Outwash 

NMS3 0.002 0.08913866 Moraine-Outwash 

Area 

NMS1 0.013 0.000003596814 

NMS2 NS 

NMS3 NS 

Water pH 

NMS1 NS   

NMS2 NS   

NMS3 0.009 0.06915914  

Alkalinity 

NMS1 NS   

NMS2 NS   

NMS3 NS   

Specific Conductance 

NMS1 NS   

NMS2 0.042 -0.001870523  

NMS3 0.002 -0.002962885  

NH4+ 

NMS1 0.002 -0.004468677  

NMS2 NS   

NMS3 NS   

NO3- 

NMS1 0.002 -0.02444879  

NMS2 NS   

NMS3 NS   

Elevation from Water 

NMS1 NS   

NMS2 NS   

NMS3 NS   

Water Distance 2005 

NMS1 NS   

NMS2 NS   

NMS3 NS   

Water Distance 2006 

NMS1 NS   

NMS2 NS   

NMS3 NS   

Aspect 

NMS1 0.037 -0.08111339  

NMS2 NS   

NMS3 NS   
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characteristics, changed compositionally from 2005 to 2006, resulting in movement in 

ordination space towards the higher end of Axis 1: ephemeral, moraine, large, low 

ammonium, low nitrate, and low transformed aspect (SW-facing slopes).  Quadrats with 

the following characteristics, or quadrats located within ponds with the following 

characteristics, changed compositionally from 2005 to 2006, resulting in movement in 

ordination space towards the higher end of Axis 2: ephemeral, moraine, and low specific 

conductance.  Quadrats with the following characteristics, or quadrats located within 

ponds with the following characteristics, changed compositionally from 2005 to 2006, 

resulting in movement in ordination space towards the higher end of Axis 3: ephemeral, 

moraine, high water pH, and low specific conductance.  These results can be interpreted 

alongside the coefficients of determination for the correlations between the NMS 

ordination axes and measured environmental variables (Table 3.10).  High coefficients of 

determination indicate stronger relationships between NMS axes and environmental 

variables.  Correlations between Axis 1 and all measured environmental variables were 

low.  Axis 2 had strong correlations with geology, area, nitrate, water pH, and specific 

conductance.  Axis 3 had strong correlations with alkalinity, ammonium, and elevation, 

although the correlations were not as strong as those found for Axis 2.  

T-tests and chi-square tests showed significant relationships between 

environmental variables and the likelihood of quadrats being empty of species in 2006.  
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Larger ponds (t(134)=2.54, p=0.0123) and ponds with lower ammonium (t(147)=-2.49, 

p=0.014) were more likely to contain empty quadrats in 2006, while quadrats located 

closer to the waterline, in both elevation (t(150)=-7.59, p=0.000) and distance from water 

(t(142)=-5.39, p=0.000) were more likely to be empty in 2006.  In addition, ephemeral 

ponds were more likely than permanent ponds (χ2(1, N=437)=13.37, p=0.000), and 

moraine ponds were more likely than outwash plain ponds (χ2(1, N=437)=27.40, 

p=0.000), to contain empty quadrats in 2006.   

 

Table 3.10: Coefficient of determination (r2) for correlations of environmental 

variables with NMS axes. 

 NMS Axis 

1 2 3 

Year 0.002 0.004 0.001 

Pond 0.027 0.023 0.074 

Hydrology 0.041 0.040 0.000 

Geology 0.005 0.519 0.001 

Area 0.003 0.359 0.003 

Water pH 0.023 0.157 0.047 

Alkalinity 0.000 0.023 0.097 

Specific Conductance 0.064 0.126 0.068 

NH4+ 0.052 0.047 0.100 

NO3- 0.079 0.263 0.019 

Elevation 0.090 0.021 0.146 

Water Distance 0.041 0.043 0.083 

Aspect 0.017 0.008 0.003 
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3.4 Discussion 

3.4.1 Between Year Compositional Change 

Species richness did not change significantly between field seasons, but Mantel 

tests and change vector analysis confirm that significant compositional change did occur 

from 2005 to 2006.  This change in composition is likely due to interannual variability in 

environmental conditions, most notably the higher pond water levels observed during 

the summer of 2006.  Previous studies often attribute compositional changes to 

fluctuations in annual water levels produced by dramatic shifts in wet-dry cycles of 

annual precipitation (van der Valk and Davis 1978, Kantrud et al. 1989, Euliss et al. 

2004), and explain that some species may only be evident during favorable stages of the 

hydrologic cycle (Zaremba and Lamont 1993; Rawinksi and Price 1994).  Compositional 

changes in vegetation patterns fit into the context of rising water levels; pond levels 

were at different stages of the hydrologic cycle in 2005 and 2006, resulting in different 

levels of favorability for the species involved.   

3.4.2 Between Year Differences in Species-Environment 
Relationships 

The species-environment relationships found in 2006 were similar to those found 

in 2005 in Chapter 2.  Within-pond compositional patterns were highly correlated with 

the water-depth gradient (elevation along the pondshore), while among-pond 

compositional patterns were highly correlated with geology and salinity.  The 2006 
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results also support the fact that species composition and abundance varied across the 

island at both local and landscape-level spatial scales.  Furthermore, landscape-scale 

variables account for a greater share of compositional variation than local-scale 

variables. 

The most substantial difference in the species-environment relationships 

between years was the fact that species composition was not as strongly correlated with 

hydrologic regime in 2006 as it was in 2005.  This difference is likely attributable to the 

high water levels in 2006 obscuring the differences between permanent and ephemeral 

ponds.  Kahara et al. (2009) concluded that prairie pothole wetlands can change in 

abundance, size, and classification depending on the temporal position in the hydrologic 

cycle.  Similar patterns were found along a spatially intermittent river, where 

community structure and function differed most during dry periods, while wet periods 

created a more uniform hydrologic environment resulting in increased compositional 

similarities between ephemeral and permanent river segments (Lake 2003, Wood et al. 

2005, Stromberg et al. 2009).  Ephemeral and permanent coastal plain pond community 

composition might therefore be more similar in wet years than dry years based on this 

more uniform hydrologic environment.  Extending this logic, compositional differences 

between ephemeral and permanent ponds might be increasingly exaggerated in 

extremely dry phases of the wet-dry cycle. 



 

74 

 

The significant correlations between change in overall species composition and 

environmental variables suggest the presence of patterns in species change along 

environmental gradients between years, which are examined further in the subsequent 

section. 

3.4.3 Environmental Predictors of Compositional Change Between 
Years 

Examining the relationship between vegetation composition and hydrologic 

regime showed that permanent ponds had higher levels of species richness than 

ephemeral ponds.  This can be attributed to the increased heterogeneity in permanent 

pond environment; permanent ponds offer habitat that ranges from dry to flooded, 

while ephemeral ponds skew towards drier habitat because they do not retain water 

during most summers.  Ephemeral ponds, however, had longer change vectors than 

permanent ponds, meaning that they exhibited a greater amount of compositional 

change from 2005 to 2006.  The disproportionate effect of interannual variability on 

ephemeral ponds could be due to the fact that, although most ephemeral ponds dried 

out in 2005, the high water levels in 2006 resulted in many of the ephemeral ponds 

retaining water.  Higher water levels therefore had a greater impact on ephemeral pond 

habitat and, subsequently, on vegetation composition.  Stewart and Kantrud (1971) 

explained that in the prairie pothole region, extended periods of abnormal water 

conditions can result in the shift of certain lakes and ponds from one wetland 
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classification to another.  Applying this logic to coastal plain ponds, permanent ponds 

could dry out during low water level conditions, resulting in a greater amount of 

compositional change for permanent ponds when comparing vegetation from a year 

with average water levels to vegetation from a year with low water levels.  

Ponds located on the outwash plain had higher levels of species richness than 

ponds located on the moraine.  Ponds located on the moraine, however, exhibited more 

compositional change from 2005 to 2006.  The disproportionate effect of interannual 

variability on the composition of ponds located on the moraine could be attributable to 

the soil characteristics of these ponds, and the effect these soil characteristics have on 

pond hydrology.  Moraine ponds are comprised of soil with high silt and clay content, 

while outwash ponds are comprised of soil with high sand and gravel content.  Ground 

water flow and discharge through sand/gravel soil can be as high as several feet per day, 

while discharge through silt/clay soil is less than one foot per day (Oldale 2001).  These 

data suggest that ponds on the outwash plain are better drained and able to discharge 

increased water inputs, like those that occurred in 2006.  Ponds located on the moraine 

retained the increased water inputs and were therefore disproportionately affected by 

the higher water levels in 2006 and experienced increased compositional change 

between years relative to outwash plain ponds.   
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Water quality variables also showed significant correlations with change in 

species composition between years.  Ponds with higher specific conductance values, for 

example, exhibited more compositional change from 2005 to 2006 than ponds with lower 

specific conductance values.  Studies have shown that characteristic vegetation can 

change with changes in salinity (Zampella and Laidig 1997, Holm and Sasser 2001).  The 

disproportionate effect of interannual variability on ponds with higher salinity can also 

be attributed to the higher water levels found in 2006.  Since increased moisture can 

decrease salinity levels through dilution (Stewart and Kantrud 1972), and salinity can 

inhibit germination and survival (Shumway and Bertness 1992, Noe 2002), decreased 

salinity levels in 2006 may have resulted in increased germination in these ponds, and 

more compositional change.  Germination may not have been limited in ponds with low 

specific conductance levels in 2005, and this may explain why they did not change as 

much as water levels rose in 2006.   

The amount of compositional change from 2005 to 2006 was also related to 

quadrat location.  Quadrats located closer the waterline, both in terms of elevation and 

distance from water, exhibited greater compositional change than those located farther 

from the waterline.  This result is likely due to fluctuating water levels between years.  

High elevation quadrats found in or near the pond shrub zone are more likely to 

maintain similar environmental conditions between years.  Low elevation quadrats, 
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found near the waterline, might be exposed in the drawdown zone one year and 

submerged underwater the next year, thus reflecting increased interannual variability.  

The increased water levels in 2006 therefore disproportionately impacted quadrats 

located closer to the waterline.  It is reasonable to assume that a dry year would also 

disproportionately impact quadrats located closer to the waterline.  

3.4.4 Conclusions and Conservation Implications 

This study quantitatively confirmed that coastal plain ponds exhibited significant 

compositional changes from one year to the next.  Specifically, interannual variability 

disproportionately affected certain ponds and quadrats more than others, highlighting 

patterns in the relationships between compositional change and environmental 

attributes.  This study examined the amount and direction of compositional change 

within coastal plain ponds between years, from a year with average pond water levels to 

a year with high pond water levels.  An examination of the amount and direction of 

compositional change from a year of average pond water levels to a year with below 

average water levels may well show relationships different from those found here.  All 

of these relationships have implications for the conservation and management of this 

increasingly threatened ecosystem.  Although previous studies have shown that 

conserving an assortment of ponds with varied environmental attributes can maximize 

the diversity of coastal plain pond plants at any given point in time (De Steven and 
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Toner 2004, Neill et al. 2009), the patterns identified in this study highlight the 

importance of conserving an assortment of ponds with varied environmental attributes 

to maximize the diversity of coastal plain pond plants over time and in the face of 

fluctuating environmental conditions.  
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4. Similarity between seed bank and standing vegetation 
in coastal plain ponds, and the role of environment in 
this relationship1 

4.1 Introduction 

Many plant species persist in wetland environments by producing seeds capable 

of surviving in the sediment over multiple years.  Seed banking is therefore an 

important strategy in the maintenance of wetland plant communities, but the vegetation 

composition of seeds below ground does not necessarily resemble vegetation patterns 

found above ground.  For example, the  seed bank and standing vegetation tend to 

resemble one another more in grasslands (64% similarity) than in forests (31%  

similarity) (Hopfensperger 2007).  Within wetlands, similarity values can differ widely.  

Wetlands with seed banks that resemble the standing vegetation include prairie glacial 

marshes, lakeshores, and coastal marshes (van der Valk and Davis 1978, Keddy and 

Reznicek 1982, Hopkins and Parker 1984), while British salt marshes, arctic coastal 

marshes, canal banks in the Netherlands, and desert floodplains have seed banks that 

contrast with the standing vegetation (Ungar and Woodell 1993, Egan and Ungar 2000, 

Chang et al. 2001, Boedeltje et al. 2003, Capon and Brock 2006).   

The variance in similarity values among different wetlands has been attributed to 

inundation regimes and the ratio of annual to perennial species in the standing 

                                                      

1 This chapter was co-authored with C. Neill and M.O. Bezerra. 
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vegetation (Leck 1989, Amiaud and Touzard 2004).  Wetland ecosystems exhibit 

inundation regimes ranging from daily inundation in freshwater tidal wetlands to 5-30 

year climatic cycles in prairie marshes, lakeshores, and swamps (van der Valk and Davis 

1978, Zedler 1987, Leck 1987).  High similarity values between composition in the seed 

bank and standing vegetation are consistently linked with frequent and unpredictable 

inundation (Amiaud and Touzard 2004), whereas wetlands with regular annual 

inundation regimes have been shown to exhibit the most complex relationships (Leck 

1989).  High similarity values have also been linked with the predominance of annuals 

in the wetland standing vegetation; some field-dominant perennial species have low 

seed production because they alternate sexual and vegetative reproduction, and the 

seeds they do produce do not persist long in the soil (Ungar and Woodell 1993, Amiaud 

and Touzard 2004).   

van der Valk and Davis (1978) developed a qualitative model of wetland 

vegetation dynamics, based on observations made in prairie pothole wetlands.  They 

identified three types of species present in prairie marsh seed banks: emergent species 

that germinate on exposed mud flats or very shallow water, submerged and free floating 

species whose dormant seeds germinate in standing water, and mud flat species that 

only germinate on exposed mud flats during periods when no standing water exists.  

Using these three types of species, van der Valk and Davis predicted prairie marsh 

succession from dry marsh to regenerating marsh to degenerating marsh to lake marsh, 
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as fluctuating water levels allow species to replace one another as the dominant 

vegetation type.  It is not clear whether this model is widely applicable.  This qualitative 

model was developed in prairie marshes where patterns in seed bank composition 

matched patterns found in the standing vegetation, and where inundation occurred on a 

5-30 year cycle.  Galinato and van der Valk (1986) suggest that scientists should be 

careful when attempting to apply wetland vegetation models to wetlands that are 

dissimilar from those for which the model was developed.   

Coastal plain ponds are an ideal system in which to examine the relationship 

between above and below ground vegetation, and the effect of inundation and species 

life history features on vegetation dynamics.  Coastal plain ponds are freshwater 

wetlands located on the coastal plain of the northeastern United States and southeastern 

Atlantic Canada.  These ponds have no inlets or outlets, therefore the seasonal changes 

in pond hydrology depend on annual patterns of rainfall and variations in the level of 

the underlying groundwater.  After experiencing inundation in winter and spring, water 

levels typically recede in summer and early fall, due to decreased rainfall and increased 

evaporation, exposing a drawdown zone below the high water mark (Sorrie 1994, 

McHorney and Neill 2007).  The extent of the drawdown zone for a given pond varies 

from year to year and with overall pond size: larger ponds are generally permanent and 

retain water throughout the year, while smaller ponds can be ephemeral.  Seasonal 

inundation limits invasion by trees and shrubs, and provides unique habitat for an array 
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of perennial and annual herbs, many of which are regionally rare or threatened 

(Zaremba and Lamont 1993, Sorrie 1994).   

I had three main objectives in performing this study.  First, I wanted to evaluate 

the role of seed bank distribution in determining the distribution of standing vegetation 

along pondshore elevation gradients. Second, I wanted to test the applicability of van 

der Valk’s (1978) qualitative model of seed bank dynamics in a different wetland 

ecosystem with a distinct inundation regime and compositional makeup.  Third, I 

wanted to evaluate the relative importance of geologic setting, hydrologic regime, and 

elevation along the pondshore in determining vegetation patterns in the seed bank and 

standing vegetation.  I use the results to examine long-held beliefs about the role of 

hydrologic regime in wetlands and to suggest management applications. 

4.2 Methods 

4.2.1 Study area 

I sampled four freshwater coastal plain ponds on the island of Martha’s 

Vineyard, located three to five miles off of the eastern coast of Cape Cod, Massachusetts 

(Figure 4.1).  Two of the ponds were permanent (Duartes, Old House), retaining surface 

water in all or nearly all years based on long-term water level records or local 

observations. Two ponds were ephemeral (Google, Rainwater), drying completely in 

most years.  Martha’s Vineyard represents the southern limit of the Wisconsinan 
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Laurentide ice sheet in this region.  The advance of the Buzzard’s Bay lobe of the 

Laurentide ice sheet left morainal ridges in the Western and Northeastern regions of the 

island, while the currents and glacial streams formed by melting ice during the retreat of 

the Cape Cod lobe created the outwash plain region in the center of the island 

(Woodsworth and Wigglesworth 1934, Oldale 2001).  The topography and soils of 

Martha’s Vineyard are primarily the result of glacial activity, and these four ponds were 

distributed on both the glacial moraine (Old House, Rainwater) and the outwash plain 

(Duartes, Google).   

 

Figure 4.1: Map of coastal plain ponds examined on Martha’s Vineyard, 

Massachusetts.
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4.2.2 Vegetation Sampling 

Standing vegetation was sampled in August and September of 2005.  Within each 

pond, I established transects perpendicular to the water’s edge, at least five meters apart.  

Six transects were placed in the smaller Google and Rainwater ponds, and seven 

transects in the larger, more compositionally diverse Duartes and Old House ponds to 

ensure a sufficient sampling effort.  Each transect was divided into continuous 1 m2 

quadrats stretching from the current water line on the day of sampling to the permanent 

high-water mark surrounding the pond; transects were extended into the pond if 

significant vegetation was growing from submerged soil.  A total of 142 quadrats was 

sampled across the four study ponds on Martha’s Vineyard.  Quadrats were sorted into 

four zones based on elevation.  Quadrats located in the top 1/6 of the transect were 

classified as the shrub zone, quadrats located in the bottom 1/6 of the transect were 

classified as the underwater zone, quadrats located between the halfway point of the 

transect and the shrub zone were classified as the upper drawdown zone, and quadrats 

located between the halfway point of the transect and the underwater zone were 

classified as the lower drawdown zone.  These classifications match those set out for 

seed bank sampling. 

Within each 1 m2 quadrat, each species was identified and scored into one of six 

cover classes (1= only one individual found, 2= <1% cover, 3= 1-10% cover, 4= 10-25% 

cover, 5= 25-50% cover, 6= >50% cover); identifications were made according to Fernald 
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(1950) and Newcomb (1977).  Sixty-three plant species were encountered and identified 

during vegetation sampling, and classified as having an annual, biennial, perennial, or 

annual/perennial life cycle (Table 4.1).  

4.2.3 Seed Bank Sampling 

I determined seed bank composition in sediment collected from the field and 

incubated under controlled moisture and temperature conditions designed to maximize 

seed germination (Pederson and van der Valk 1984, Leck and Simpson 1987).  Sediment 

samples were collected from August 18-20, 2005 from the same four coastal plain ponds 

on Martha’s Vineyard.  I established eight transects around each pond shoreline at pre-

determined regular distances (5-10 m depending on overall pond size); these transects 

did not overlap field transects established to monitor standing vegetation.  Along each 

transect, I determined the elevation difference between the shrub zone and either the 

permanently-flooded zone of highly organic pond-bottom sediments in permanent 

ponds or the center of the pond basin in ephemeral ponds; I divided this elevation into 

thirds and collected sediments from the resulting four zones of elevation.  I collected the 

first sample from the shrub zone, the second sample at the high end of the drawdown 

zone, the third sample from the low end of the drawdown zone, and the fourth sample 

from the organic soil/pond bottom, referred to as the underwater zone.  This procedure 

was followed along all eight transects at each pond, resulting in eight replicates at each 

elevation from each pond (Neill et al. 2009). 
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Sediments for growth chamber incubations were collected to a depth of 5 cm 

from quadrats of known area.  On the dry shoreline or in shallow water (<50 cm), 

sediment was collected from within a PVC plastic ring of 113.4 cm2.  In deeper water, 

sediment was collected with an Eckmann dredge of 225 cm2.  Sediment samples were 

stored in plastic bags, and placed in a refrigerator at 10°C until placement into pots in 

the growth chambers.  Sediment samples were transferred to 15.2-cm diameter plastic 

pots containing a mixture of 50% (by volume) sterile building sand and 50% sterile 

potting mix.  Sediments were added to pots to a depth of 5 cm on top of the sand-potting 

soil mixture, and the pots were placed in Conviron® PGW36 growth chambers on 

September 2, 2005.  Chambers were set for day-night and long-term average daytime 

and nighttime temperatures for Hyannis, MA in June.  Day lengths and temperatures in 

the growth chambers were changed every 30 days to simulate mean conditions from 

July to October during the remainder of the 4-month experiment.  Pots were allowed to 

drain freely and were watered to saturation three times per week.  From 14 to 18 

November all seedlings in the pots were counted and identified to species or the lowest 

unique taxonomic category possible, and classified as having an annual, biennial, 

perennial, or annual/perennial life cycle (Table 4.1).  Plants that could not be identified 

uniquely were not included in subsequent analyses.   
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Table 4.1: Species unique to the standing vegetation (SV) and seed bank (SB). Duration 

represents an annual (A), biennial (B), perennial (P), or annual/perennial (A/P) life cycle. 

Scientific Name Common Name SV SB Duration 

Acer rubrum Red Maple X  P 

Agrostis (genus) Bent Grass (genus) X X P 

Andropogon scoparius Little Bluestem X  P 

Apocynum sibiricum Clasping-leaved Dogbane X  P 

Arabidopsis thaliana Mouseear Cress  X A 

Aster dumosus Bushy Aster X  P 

Baptisia tinctoria Wild Indigo X  P 

Bidens connata  Swamp Beggar Ticks X X A 

Brasenia schreberi Water Shield X  P 

Bromus ciliatus Brome Grass X  P 

Calamagrostis canadensis Blue-joint grass X  P 

Carex scoparia Broom Sedge X  P 

Cephalanthus occidentalis Buttonbush X  P 

Chrysopsis falcata Sickle-leaved Golden Aster X  P 

Clethra alnifolia  Sweet Pepperbush X X P 

Coreopsis rosea  Rose Coreopsis X X P 

Cyperus dentatus Toothed Flatsedge  X P 

Daucus carota Queen Anne's Lace X  B 

Dichanthelium (genus) Rosette Grass  X P 

Drosera intermedia Spatulate-leaved Sundew X  P 

Eleocharis acicularis  Needle Spikerush  X A/P 

Eleocharis obtuse Blunt Spikerush  X A/P 

Eriocaulon septangulare Common Pipewort X  P 

Eupatorium hyssopifolium Hyssop-leaved Boneset X  P 

Eupatorium rotundifolium  Roundleaf Thoroughwort  X P 

Eupatorium perfoliatum Boneset X  P 

Euthamia tenuifolia  Slender-leaved Goldenrod X X P 

Fimbristylis autumnalis  Slender Fimbry  X A 

Galium palustre Marsh bedstraw X  P 

Gerardia virginica Downy Yellow False Foxglove X  P 

Gnaphalium uliginosum Marsh Cudweed X X A 

Gratiola aurora Golden Hedge Hyssop X X P 

Hemicarpha micrantha Dwarf Bulrush  X A 

Hieracium aurantiacum Orange Hawkweed X  P 

Holcus lanatus Velvet Grass (introduced) X  P 

Hypericum canadense Canada St. John's Wort X X A 

Hypericum mutilum Dwarf St. John’s Wort X X A/P 

Hypericum virginicum Marsh St. John’s Wort X  P 

Juncus canadensis Canadian Rush X X P 

Juncus tenuis Path Rush X  P 

Juncus pelocarpus Brownfruit Rush  X P 
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Table 4.1: (Continued) 

Juncus subcaudatus Woodland Rush  X P 

Lespedeza capitata Round-headed Bush Clover X  P 

Linaria canadensis Canada Toadflax  X A 

Lindernia dubia anagallidea Yellowseed False Pimpernel  X A 

Ludwigia palustris Water Purslane X X P 

Lycopus uniflorus  Northern Bugleweed X X P 

Lysimachia terrestris Swamp Candles X  P 

Myrica pensylvanica Sweetgale X  P 

Myriophyllum humile Low Watermilfoil  X P 

Oenothera biennis Common Evening Primrose  X B 

Panicum spp. Panicum spp. X  P 

Panicum dichotomiflorum Fall Panicgrass  X A 

Panicum verrucosum Warty Panicgrass  X A 

Panicum virgatum Switch Grass X  P 

Parthenocissus quinquefolia Virginia Creep X  P 

Paspalum spp. Paspalum spp. X   

Polygonum hydropiper Marshpepper Knotweed  X A 

Polygonum hydropiperoides Mild Water Pepper X X P 

Polytrichum ohiensis Polytricum moss X  P 

Portulaca oleracea Common Purslane  X A 

Potentilla canadensis Dwarf Cinquefoil X X P 

Proserpinaca palustris Mermaid Weed X  P 

Quercus alba White Oak X  P 

Quercus ilicifolia Scrub Oak X  P 

Rhexia virginica Meadow Beauty X X P 

Rhus copallina Winged Sumac X  P 

Rosa virginiana Virginia Rose X  P 

Rubus hispidus Swamp Dewberry X  P 

Rumex acetosella Field Sorry X  P 

Rumex crispus  Curly Dock  X P 

Salix discolour Pussy willow X  P 

Salix spp. Salix spp. X   

Scirpus americanus Three-square Bulrush X  P 

Sedge unidentified 

 

 X  

Sisyrinchium montanum Blue-eyed Grass X  P 

Smilax rotundifolia Common Greenbriar X  P 

Solanaceae spp Nightshade family  X  

Solidago rugosa Rough-stemmed Goldenrod X  P 

Spirea tomentosa Steeplebush X X P 

Toxicodendron radicans Poison Ivy X  P 

Vaccinium corymbosum High-bush Blueberry X  P 

Viburnum recognitum Northern Arrowwood X  P 

Viola lanceolata Lance-leaved Violet X X P 
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4.2.4 Data Analysis 

Since standing vegetation was initially scored into cover class ranges, the relative 

abundance of each species in the standing vegetation was calculated as the mid-point of 

the cover class in each quadrat divided by total quadrat abundance of all species 

(Amiaud and Touzard 2004, Mulhouse et al. 2005, Blomqvist et al. 2003).  Relative 

abundance in the seed bank was calculated as the number of seedlings of one species 

divided by the total number of seedlings of all species in the seed bank per soil sample 

(Amiaud and Touzard 2005).   

Mean vegetation species richness per sample was calculated for each pond and 

every relevant grouping of ponds and samples.  Mean species richness was then 

compared by means of a one-way analysis of variance between groups of samples in S-

Plus 8.0 (Venables and Ripley 2003).  Tukey’s tests were performed on groups where 

multiple comparisons were necessary (Sokal and Rohlf 1981). 

Sørenson’s index was calculated for associations of ponds and quadrats to 

determine the degree of similarity in vegetation composition between groups (Sorenson 

1948).  Sørenson’s index was chosen because it is simple, effective, and widely used 

(McCune and Grace 2002, Hopfensperger 2007). 

To compare the composition and abundance of species among groups of ponds 

and samples I performed a non-metric multidimensional scaling (NMS) ordination with 

varimax rotation on a Bray-Curtis dissimilarity matrix of relative species abundances in 
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PC-ORD 5.0 (McCune and Mefford 1999).  NMS ordinations were then performed on the 

standing vegetation and seed bank matrices separately to confirm that the relationships 

were consistent when evaluated separately.  NMS analyses were performed using 50 

runs and a maximum of 200 iterations. Standard step-down procedures were used to 

find the appropriate number of axes sufficient to reduce stress.  In addition, I calculated 

the coefficients of determination to identify the correlations between the ordination axes 

and environmental variables.   

A series of simple and partial Mantel tests were performed to evaluate whether 

compositional dissimilarity within supposed groups of samples was significantly 

smaller than dissimilarity between groups.  I used simple Mantel tests to show 

correlations between composition and vegetation class (defined as standing vegetation 

versus seed bank), hydrologic regime, surficial geological origin, pond, and elevation 

zone.  Partial Mantel tests were then performed for each variable to control for 

correlations with other variables.  I used the Bray-Curtis distance measure to create the 

species dissimilarity matrix and created the environmental variable dissimilarity 

matrices as group contrast matrices (Legendre and Legendre 1998). Significance was 

tested by permutation with 10,000 runs.  These tests were run in S-Plus 8.0 (Venables 

and Ripley 2003), using the “Ecodist” library (Goslee and Urban 2006).   

Finally, I performed indicator species analysis (ISA) to examine whether species 

occur in zones along the pondshore elevation gradient.  ISA calculates the affinity of 
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each species for each elevation zone, calling attention to the species whose composition 

has changed significantly between zones.  Indicator values are calculated by combining 

proportional abundance and proportional frequency for each species in each zone of 

elevation; the highest indicator value is used as the overall indicator value for the 

species (McCune and Grace 2002).  The statistical significance of the indicator value is 

evaluated using a Monte Carlo test with 1000 randomizations.  I ran ISA on the joint 

data set, and then again on standing vegetation and seed bank matrices separately to 

confirm that the relationships were consistent when evaluated separately.  These tests 

were run in PC-ORD 5.0 (McCune and Mefford 1999).  

4.3 Results 

I identified 84 species over the course of this study, including 63 perennial, 12 

annual, two biennial, and three annual/perennial plant species; four species were not 

identified to the species level and were therefore not associated by life cycle designation 

(Table 4.1, Table 4.2).  Sixty-three plant species were identified in the standing 

vegetation, including 43 perennials not found in the seed bank (Table 4.1, Table 4.2).  

Thirty-eight plant species were indentified in the seed bank, including nine annuals not 

found in the standing vegetation.  Seventeen species were found in both the standing 

vegetation and seed bank, 13 of which were perennials.  All of these shared species were 

native coastal plain pond species. 
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Table 4.2: Number of species found in each life history class, broken down by species 

found only in the field, species found only in the seed bank, and species found both 

in the field and seed bank. 

Life history class Unique to field Unique to seed bank Shared 

Annual 0 9 3 

Perennial 43 7 13 

Biennial 1 1 0 

Annual/Perennial 0 2   1 

4.3.1 Species Richness 

Both number of species encountered and average species richness per quadrat 

were higher in the standing vegetation than in the seed bank (Table 4.3).  The total 

number of species per pond in the standing vegetation ranged from 15 in Rainwater 

Pond to 44 in Duartes Ponds, whereas the total number of species per pond in the seed 

bank ranged from 18 in Rainwater Pond to 23 in Duartes Pond.  Average species 

richness per quadrat in the standing vegetation ranged from 3.75 in Rainwater Pond to 

7.70 in Google Pond, whereas it ranged from 4.94 in Old House Pond to 6.72 in Google 

Pond in the seed bank.  Average species richness per quadrat in the standing vegetation 

was higher for all of the ponds except Rainwater Pond, where species richness per 

quadrat in the seed bank was higher than in the standing vegetation.   

Species richness was not significantly different in permanent and ephemeral 

ponds (F(1,1) = 0.114, p = 0.74) (Table 4.3).  Ponds located on the outwash plain 

contained more total species and had higher average species richness per quadrat (F(1,1) 

= 16.787, p < 0.01) than ponds located on the moraine, both in the standing vegetation 
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and seed bank (Table 4.3).  Quadrats at higher elevation on the shoreline also contained 

more species than lower elevation quadrats, both in the standing vegetation and seed 

bank (Table 4.3).  Although species richness differed significantly among zones (F(1,3) = 

5.771, p < 0.01), Tukey’s tests revealed that species richness was lower in the underwater 

zone than in any other zone, but that the other zones were not significantly different 

from one another.  When the data were separated into standing vegetation and seed 

bank, species richness was lower in the underwater zone in the standing vegetation 

(F(1,3) = 8.859, p < 0.01), whereas species richness was lower in the shrub zone than the 

lower drawdown zone in the seed bank (F(1,3) = 4.509, p < 0.01). 

Table 4.3: Number of samples examined and mean sample species richness, broken 

down by sample attribute (standard deviation listed in parenthesis). Values were 

calculated for field data, seed bank data, and composite field and seed bank data. 

 Sample Size Species Number Species Richness 

 Field Seed Bank Field Seed Bank Field Seed Bank Total 

Total 142 127 63 37 6.68 (3.10) 5.80 (2.33) 6.27 (2.79) 

Pond:      

  Google 40 32 24 20 7.70 (2.23) 6.72 (2.30) 7.26 (2.30) 

  Old House 24 32 24 19 7.58 (2.65) 4.94 (2.02) 6.07 (2.64) 

  Rainwater 24 31 15 18 3.75 (2.17) 5.68 (2.83) 4.84 (2.72) 

  Duartes 54 32 44 23 6.83 (3.41) 5.88 (1.81) 6.48 (2.95) 

Hydrology:      

  Permanent 78 64 53 30 7.06 (3.20) 5.41 (2.00) 6.32 (2.82) 

  Ephemeral 64 63 32 27 6.22 (2.92) 6.21 (2.61) 6.21 (2.77) 

Geology:       

  Moraine 48 63 1 24 5.67 (3.08) 5.30 (2.46) 5.46 (2.74) 

  Outwash 94 64 53 29 7.20 (2.99) 6.30 (2.10) 6.84 (2.69) 

Zone:      

  Shrub 36 31 54 30 7.44 (3.08) 4.90 (2.23) 6.27 (2.99) 

   Upper Drawdown 38 32 52 26 7.97 (3.04) 5.75 (2.00) 6.96 (2.83) 

   Lower Drawdown 33 32 39 25 6.42 (3.00) 6.94 (2.96) 6.68 (2.74) 

   Underwater 35 32 30 24 4.74 (2.39) 5.59 (2.23) 5.15 (2.59) 
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4.3.2 Species Composition 

Compositional similarity between the standing vegetation and the seed bank was 

low (SI = 0.364).  Composition between permanent and ephemeral ponds and between 

ponds located on the moraine and the outwash plain was considerably more similar (SI 

= 0.661 and SI = 0.603, respectively), calculated on the joint seed bank and standing 

vegetation data set.  Comparisons between individual ponds revealed varying degrees 

of similarity: the two ponds located on the moraine, Old House and Rainwater ponds, 

had the highest similarity value (SI = 0.545) and Rainwater and Duartes ponds, ponds 

with different hydrologic and surficial geology attributes, had the lowest similarity 

value (SI = 0.250).  For elevation, the shrub zone and upper drawdown zone had the 

highest similarity value (SI = 0.844), while the shrub zone and the underwater zone had 

the lowest similarity value (SI = 0.690), but all zones shared high similarity values.   

When the data were broken up into standing vegetation and seed bank data, the 

degree of similarity between permanent and ephemeral ponds was higher for seed bank 

species composition than for composition of the standing vegetation (SI = 0.702 and SI = 

0.541, respectively).  The degree of similarity between moraine and outwash ponds was 

also higher for seed bank species composition than for composition of the standing 

vegetation (SI = 0.604 and SI = 0.524, respectively).  In the standing vegetation, Old 

House and Google ponds were the most similar (SI = 0.458), while Rainwater and 

Duartes were the least similar (SI = 0.203).  The shrub zone and the upper drawdown 
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zone were the most similar (SI = 0.868), while the shrub zone and underwater zone were 

the least similar (SI = 0.667).  In the seed bank, Rainwater and Old House ponds were the 

most similar (SI = 0.703), while Old House and Google ponds were the least similar (SI = 

0.462); the lowest degree of similarity between two ponds in the seed bank was still 

higher than the highest degree of similarity between two ponds in the standing 

vegetation.  The upper drawdown zone and underwater zone were the most similar (SI 

= 0.880), while the shrub zone and underwater zone were the least similar (SI = 0.704).  

Similarities between ponds and zones from the standing vegetation and those from the 

seed bank were very low (0.159 < SI < 0.380).   

Species composition was significantly correlated with vegetation class, pond, 

hydrologic regime, geology, and elevation zone when evaluated with simple Mantel 

tests (Table 4.4).  Partial Mantel tests supported the significance of these correlations 

while accounting for the effects of the other variables.  When examining only the seed 

bank vegetation, I found the same significant simple and partial Mantel correlations.  

When examining only the standing vegetation, however, hydrologic regime was no 

longer significantly correlated with composition.   
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Table 4.4: Mantel correlations between species compositional dissimilarity and 

dissimilarity on environmental attributes.  Mantel coefficients are simple correlations 

with species composition or partial with species controlling for other environmental 

attributes (P values in parentheses; NS = not significant; --- = not evaluated). 

 All Data Standing Vegetation Seed Bank 

 Simple Partial Simple Partial Simple Partial 

Veg. Class 0.326 (0.000) 0.341 (0.000) --- --- --- --- 

Pond 0.328 (0.000) 0.160 (0.000) 0.449 (0.000) 0.226 (0.000) 0.566 (0.000) 0.353 (0.000) 

Hydrology 0.189 (0.000) 0.034 (0.000) 0.230 (0.000) NS 0.347 (0.000) 0.040 (0.001) 

Geology 0.236 (0.000) 0.069 (0.000) 0.348 (0.000) 0.113 (0.000) 0.326 (0.000) 0.022 (0.022) 

Zone 0.060 (0.000) 0.072 (0.000) 0.073 (0.000) 0.087 (0.000) 0.116 (0.000) 0.157 (0.000) 

 

Samples from standing vegetation and samples from the seed bank were 

compositionally distinct and grouped in different regions of NMS ordination space 

(Table 4.5, Figure 4.2).  Samples from ponds with different surficial geological origin 

were also compositionally distinct.  Pond, surficial geology, and hydrologic regime had 

high coefficients of determination with at least one axis obtained from NMS ordinations 

(Table 4.5), indicating that these variables influence a sample’s location in ordination 

space.  Elevation zone was not correlated with any NMS axes. 

 



 

 97

Table 4.5: Coefficient of determination (r2) for correlations of environmental variables 

with NMS axes. 

 All Data Standing Vegetation Seed Bank 

 NMS 1 NMS 2 NMS 3 NMS 1 NMS 2 NMS 3 NMS 1 NMS 2 NMS 3 

Veg. Class 0.419 0.349 0.053 --- --- --- --- --- --- 

Pond 0.002 0.061 0.066 0.041 0.004 0.395 0.000 0.341 0.187 

Hydrology 0.050 0.083 0.181 0.321 0.000 0.150 0.136 0.107 0.420 

Geology 0.266 0.040 0.269 0.155 0.584 0.169 0.103 0.388 0.140 

Zone 0.018 0.014 0.034 0.006 0.048 0.052 0.147 0.000 0.000 

 

 

 

 

Figure 4.2: NMS ordination depicting ordination space and the relationships between 

NMS axes and environmental attributes.  For vegetation class, ▲ =  Seed Bank, Ο = 

Standing Vegetation.  For surficial geology, ▲ = Outwash Plain, Ο = Moraine.  
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When ISA was performed on all data, there were three indicators of the shrub 

zone (Clethra alnifolia, Lycopus uniflorus, and Spirea tomentosa), three indicators of the 

underwater zone (Gratiola aurora, Jucus canadensis, and Polygonum hydropiperoides), and 

one indicator of the lower drawdown zone (Viola lanceolata) (Table 4.6).  ISA on standing 

vegetation yielded two indicators of the shrub zone (Clethra alnifolia, Lycopus uniflorus), 

one indicator of the upper drawdown zone (Agrostis spp.), and three indicators of the 

underwater zone (Coreopsis rosea, Gratiola aurora, and Juncus canadensis) (Table 4.6).  ISA 

on seed bank yielded one indicator of the shrub zone (Spirea tomentosa), one indicator of 

the upper drawdown zone (Hypericum canadense), one indicator of the lower drawdown 

zone (Viola lanceolata), and one indicator of the underwater zone (Polygonum 

hydropiperoides) (Table 4.6).  
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Table 4.6: Indicator Species Analysis for elevation zone, performed on species found in both standing vegetation and seed bank. 

 All Data Standing Vegetation Seed Bank 

Species Group IV p-value Group IV p-value Group IV p-value 

Agrostis (genus)   NS 2 15.2 0.002   NS 

Bidens connata   NS   NS   NS 

Clethra alnifolia 1 11.0 0.001 1 15.4 0.004   NS 

Coreopsis rosea   NS 4 17.5 0.017   NS 

Euthamia tenuifolia   NS   NS   NS 

Gnaphalium uliginosum   NS   NS   NS 

Gratiola aurora 4 19.7 0.002 4 20.9 0.005   NS 

Hypericum canadense   NS   NS 2 31.4 0.010 

Hypericum mutilum   NS   NS   NS 

Juncus canadensis 4 18.9 0.001 4 32.6 0.001   NS 

Ludwigia palustris   NS   NS   NS 

Lycopus uniflorus 1 14.5 0.008 1 18.6 0.048   NS 

Potentilla canadensis   NS   NS   NS 

Polygonum 

hydropiperoides 

4 6.2 0.008   NS 4 12.5 0.190 

Rhexia virginica   NS   NS   NS 

Spirea tomentosa 1 19.7 0.022   NS 1 26.9 0.001 

Viola lanceolata 3 20.0 0.003   NS 3 21.5 0.011 
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4.4 Discussion 

4.4.1  Similarity between the seed bank and standing vegetation 

Coastal plain ponds exhibited a low degree of similarity between species 

composition in the sediment seed pool and the standing vegetation.  The similarity value 

of 36.4% was lower than Hopfensperger’s (2007) calculated average wetland similarity 

value of 47%, and more closely resembled the low average similarity values found 

among forests (31%).  This low similarity value can be attributed to the predominance of 

perennial species encountered in the standing vegetation.  Fourty-three perennial 

species were encountered in the standing vegetation and not in the seed bank, 

suggesting that these species reproduce asexually, produce few seeds, or produce seeds 

that do not remain dormant in soil.  Only three annuals were encountered in the 

standing vegetation, all of which were also encountered in the seed bank.  Nine annual 

species were encountered in the seed bank and not in the standing vegetation, 

suggesting that environmental conditions in 2005 were not conducive to the germination 

and/or establishment of annual plants, further increasing the compositional dissimilarity 

between these two habitats.  Since aboveground vegetation can vary greatly from year to 

year as a consequence of changing environmental conditions (Schneider 1994), 

comparing the seed bank composition to additional years of standing vegetation might 

yield higher compositional similarity. 
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The low similarity value between the seed bank and standing vegetation can also 

be attributed to the coastal plain pond inundation regime.  Coastal plain ponds exhibit 

annual flooding, with some ponds drying up entirely during annual drawdown.  Leck 

(1989) found that wetlands with annual inundation regimes exhibit the most complex 

relationships between above ground and below ground vegetation.  Quadrats examined 

in the standing vegetation experienced the environmental conditions of 2005 including 

flooding and subsequent drawdown, while sediments were exposed to constant 

conditions in growth chambers and kept saturated but not flooded.  Saturating but not 

flooding or drying out any of the sediments in the growth chamber may favor the 

germination and establishment of certain guilds of species over others (Schneider 1994).  

The rate and degree of drawdown experienced in the field in 2005, however, favored 

different guilds.  Since the inundation patterns experienced in the seed bank and 

standing vegetation were not identical, study conditions favored compositional 

dissimilarity between the two vegetation classes. 

The use of growth chamber germination trials to determine seed bank 

composition might have influenced results in several ways.  Constant moist soil 

conditions in the growth chamber may not have allowed for the germination of species 

that require inundated or drier conditions.  Previous germination trials of coastal plain 

pond seeds under different conditions suggest that some submersed aquatic species 
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require flooded conditions (Schneider 1994).  Therefore, germination trials may have 

missed some aquatic species.  Seeds of most wetland perennials reproduce well under 

moist soil conditions (Leck 1989, Schneider 1994, Capon and Brock 2006), making it 

much less likely that seeds of perennial species were not encountered if they were 

present and viable in the seed bank.  In contrast to seeds in growth chamber trials, the 

standing vegetation experienced a range of water availability as pond water levels rose 

and receeded during annual drawdown cycles.  This range of water availability in the 

field plots may have provided proper germination conditions for a wider range of 

species and increased species richness. 

4.4.2 Qualitative model of seed bank dynamics 

van der Valk and Davis (1978) idenitified three types of wetland species, and 

used these species to predict succession in prairie marshes.  Specifically, they identified 

mud flat species, submerged and free floating species, and emergent species, and 

discussed how these species replaced one another as the dominant vegetation type as 

fluctuating water levels rose and fell.  Despite being based on wetlands that experience a 

5-30 year hydrologic cycle of flooding and drawdown insteal of an annual cycle, I found 

that van der Valk and Davis’ (1978) model of wetland succession accurately described 

vegetation dynamics in coastal plain ponds.  And although I agree with the designations 

suggested by van der Valk and Davis (1978), comparing coastal plain pond seed bank 
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and standing vegetation provided additional information which broadens these initial 

designations.  I identified annual species found primarily in the seed bank and 

occasionally in the standing vegetation, perennial species found in both the seed bank 

and standing vegetation, and perennial species found only in the standing vegetation.  

The annuals I identified align with van der Valk and Davis’ mud flat species; these 

species persist in the seed bank, germinating only during drawdown, and experience a 

short life cycle in the standing vegetation to replenish the seed bank.  The perennials 

found in both the seed bank and the standing vegetation are the submersed species, 

weathering high water as buried seeds.  And finally, the perennials found only the in 

standing vegetation align most closely with the emergent species, either reproducing 

vegetatively or having short-lived seeds that do not persist in the seed bank.  Examining 

the species designations suggested by van der Valk and Davis (1978) in terms of life 

history designations highlight the mechanisms by which these species persist in wetland 

ecosystems. 

4.4.3 Environmental attributes 

Although hydrology affects compositional changes from year to year (Spence 

1982, Leck 1989), my results suggest that surficial geology might be a better predictor of 

vegetation composition than hydrologic regime.  Ponds located on the outwash plain 

contained more total species and higher levels of species richness than ponds located on 
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the moraine.  Even though moraine and outwash ponds shared high compositional 

similarity values, samples from ponds with different surficial geology were 

compositionally distinct.  I detected this same pattern regardless of whether the samples 

were compared from the seed bank or standing vegetation, suggesting that there are 

inherent compositional differences among ponds of different surficial geologic origin.  

Although sample size in this study is low, this result is supported by the results of 

Chapters 2 and 3.  Surficial geology can represent historical seed dispersal routes, 

substrate type, and water chemistry, all of which have been shown to impact species 

composition (Chapman 1975, Keddy and Reznicek 1982).  The geologic difference 

between the moraine and outwash plain on Martha’s Vineyard, while significant, is 

actually quite subtle, yet it had substantial effects on composition (Oldale 2001).  This 

study highlights the importance of geographic setting and suggests that similar 

environmental attributes might be even more important elsewhere. 

In contrast to the effect of surficial geology, the correlation between species 

composition and pond hydrologic regime was unclear.  Average species richness per 

quadrat was not significantly different between permanent and ephemeral ponds.  

Permanent and ephemeral ponds shared high similarity values, but these values were 

higher in the seed bank than in the standing vegetation.  Annual water drawdown in the 

field occurs at different rates in permanent and ephemeral ponds, leading to increased 
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compositional dissimilarity in the standing vegetation.  In the growth chamber, 

however, water availability was identical for permanent and ephemeral pond sediments.  

Seed bank samples from ponds with different hydrologic regimes, however, were 

compositionally distinct, whereas standing vegetation samples were not.  The significant 

compositional differences between seed bank samples from permanent and ephemeral 

ponds suggest the presence of inherent compositional differences, possibly a result of 

seed dispersal and desiccation differences based on the degree of year-round water 

retention.  Environmental conditions in 2005 may have limited compositional 

disimilarities in the standing vegetation.  Rainwater Pond, one of the two ephemeral 

ponds, did not experience complete drawdown in 2005; the standing vegetation in 

Rainwater Pond more closely resembled vegetation found in permanent ponds, 

resulting in increased compositional similarity between permanent and ephemeral 

ponds.  I would expect to find the largest compositional dissimilarities in the standing 

vegetation composition between permanent and ephemeral ponds during years where 

ephemeral ponds dry completely, as suggested in Chapter 3.  Hydrology is an important 

factor in determining wetland vegetation composition (Leck 1989, Chapter 2), however 

these results, along with the results of Chapter 3, demonstrate the potential difficulty 

with using hydrologic regime as a predictor of vegetation composition: the relationship 

between standing vegetation composition and hydrologic regime can change from year 
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to year based on environmental conditions.  Therefore, I suggest the use surficial 

geology over hydrologic regime as a predictor of vegetation composition in coastal plain 

ponds, and recommend additional research to assess the consistency of these results in 

other wetlands. 

I also found that samples from different elevations zones were compositionally 

distinct, both in the seed bank and standing vegetation, based on significant partial 

Mantel tests.  NMS ordinations and ANOVAs run on species richness, however, did not 

confirm these patterns, suggesting that the degree of compositional zonation, although 

significant, was small.  Species have broad ranges along the shoreline; annual flooding 

provides such a strong disturbance particularly at mid-shoreline elevations, that the 

vegetation fails to associate into compact, neat zones.  Compositional zonation in the 

seed bank likely reflects the distribution of buried seeds along the pond-shore or the 

variability in characteristics of the underlying sediment.  Wetland studies have found 

seed banks with both differential (Kadlec and Smith 1984, Schneider 1994) and uniform 

(Welling et al. 1988b) seed distributions.  Neill et al. (2009) found that the degree of 

differential seed distribution, in terms of number of species, varied with hydrology: 

permanent ponds exhibited uniform distribution while ephemeral ponds exhibited 

differential distribution.  Compositional zonation in the standing vegetation, however, 

likely reflects the environmental conditions experienced in 2005.  Environmental 
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conditions along the drawdown zone have been shown to affect seedling germination, 

and different species have been shown to specialize on different sections of the mositure 

gradient during recruitment (Keddy and Ellis 1985, Seabloom et al. 1998).  The degree of 

compositional zonation in the standing vegetation could, therefore, vary from year to 

year depending on environmental conditions.  I identified species as indicators of 

different elevation zones, with the shrub and underwater zones having a higher number 

of indicator species.  There was no overlap in indicator species from the seed bank and 

standing vegetation, possibly because many of the species identified as indicators in the 

standing vegetation were not found at high enough abundances in the seed bank.  

4.4.4 Managment Implications 

These results have implications for the conservation and management of coastal 

plain pond shoreline plant communities.  First, the seed bank resembled the standing 

vegetation only partially, indicating the presence of more species than are visible in any 

given year.  Therefore, research designed to define the flora of particular ponds requires 

a multi-year survey of the standing vegetation and an examination of the seed bank.  A 

survey of the standing vegetation alone underestimates the presence of annuals and 

might vary significantly from a dry year to a wet year, while an examination of only the 

seed bank underestimates the presence of vegetatively reproducing perennials.  Second, 

surficial geology had a stronger relationship with composition than hydrologic regime.  
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Coastal plain pond conservation efforts should include ponds in both the moraine and 

the outwash plain, and wetland conservation efforts in general should consider 

geographic context and setting. 

In addition, I found evidence of vegetation zonation along the shoreline, with 

individual species having broad ranges especially at mid-elevation shorelines.  Because 

annual flooding disturbance contributes to the formation of these zones, the stabilization 

of water levels through municipal ground water pumping may allow for the 

encroachment of shrubs into the pondshore, further threatening already imperiled 

coastal plain pond species (Craine and Orians 2004, McHorney and Neill 2007).  

Additionally, prolonged periods of high water with no signficant annual drawdown, a 

possible result of climate change, would imperil species poorly represented in the seed 

bank, as well as species with short-lived seeds (Neill et a. 2009).  Annual water level 

fluctuations and long-term water level trends should be monitored to protect this fragile 

ecosystem. 
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5. Conclusion 

This dissertation provides new insights into the relationships between vegetation 

patterns and the environment in wetland ecosystems and how these relationships 

change across space and time.  In this chapter I review the key conclusions and broader 

implications of the three data chapters.  I make recommendations for the conservation 

and management of imperiled coastal plain ponds, and provide suggestions for future 

research.  

5.1 Chapter Summaries 

5.1.1 How does plant composition and diversity vary along 
environmental gradients? 

In Chapter 2 I examined plant species compositional responses to environmental 

gradients at two spatial scales: within (fine-scale) and among (landscape-scale) coastal 

plain ponds.  I found significant compositional change across space in response to 

environmental gradients, with patterns in species composition occurring at both local 

and landscape scales.  Elevation was the only local factor strongly correlated with 

species composition.  Significant landscape-scale environmental factors included 

surficial geology, hydrologic regime, and specific conductance of pond water.  Overall 

patterns in vegetation species composition and abundance were more closely related to 
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landscape-scale environmental variables than to local environmental variables, 

suggesting that landscape scale factors have a greater influence than local factors on 

pondshore vegetation composition.   

In addition, the results from Chapter 2 indicate that species respond and 

associate along the elevation gradient, but they do so individually.  Wetland literature 

consistently refers to the zonation of vegetation along shorelines, with species forming 

coenoclines along the elevation gradient (Sinnott 1912, Zaremba and Lamont 1993).  My 

results support the idea that each species has its own unique distribution relative to 

winter inundation and summer drawdown, and that the assignment of vegetation zones 

may be useful, but is arbitrary (Sorrie 1994). 

5.1.2 Do species-environment relationships change as a result of 
interannual variability? 

In Chapter 3 I investigated plant species compositional responses to interannual 

variability, specifically fluctuations in annual water levels produced by shifts in wet-dry 

cycles of annual precipitation.  Although coastal plain ponds exhibited significant 

compositional changes from one year to the next, the species-environment relationships 

found in 2006 were similar to those found in 2005.  Within-pond compositional patterns 

were highly correlated with the water-depth gradient (elevation along the pondshore), 

while among-pond compositional patterns were highly correlated with geology and 
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salinity.  The 2006 results also indicate that species composition and abundance varied 

across the island at both local and landscape-level spatial scales.  Furthermore, 

landscape-scale variables account for a greater share of compositional variation than 

local-scale variables in both years.   

The most substantial difference in the species-environment relationships 

between years was the fact that species composition was not as strongly correlated with 

hydrologic regime in 2006 as it was in 2005.  This difference is likely attributable to the 

high water levels in 2006 restricting the complete drawdown of ephemeral ponds, 

obscuring the differences between permanent and ephemeral ponds.  The differences 

between permanent and ephemeral ponds could also be obscured during an extremely 

dry phase of the wet-dry cycle, where some permanent ponds may drawdown 

completely.  Ephemeral and permanent coastal plain pond community composition 

might therefore be more similar in wet and dry years than intermediate moisture years 

based on this more uniform hydrologic environment.   

Interannual variability disproportionately affected certain ponds and quadrats 

more than others, highlighting patterns in the relationships between compositional 

change and environmental attributes.  Specifically, ephemeral ponds, ponds located on 

the moraine, ponds with high specific conductance values, and quadrats located closer 

to the waterline exhibited greater compositional change from 2005 to 2006 than 
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permanent ponds, ponds located on the outwash plain, ponds with low specific 

conductance values, and quadrats located further from the waterline.  In all three of 

these examples, the disproportionate impact of interannual variability can be attributed 

to the higher water levels experienced by this system in 2006.  Although most ephemeral 

ponds dried out in 2005, the high water levels in 2006 resulted in many of the ephemeral 

ponds retaining water; higher water levels therefore had a greater impact on ephemeral 

pond habitat and, subsequently, on vegetation composition.  The increased potential for 

water discharge through the sand/gravel soil of outwash ponds allows these ponds to 

accommodate increased water inputs, like those that occurred in 2006, while moraine 

ponds with silt/clay soil retain the increased water inputs.  Increased moisture in 2006 

can decrease salinity levels through dilution, thereby disproportionately impacting 

ponds with high levels of specific conductance, where salinity previously inhibited the 

germination of species.  Finally, high elevation quadrats found in or near the pond shrub 

zone are more likely to maintain similar environmental conditions between years than 

low elevation quadrats, which might be exposed in the drawdown zone one year and 

submerged underwater the next year. 
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5.1.3 Does the distribution of seeds in the seed bank mimic the 
distribution of plants identified in the standing vegetation? 

In Chapter 4 I evaluated the role of seed bank distribution in determining the 

distribution of standing vegetation.  Coastal plain ponds exhibited a low degree of 

similarity between composition in sediments and standing vegetation (36.4%).  The low 

similarity value is attributable to the predominance of perennial species encountered in 

the standing vegetation.  The standing vegetation contained perennials not observed in 

the seed bank, while the seed bank contained annuals not observed in the standing 

vegetation.  Previous research has hypothesized that seed bank/standing vegetation 

similarity values are lower when the standing vegetation contains a high ratio of 

perennial species, and my results support this hypothesis.  In all cases, more species 

were identified in the standing vegetation than in the seed bank, and in most cases 

average species richness per quadrat was higher in the standing vegetation than in the 

seed bank. 

In addition, my results suggest that surficial geology is a better predictor of 

among-pond vegetation composition patterns than hydrologic regime.  Even though 

moraine and outwash ponds shared high compositional similarity values, samples from 

ponds with different surficial geology were compositionally distinct.  I detected this 

same pattern regardless of whether the samples were compared from the seed bank or 

standing vegetation, suggesting that there are inherent compositional differences among 
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ponds of different surficial geologic origin.  In terms of hydrologic regime, seed bank 

samples from permanent and ephemeral ponds were compositionally distinct while 

standing vegetation samples were not.  This suggests that ponds with different 

hydrologic regimes may have inherent compositional differences, a result of seed 

dispersal and desiccation differences based on the degree of year-round water retention, 

but that the environmental conditions in 2005 served to limit dissimilarities in the 

standing vegetation.  The interannual variability in hydrologic regime adds stochasticity 

to the relationship between hydrologic regime and vegetation and, therefore, surficial 

geology is a better predictor of vegetation composition in this system. 

5.2 Conservation recommendations 

This research creates a framework for examining community-environment 

relationships within coastal plain ponds.  Within-pond compositional patterns are 

highly correlated with the water-depth gradient (elevation along the pondshore), while 

among-pond compositional patterns are highly correlated with geology, hydrologic 

regime, and salinity.  These relationships were consistent when examined over the span 

of two years, but interannual variability disproportionately affected certain ponds and 

quadrats more than others.  All of these relationships have implications for the 

conservation and management of this increasingly threatened ecosystem.   
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First, conservation organizations concerned with protecting the coastal plain 

pond ecosystem should protect a network of ponds that captures the full range of 

environmental variability, since ponds that vary in hydrologic regime, surficial geology, 

and water salinity exhibit significantly different patterns in species composition.  

Because ponds that vary in these environmental attributes respond differently to 

interannual variability, conserving an assortment of ponds with varied environmental 

attributes will also maximize the diversity of coastal plain pond plants over time and in 

the face of fluctuating environmental conditions.   

In addition, my research suggests that wetland conservation priorities should be 

based on multi-year surveys of the standing vegetation as well as an examination of the 

seed bank.  A survey of the standing vegetation alone underestimates the presence of 

annuals and might vary significantly between wet and dry years, while a species list 

based on the seed bank is likely to miss many vegetatively reproducing perennials.  If 

funding or timing constraints limit the depth and/or duration of vegetation assessment, 

organizations can at least acknowledge which species may have been overlooked, based 

on knowledge of the field conditions under which assessment was conducted.   

My research also demonstrates the importance of the within-pond elevation 

gradient, with individual species having broad ranges especially at mid shoreline 

elevations.  Prolonged periods of low or high water with no significant annual flooding 
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and drawdown would decrease environmental heterogeneity along this gradient, and 

imperil already threatened coastal plain pond species (McHorney and Neill 2007, Neill 

et al. 2009).  Conservation organizations should therefore focus management efforts on 

preventing the stabilization of water levels through municipal ground water pumping 

or climate change.   

Finally, my research suggests that conservation organizations should be cautious 

using hydrologic regime as a predictor of coastal plain pond composition.  Hydrology 

clearly plays an important role in wetland ecosystems, as the wet-dry cycle of flooding 

and drawdown provides a disturbance to the system which helps to maintain high 

levels of diversity and confer a competitive advantage to many rare and threatened 

species.  My research demonstrates the importance of hydrology on within-pond 

patterns in vegetation composition, as vegetation changes along the elevation/water 

depth gradient.  Among-pond differences in vegetation composition, however, are 

influenced by other factors, including surficial geology and salinity.  In fact, geology was 

a more consistent predictor of vegetation composition than hydrologic regime in coastal 

plain ponds.  Based on my results I caution conservation organization relying on 

hydrologic regime designations that fluctuating environmental conditions can obscure 

differences between permanent and ephemeral ponds.  I recommend analyzing 
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compositional patterns in the context of current environmental conditions and relying 

on additional factors that vary among ponds, like surficial geology. 

5.3 Future Research Recommendations 

Although this research is an important first step in developing our 

understanding about how vegetation composition in coastal plain ponds changes across 

space and through time, additional research would allow us to fully understand this 

complex wetland ecosystem.  First, my examination of the standing vegetation was 

limited to two years.  I recommend that additional years of standing vegetation data be 

compared to the seed bank.  Since aboveground vegetation varies greatly from year to 

year as a consequence of changing environmental conditions (Schneider 1994), 

comparing the seed bank to additional years of standing vegetation could reveal 

environmental conditions under which we find higher levels of compositional similarity, 

or suggest that the seed bank and the standing vegetation are inherently dissimilar. 

Second, I recommend analyzing additional years of standing vegetation data 

using the methods outlined in Chapter 4.  As mentioned above, coastal plain pond 

vegetation varies greatly from year to year, with many species not appearing in the 

standing vegetation every year.  Therefore performing a change vector analysis on 

multiple years of vegetation data can demonstrate additional patterns, and since many 

of the community-environment relationships identified in this dissertation can be 
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attributed to hydrologic factors, an investigation of hydrologic impacts over a longer 

time frame can contribute to the remaining gaps in the understanding of this 

complicated ecosystem.  Including additional hydrologic variables such as annual 

precipitation input, maximum or minimum pond water depth, or number of years since 

last extreme flooding or drought event may reveal more intricate compositional patterns 

in the dynamic coastal plain ponds.  Additionally, analyzing an additional year of 

standing vegetation data collected during a dry year would allow examination of the 

dry year specific hypotheses presented in this dissertation. 

The network of coastal plain ponds on Martha’s Vineyard would also be an 

interesting system in which to address questions about wetland plant competition.  The 

high disturbance and low fertility inherent in this system suggest limited interspecific 

competition (McCreary et al. 1983, Wilson et al. 1985).  However, existing studies have 

suggested that competition does occur in wetlands, although the degree of competition 

differs among species and along the fertility gradient (Wilson and Keddy 1985, 1986b).  I 

am interested in examining whether interspecific competition occurs within coastal plain 

ponds, and if so, whether the degree of competition changes along the elevation 

gradient.  To address these questions I would perform an introduction experiment.  I 

would plant a species in neighboring control plots and removal plots (where all other 

species have been removed) along the water depth gradient and compare biomass 
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results.  This experiment could be run with three different species: one high elevation 

species, one low elevation species, and one species found along the entire elevation 

gradient to determine whether species are restricted in their elevation range by 

germination and survival requirements or by competition. 
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Appendix 1: List of all species unique to the standing 
vegetation in 2005 and 2006, and the seed bank (SB).   

Scientific Name Common Name 2005 2006 SB 

Acer rubrum Red Maple X X  

Achillea millefolium Common Yarrow X X  

Agrostis gigantea Redtop Grass X X X 

Ambrosia artemisiifolia Common Ragweed  X  

Andropogon scoparius Little Bluestem X X  

Apocynum cannabinum Indian Hemp  X  

Apocynum sibiricum Clasping-leaved Dogbane X X  

Arabidopsis thaliana Mouseear Cress   X 

Asclepias incarnate Swamp Milkweed X X  

Asclepiam verticillata Whorled Milkweed  X  

Aster dumosus Bushy Aster X X  

Aster novi-belgii New York Aster X X  

Baptisia tinctoria Wild Indigo X   

Bidens connata Swamp Beggar Ticks X X X 

Brasenia schreberi Water Shield X X  

Bromus ciliatus Brome Grass X   

Calamagrostis canadensis Blue-joint grass X X  

Calla palustris Water Arum X X  

Carex lurida Shallow Sedge X X  

Carex scoparia Broom Sedge X X  

Celastrus orbiculatus Oriental Bittersweet  X  

Cephalanthus occidentalis Buttonbush X X  

Chrysopsis falcata Sickle-leaved Golden Aster X   

Cladium mariscoides Twig Rush X X  

Clethra alnifolia Sweet Pepperbush X X X 

Comptonia peregrina Sweet Fern X X  

Conyza canadensis Canadian Horseweed  X  

Coreopsis rosea Rose Coreopsis X X X 

Cyperus dentatus Toothed Flatsedge   X 

Cyperus dyandrus Cyperus diandrus X X  

Cyperus strigosus Umbrella sedge X   

Daucus carota Queen Anne's Lace X X  

Decodon verticillatus Swamp Loosestrife X X  
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Deschampsia flexuosa Hair Grass X X  

Dichanthelium (genus) Rosette Grass   X 

Drosera filiformis Thread-leaved Sundew X X  

Drosera intermedia Spatulate-leaved Sundew X X  

Eleocharis acicularis Spike Rush X X X 

Eleocharis obtusa Spike Rush X X X 

Eriocaulon septangulare Common Pipewort X X X 

Eupatorium fistulosum Trumpetweed X X  

Eupatorium hyssopifolium Hyssop-leaved Boneset X X  

Eupatorium perfoliatum Boneset X X  

Eupatorium rotundifolium Roundleaf Thoroughwort   X 

Euthamia tenuifolia Slender-leaved Goldenrod X X X 

Fimbristylis autumnalis Slender Fimbry   X 

Fragaria vesca Wood Strawberry  X  

Galium palustre Marsh Bedstraw X X  

Gaylussacia baccata Black Huckleberry  X  

Gerardia virginica Downy False Foxglove X   

Glyceria canadensis Rattlesnake Grass X   

Gnaphalium obtusifolium Sweet Everlasting X X X 

Gratiola aurora Golden Hedge Hyssop X X X 

Hemicarpha micrantha Dwarf Bulrush   X 

Hibiscus palustris Swamp Rose Mallow X X  

Hieracium aurantiacum Orange Hawkweed X   

Holcus lanatus Velvet Grass X X  

Hydrocotyle umbellata Marsh Pennywort X X  

Hypericum canadense Canada St. John's Wort X X X 

Hypericum mutilum Dwarf St. Johnswort X X X 

Hypericum virginicum Marsh St. Johnswort X X  

Hypochoeris radicata Cat’s Ear  X  

Juncus canadensis Canadian Rush X X X 

Juncus tenuis Common Rush X X  

Juncus militaris Bayonet rush X X  

Juncus pelocarpus Brownfruit Rush X X X 

Juncus subcaudatus Woodland Rush   X 

Juniperus virginiana Eastern Redcedar  X  

Leersia oryzoides Rice cutgrass X   

Lespedeza capitata Round-headed Bush Clover X   

Linaria canadensis Canada Toadflax  X X 
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Lindernia dubia anagallidea Yellowseed False Pimpernel   X 

Lobelia dortmanna Water Lobelia X X  

Lonicera japonica Japanese Honeysuckle X X  

Ludwigia palustris Water Purslane X X X 

Lycopus uniflorus Northern Bugleweed X X X 

Lysimachia terrestris Swamp Candles X X  

Mollugo verticillata Carpetweed X   

Myrica pennsylvanica Sweetgale X X  

Myriophyllum humile Low Watermilfoil   X 

Nymphoides cordata Floating Heart  X X  

Oenothera biennis Common Evening Primrose X  X 

Onoclea sensibilis Sensitive Fern X X  

Oxalis europaea Wood sorrel  X  

Oxalis montana Common Wood Sorrel X X  

Panicum clandestinum Deer Tongue Grass X X  

Panicum dichotomiflorum Fall Panicgrass   X 

Panicum lanuginosum Panicum Languinosum X X  

Panicum spp. Panicum spp. X   

Panicum verrucosum Warty Panicgrass   X 

Panicum virgatum Switch Grass X X  

Parthenocissus quinquefolia Virginia Creep X X  

Paspalum spp. Paspalum spp. X   

Phalaris arundinacea Reed Canary Grass X   

Picea glauca White Spruce X X  

Pinus rigida Pitch Pine  X  

Pinus strobes White Pine  X  

Polygonum convolvulus Black Bindweed X X  

Polygonum hydropiper  Common Smartweed X X X 

Polygonum hydropiperoides Mild Water Pepper X X X 

Polytrichum ohiensis Polytricum moss X X  

Portulaca oleracea Common Purslane   X 

Potentilla canadensis Dwarf Cinquefoil X X X 

Proserpinaca palustris Mermaid Weed X X  

Prunella vulgaris Common Selfheal X X  

Ptilimnium capillaceum Mock Bishop's Weed X   

Pyrus arbutifolia Red Chokeberry X   

Quercus alba White Oak X   

Quercus ilicifolia Scrub Oak X X  
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Rhexia virginica Meadow Beauty X X X 

Rhus copallina Winged Sumac X X  

Rhynchospora capitellata Beak Rush X X  

Rosa palustris Swamp Rose Mallow X X  

Rosa rugosa Rugosa rose X X  

Rosa virginiana Virginia Rose X X  

Rubus hispidus Swamp Dewberry X X  

Rumex acetosella Field Sorry X X  

Rumex crispus Curly doc X X X 

Salix discolour Pussy willow X X  

Salix spp. Salix spp. X X  

Scirpus americanus Three-square Bulrush X X  

Scirpus cyperinus Wool Grass X X  

Scutellaria epilobilfolia Marsh Skullcap X   

Sisyrinchium montanum Blue-eyed Grass X X  

Smilax rotundifolia Common Greenbriar X X  

Solanaceae spp. Nightshade   X 

Solanum dulcamara Bittersweet Nightshade X   

Solidago rugosa Rough-stemmed Goldenrod X X  

Sparganium spp. Bur-reed X X  

Spartina pectinata Freshwater Cordgrass X X  

Spirea tomentosa Steeplebush X X X 

Tovara virginiana Jumpseed X X  

Toxicodendron radicans Poison Ivy X X  

Trifolium pratense Red Clover X X  

Triticum aestivum Common Wheat X X  

Vaccinium angustifolium Low-bush Blueberry X   

Vaccinium corymbosum High-bush Blueberry X X  

Vaccinium macrocarpon Cranberry X X  

Veronica serpyllifolia Thymeleaf Speedwell  X  

Viburnum dentatum Southern Arrowwood X X  

Viburnum recognitum Northern Arrowwood X X  

Vicia tetrasperma Slender Vetch  X  

Viola lanceolata Lance-leaved Violet X X X 

Viola sagittata Arrow-leaved Violet X   

Vitis labrusca Fox Grape X X  
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Appendix 2: Correlations between all measured 
environmental variables; significant correlations (p ≤ 
0.05) are highlighted in red. 

 Pond  Hydrology Geology Water pH Alkalinity SC 

Pond 1.0000      

Hydrology 0.0540 1.0000     

Geology 0.1480 -0.3046 1.0000    

Water pH -0.4907 0.0906 0.1321 1.0000   

Alkalinity -0.3216 -0.5069 -0.1851 0.2484 1.0000  

SC 0.0438 0.1589 0.1153 -0.0487 -0.0379 1.0000 

NH4 0.3498 -0.0205 -0.3611 -0.4496 0.1074 0.3443 

NO3 0.3420 0.2321 -0.6084 -0.3182 0.0016 0.1415 

Elevation -0.0062 -0.1423 -0.3140 -0.0735 0.4338 0.0450 

TEC 0.3192 -0.1910 0.1279 -0.3182 -0.1138 -0.4388 

Soil pH -0.4046 0.3255 0.1371 0.5579 0.0882 0.3604 

SOM 0.1751 -0.0380 -0.0491 -0.1244 -0.1020 -0.2189 

SolubleSulfur 0.0222 -0.1876 0.1443 0.0627 -0.1596 -0.1518 

P -0.0156 0.0423 -0.6064 -0.2457 0.2000 -0.0404 

Ca -0.1399 0.0845 -0.1710 0.3341 0.1580 -0.1302 

Mg 0.0912 0.0552 -0.0305 0.1412 0.0376 -0.0639 

K 0.2492 0.1100 -0.2209 -0.1149 -0.1110 -0.2490 

Na 0.2625 0.1989 0.2180 -0.1318 -0.3270 0.3245 

B -0.0887 0.3576 0.0897 0.0940 -0.1530 0.1897 

Fe -0.2560 0.2801 -0.3558 0.3901 -0.0902 -0.2231 

Mn -0.1335 0.7527 -0.2098 0.1517 -0.0061 -0.3329 

Cu -0.1567 0.0733 -0.4556 0.0252 0.1831 -0.1890 

Zn 0.1247 0.0968 -0.0552 0.0149 0.0198 -0.0977 

Al 0.0262 0.0579 -0.2533 0.0659 -0.0904 -0.3447 

BulkDensity -0.2016 0.0191 0.2670 0.0679 0.0903 0.2225 
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 NH4 NO3 Elevation TEC Soil pH SOM 

Pond       

Hydrology       

Geology       

Water pH       

Alkalinity       

SC       

NH4 1.0000      

NO3 0.7839 1.0000     

Elevation 0.2233 0.2279 1.0000    

TEC 0.2756 0.2555 0.1279 1.0000   

Soil pH -0.2049 -0.2551 -0.1846 -0.6827 1.0000  

SOM 0.3157 0.2112 0.0088 0.6241 -0.3528 1.0000 

SolubleSulfur 0.0547 -0.0003 -0.3220 0.3400 -0.3005 0.2163 

P 0.3004 0.4734 0.2006 0.3136 -0.2195 -0.0539 

Ca -0.0021 -0.0426 0.0823 0.2197 0.2355 0.1885 

Mg 0.3117 0.1555 0.0520 0.3460 -0.0026 0.5772 

K 0.3804 0.3784 0.2562 0.6433 -0.3230 0.6298 

Na 0.1482 0.0526 -0.3525 0.1520 0.0105 0.2932 

B -0.1449 0.0416 0.0277 -0.4385 0.3057 -0.0546 

Fe -0.2217 0.1090 0.5644 0.2441 -0.0155 0.0238 

Mn -0.1503 0.2196 0.0312 0.2864 -0.0591 0.0970 

Cu 0.1483 0.3546 0.0149 0.3301 -0.1346 0.0739 

Zn 0.2322 0.2956 -0.0057 0.3954 -0.1290 0.2986 

Al 0.0357 0.1178 -0.1791 0.5411 -0.1616 0.0505 

BulkDensity -0.3651 -0.3161 -0.1444 -0.7684 0.4920 -0.7628 
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 SolubleSulfur P Ca Mg K Na 

Pond       

Hydrology       

Geology       

Water pH       

Alkalinity       

SC       

NH4       

NO3       

Elevation       

TEC       

Soil pH       

SOM       

SolubleSulfur 1.0000      

P 0.0890 1.0000     

Ca 0.1917 0.1159 1.0000    

Mg 0.3176 -0.0809 0.6336 1.0000   

K 0.2446 0.1405 0.4065 0.6251 1.0000  

Na 0.2636 -0.0523 0.1239 0.4003 0.2854 1.0000 

B -0.3873 -0.395 -0.1290 -0.0826 -0.0967 -0.0051 

Fe 0.1454 0.1961 0.2641 0.0273 0.2111 -0.0870 

Mn 0.2413 0.3130 0.2938 0.1610 0.4377 0.1054 

Cu 0.2969 0.7204 0.2975 0.1543 0.2910 0.1036 

Zn 0.4051 0.2857 0.3915 0.5064 0.5380 0.3180 

Al 0.4060 0.4691 0.1886 -0.0634 0.2645 -0.0672 

BulkDensity -0.4215 -0.1656 -0.3112 -0.6271 -0.7579 -0.2910 
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 B Fe Mn Cu Zn Al Bulk 

Density 

Pond        

Hydrology        

Geology        

Water pH        

Alkalinity        

SC        

NH4        

NO3        

Elevation        

TEC        

Soil pH        

SOM        

SolubleSulfur        

P        

Ca        

Mg        

K        

Na        

B 1.0000       

Fe 0.0785 1.0000      

Mn -0.0363 0.5913 1.0000     

Cu -0.3270 0.3430 0.4522 1.0000    

Zn -0.1903 0.1837 0.5147 0.4448 1.0000   

Al -0.5367 0.3771 0.3267 0.5324 0.3102 1.0000  

BulkDensity 0.3249 -0.2628 -0.2530 -0.2903 -0.4183 -0.3138 1.0000 

 



 

128 

 

References 

Allen, R.B., Peet, R.K., Baker, W.L. 1991. Gradient analysis of latitudinal variation in 

Southern Rocky Mountain forests. Journal of Biogeography 18: 123-139. 

Amiaud, B., Touzard, B. 2004. The relationship between soil seed bank, aboveground 

vegetation and disturbances in old embanked marshlands of Western France. 

Flora 199: 25-35. 

Beers, T.W., Dress, P.E., Wensel, L.C. 1966. Aspect transformation in site productivity 

research. Journal of Forestry 64: 691–692. 

Bliss, S.A., Zedler, P.H. 1998. The germination process in vernal pools: sensitivity to 

environmental conditions and effects on community structure. Oecology 113: 67-

73. 

Blomqvist, M.M., Bekker, R.M., Vos, P. 2003. Restoration of ditch bank plant species 

richness: the potential of the soil seed bank. Applied Vegetation Science 6: 179-

188. 

Boedeltje, G., Bakker, J.P., ter Heerdt, G.N.J. 2003. Potential role of propagule banks in 

the development of aquatic vegetation in backwaters along navigation canals. 

Aquatic Botany 77: 53-69. 

Boyce, S.G. 1954. The salt spray community. Ecological Monographs 24: 29-67. 

Britton, D.L., Brock, M.A. 1994. Seasonal germination from wetland seed banks. 

Australian Journal of Marine and Freshwater Wetlands 45: 1445-1457. 

Brown, J. R. 1998. Recommended Chemical Soil Test Procedures for the North Central 

Region. North Central Regional Research Publication No. 221. Missouri 

Agricultural Experiment Station SB 1001. Columbia, MO. 

Capon, S.J., Brock, M.A. 2006. Flooding, soil seed bank dynamics and vegetation 

resilience of a hydrologically variable desert floodplain. Freshwater Biology 51: 

206-223. 

Chang, E.R., Jefferies, R.L., Carleton, T.J. 2001. Relationship between vegetation and soil 

seed banks in an artic coastal marsh. Journal of Ecology 89(3): 367-384. 



 

129 

 

Chapman, L.J. 1975. The Physiography of the Georgian Bay-Ottawa Valley Area of 

Southern Ontario. Ontario Div. Mines, GR128, 35 p. 

Chesson, P. 1994. Multispecies competition in variable environments. Theoretical 

Population Biology 45: 227-276. 

Craine, S.I., Orians, C.M. 2004. Pitch pine (Pinus rigida Mill.) invasion of cape cod pond 

shores alters abiotic environment and inhibits indigenous herbaceous species. 

Biological Conservation 116: 181-189. 

De Steven, D., Toner, M.M. 2004. Vegetation of upper coastal plain depression wetlands: 

Environmental templates and wetland dynamics within a landscape framework. 

Wetlands 24(1): 23-42. 

de Swart, E.O.A.M., van der Valk, A.G., Koehler, K.J., Barendregt, A. 1994. Experimental 

evaluation of realized niche models for predicting responses of plant species to a 

change in environmental conditions. Journal of Vegetation Science 5: 541-552. 

Egan, T.P., Ungar, I.A. 2000. Similarity between Seed Banks and Above-Ground 

Vegetation along a Salinity Gradient. Journal of Vegetation Science 11(2): 189-

194. 

Euliss, N.H., Jr., LaBaugh, J.W., Fredrickson, L.H., Mushet, D.M., Laubhan, M.K., 

Swanson, G.A., Winter, T.C., Rosenberry, D.O., Nelson, R.D. 2004. The wetland 

continuum: a conceptual framework for interpreting biological studies. Wetlands 

24: 448–58. 

Fernald, M.L. 1918. The geographic affinities of the vascular floras of New England, the 

Maritime Provinces, and Newfoundland. American Journal of Botany, V: 219-

236. 

Fernald, M.L. 1942. Misinterpretations of Atlantic coastal plain species. Rhodora 44: 238-

246. 

Fernald, M.L. 1950. Gray’s Manual of Botany, Eighth Edition. Dioscorides Press. 

Portland, Oregon. 1632 pp. 

Galinato, M.I., van der Valk, A.G. 1986. Seed germination traits of annuals and 

emergents recruited during drawdowns in the Delta Marsh, Manitoba, Canada. 

Aquatic Botany 26: 89–102. 



 

130 

 

Gerritsen, J., Greening, H.S. 1989. Marsh seed banks of the Okefenokee swamp: effects of 

hydrologic regime and nutrients. Ecology 70: 750-763. 

Giovannelli, R.F. 1980. Relation between freshwater flow and salinity distribution in the 

Alafia River, Bull Frog Creek, and Hillsborough Bay, Florida. U.S. Geological 

Survey Water Resources Investigations Report 80-102. 62 pp. 

Goslee, S.C., Urban, D. 2006. Dissimilarity-based functions for ecological analysis. 

Ecodist. Available from: 

<http://cran.fhcrc.org/src/contrib/Descriptions/ecodist.html>. 

Gosselink, J.G. Turner, R.E. 1978. The role of hydrology in freshwater wetland 

ecosystems. Pages 63-78 in R.E. Good, D.F. Wigham, and R.L. Simpson, editors. 

Freshwater wetlands: ecological processes and management potential. Academic 

Press, New York, New York, USA. 

Graham, H.W., Henry, L.K. 1933. Plant succession at the borders of a kettle-hole lake. 

Bulletin of the Torrey Botanical Club 60: 301-315. 

Grime, J.P. 1977. Evidence for the existence of three primary strategies in plants and its 

relevance to ecological and evolutionary theory. American Naturalist 111: 1169-

1194. 

Griffiths, M.E., Orians, C.M. 2004. Salt spray effects on forest succession in rare coastal 

sandplain heathlands: evidence from field surveys and Pinus rigida transplant 

experiments. Journal of the Torrey Botanical Society 131(1): 23-31. 

Hem, J.D. 1985. Study and interpretation of the characteristics of natural water (Third 

edition). U.S. Geological Survey Water-Supply Paper 2254. 263 pp. 

Holm, G.O., Sasser, C.E. 2001. Differential salinity response between two Mississippi 

River subdeltas: implications for change in plant composition. Estuaries 24(1): 78-

89. 

Hopfensperger, K.N. 2007. A review of similarity between seed bank and standing 

vegetation across ecosystems. Oikos 116: 1438-1448. 

Hopkins, D.R., Parker, V.T. 1984. A study of the seed bank of a salt marsh in northern 

San Francisco Bay. American Journal of Botany 71: 348-355. 



 

131 

 

Huston, M. 1979. A general hypothesis of species diversity. The American Naturalist 

113(1): 81-101. 

Hutchinson, G.E. 1975. A Treatise on Limnology. Vol. 3. Limnological Botany. Wiley, 

New York. 

Kadlec, J.A., Smith, L.M. 1984. Marsh plant establishment on newly flooded salt flats. 

Wildlife Society Bulliten 12: 388-394. 

Kahara, S.N., Mockler, R.M., Higgins, K.F., Chipps, S.R., Johnson, R.R. 2009. 

Spatiotemporal patterns of wetlands occurrence in the prairie pothole region of 

eastern South Dakota. Wetlands 29(2): 678-689. 

Kantrud, H.A., Millar, J.B., van der Valk, A.G. 1989. Vegetation of wetlands of the prairie 

pothole region. Pages 132-187 in van der Valk, A.G. editor. Northern Prairie 

Wetlands. Iowa State University Press, Ames, Iowa. 

Keddy, P.A. 1983. Shoreline vegetation in Axe Lake, Ontario: Effects of exposure on 

zonation patterns. Ecology 64(2): 331-344. 

Keddy, P.A. 1984. Plant zonation on lakeshores in Nova Scotia: A test of the resource 

specialization hypothesis. The Journal of Ecology 72(3): 797-808. 

Keddy, P.A. 1984b. Quantifying a within-lake gradient of wave energy in Gillfillan Lake, 

Nova Scotia. Canadian Journal of Botany 62: 301-309. 

Keddy, P.A. 1989. Effects of competition from shrubs on herbaceous wetlands plants: a 

4-year field experiment. Canadian Journal of Botany 67: 708-716.  

Keddy, P.A., Ellis, T.H. 1985. Seedling recruitment of 11 wetland plant species along a 

water level gradient: Shared or distinct responses? Canadian Journal of Botany 

63: 1876-1879. 

Keddy, P.A., Constabel, P. 1986. Germination of ten shoreline plants in relation to seed 

size, soil particle size and water level: An experimental study. The Journal of 

Ecology 74(1): 133-141. 

Keddy, K.A., Reznicek, A.A. 1982. The role of seed banks in the persistence of Ontario’s 

coastal plain flora. American Journal of Botany 69: 13-22. 



 

132 

 

Keddy, P.A., Sharp, M.J. 1994. A protocol to identify and prioritize significant coastal 

plain plant assemblages for protection. Biological Conservation 68: 269-274. 

Keddy, P.A., Wisheu, I.C. 1989. Ecology, biogeography, and conservation of coastal 

plain plants; some general principles from the study of Nova Scotia. Rhodora 91: 

72-94. 

Lake, P.S. 2003. Ecological effects of perturbation by drought in flowing waters. 

Freshwater Biology 48: 1161–72. 

Leck, M.A. 1989. Wetland seed banks. Pages 283-305 in M.A. Leck, V.T. Parker, and R.L 

Simpson, editors. Ecology of Soil Seed Banks. Academic Press, San Diego. 

Leck M.A., Simpson, R.L. 1987. Seed bank of a freshwater tidal wetland: turnover and 

relationship to vegetation change. American Journal of Botany 74: 360-370. 

Leck, M.A., Simpson, R.L.  1995.  Ten year seed bank and vegetation dynamics of a tidal 

freshwater wetland.  American Journal of Botany 82: 1547-1557. 

Legendre, P., Legendre, L. 1998. Numerical Ecology. Elsevier press, Amsterdam. 

Levin, S.A. 1992. The problem of pattern and scale in ecology. Ecology 73(6): 1943-1967. 

Levine, J.M., Brewer, J.S., Bertness, M.D. 1998. Nutrients, competition, and plant 

zonation in a New England Salt Marsh. The Journal of Ecology 86(2): 285-292. 

Lomolino, M.V. 2001. Elevation gradients of species-density: historical and prospective 

views. Global Ecology and Biogeography 10: 3-13. 

Mather, P.M. 1976. Computational methods of multivariate analysis in physical 

geolgraphy. J Wiley and Sons, London. 

McCreary, N. J., Carpenter, S.R., Chaney, J.E. 1983. Coexistence and interference in two 

submersed freshwater perennial plants. Oecologia 59: 393-396. 

McCune, B., Grace, J. 2002. Analysis of Ecological Communities.  MJM Software, 

Gleneden Beach, Oregon. 

McCune, B., Mefford, J. 1999. PC-ORD Multivariate analysis of ecological data. Version 

5. MjM Software Design, Gleneden Beach, Oregon. 



 

133 

 

McHorney, R., Neill, C. 2007. Alteration of water levels in a Massachusetts coastal plain 

pond subject to municipal ground-water withdrawals. Wetlands 27(2): 366-380. 

McKee, K.L., Mendelssohn, I.A., Burdick, D.M. 1989. Effects of long-term flooding on 

root metabolic response in five freshwater marsh plant species. Canadian Journal 

of Botany 67: 3446-3452. 

McLean, E.O. 1982. Soil pH and lime requirement. Pages 199-233 in A.L Page et al., 

editors. Methods of soil analysis, part 2. Agronomy Monograph 9, 2nd edition. 

ASA and SSSA, Madison, Wisconsin. 

Mehlich, A. 1984. Mehlich-3 soil test extractant: A modification of Mehlich-2 extractant. 

Communications in Soil Science and Plant Analysis 15: 1409-1416. 

Mulhouse, J.M., Burbage, L.E., Sharitz, R.R. 2005. Seed bank-vegetation relationship in 

herbaceous Carolina bays: Responses to climatic variability. Wetlands 25(3): 738-

747. 

Neill, C., Bezerra, M.O., McHorney, R., O’Dea, C.B. 2009. Distribution, species 

composition and management implications of seed banks in southern New 

England coastal plain ponds. Biological Conservation 142: 1350-1361. 

Newcomb, L. 1977. Newcomb’s Wildflower Guide. Little, Brown and Company, Boston, 

Massachusetts. 

Nilson, C., Wilson, S.D. 1990. Convergence in plant community structure along 

disparate gradients: Are lakeshores inverted mountainsides? The American 

Naturalist 137(6): 774-790. 

Noe, G.B. 2002. Temporal variability matters: Effects of constant vs. varying moisture 

and salinity on germination. Ecological Monographs 72: 427-443. 

Noe, G.B., Zedler, J.B. 2001. Spatio-temporal variation of salt marsh seedling 

establishment in relation to the abiotic and biotic environment. Journal of 

Vegetation Science 12: 61-74. 

Oldale, R.N. 2001. Cape Cod, Martha’s Vineyard, and Nantucket: The Geologic Story 

(revised edition).  On Cape Publications: Yarmouth Port, Massachusetts.  

 



 

134 

 

Palmer, M.W., Dixon, P.M. 1990. Small-scale environmental heterogeneity and the 

analysis of species distributions along gradients. Journal of Vegetation Science 1: 

57-65. 

Patrick, W.H., Jr., Khalid, R.A. 1974. Phosphate and release and sorption by soils and 

sediments: effect of aerobic and anaerobic conditions. Science 186: 53-55. 

Patrick, W.H., Jr., Wyatt, R. 1964. Soil nitrogen loss as a result of alternate submergence 

and drying. Soil Science Society of America Proceedings 28: 647-653. 

Pausas, J.G., Austin, M.P. 2001. Patterns of plant species richness in relation to different 

environments: An appraisal. Journal of Vegetation Science 12: 15-166. 

Pederson, R.L., van der Valk, A.G. 1984. Vegetation change and seed banks in marshes: 

ecological and management implications. In: Transactions of the North American 

Wildlife and Natural Resources Conference 49: 271-280. 

Peterson, E.B., McCune, B. 2001. Diversity and succession of epiphytic macrolichen 

communities in low-elevation managed conifer forests in western Oregon. 

Journal of Vegetation Science 12(4): 511-524. 

Pielou, E.C., Routledge, R.D. 1976. Salt marsh vegetation: Latitudinal gradients in the 

zonation patterns. Oecologia 24: 311-321. 

Poiani, K.A., Johnson,  W.C. 1989. Effect of hydroperiod on seed-bank composition in 

semipermanent prairie wetlands. Canadian Journal of Botany 67: 856-864. 

Rawinksi, T.J., Price, S.D. 1994. Conclusion: an action plan for coastal plain wetland 

conservation, toward a continental conservation strategy. Biological 

Conservation 68: 281-284. 

Reddy, K.R., Patrick, W.H. Jr. 1974. Effect of alternate aerobic and anaerobic conditions 

on redox potential, organic matter decomposition and nitrogen loss in a flooded 

soil. Soil Biology and Biochemistry 7: 87-94. 

Ross, D. 1995. Recommended soil tests for determining exchange capacity. Pages 62-69 

in J.T. Sims and A. Wolf, editors. Recommended soil testing procedures for the 

northeastern United States. Northeastern Regional Bulletin #493. Ag. Experiment 

Station, University of Delaware, Newark, DE. 



 

135 

 

S-PLUS® (8.0), 2007, Insightful Corporation, Seattle, WA http://www.insightful.com. 

Schneider, R. 1994. The role of hydrologic regime in maintaining rare plant communities 

of New York’s coastal plain pondshores. Biological Conservation 68: 253-260. 

Schulte, E.E., Hopkins, B.G. 1996. Estimation of soil organic matter by weight-loss-on 

ignition. Chap. 3 in F. R. Magdoff et al. editors. Soil Organic Matter: Analysis and 

Interpretation. SSSA Spec. Publ. 46, SSSA, Madison, Wisconsin. 

Seabloom, E.W., van der Valk, A.G., Molony, K.A. 1998. The role of water depth and soil 

temperature in determining initial composition of prairie wetland coenoclines. 

Plant Ecology 138: 203-216. 

Seabloom, E.W., van der Valk, A.G. 2003. The development of vegetative zonation 

patterns in restored prairie pothole wetlands. Journal of Applied Ecology 40: 92-

100. 

Sharpe, P.H., Baldwin, A.H. 2009. Patterns of wetland plant species richness across 

estuarine gradients of Chesapeake Bay. Wetlands 29(1): 225-235. 

Shumway, S.W., Bertness, M.D. 1992. Salt stress limitation of seedling recruitment in a 

salt marsh plant community. Oecologia 92: 490-497.  

Simmons, T. 1999. The ecological restoration program. Massachusetts Wildlife Vol. 

XLIX, No 2: p 14-19. 

Sinnott, E.W. 1912. The pond flora of Cape Cod. Rhodora 89: 25-34. 

Smith, L. M., Kadlec, J. A. 1985. Fire and herbivory in a Great Salt Lake marsh. Ecology 

66:259–265. 

Sokal, R.R., Rohlf, F.J. 1981. Biometry. WH Freeman, San Francisco, USA. 

Sorenson, J.C. 1948. A method of establishing groups of equal amplitude in plant 

sociology based on similarity of species content and its application to analyses of 

the vegetation on Danish commons. Kongelige Danske Videnskabernes Selskabs 

5: 1–34. 

Sorrie, B.A. 1994. Coastal plain ponds in New England. Biological Conservation 68: 225-

233. 



 

136 

 

Spence, D.H.N. 1982. The zonation of plants in freshwater lakes. Advances in Ecological 

Research 12: 37-125. 

Squires, L., van der Valk, A.G. 1992. Water-depth tolerances of the dominant emergent 

macrophytes of the Delta Marsh, Manitoba. Canadian Journal of Botany 70: 1860-

1867. 

Stewart, R.E., Kantrud, H.A. 1971. Classification of natural ponds and lakes in the 

glaciated prairie region. Resource Publication 92, Bureau of Sport Fisheries and 

Wildlife, U.S. Fish and Wildlife Service, Washington, D.C. Jamestown, ND: 

Northern Prairie Wildlife Research Center Online. 

Stewart, R.E., Kantrud, H.A. 1972. Vegetation of prairie potholes, North Dakota, in 

relation to quality of water and other environmental factors. U.S. Geological 

Survey Professional Paper 585-D. 

Stromberg, J.C., Hazelton, A.F., White, M.S., White, J.M., Fischer, R.A. 2009. Ephemeral 

wetlands along a spatially intermittent river: Temporal patterns of vegetation 

development. Wetlands 29(1): 330-342. 

Swain, P. 1996. Coastal plain pond communities. Massachusetts Wildlife Vol. XLVI, No 

3: p 2-11. 

Ungar, I.A., Woodell, S.R.J. 1993. Similarity of Seed Banks to Aboveground Vegetation in 

Grazed and Ungrazed Salt Marsh Communities on the Gower Peninsula, South 

Wales. International Journal of Plant Sciences 157(6): 746-749. 

U.S. Fish and Wildlife Service (1988) National list of vascular plant species that occur in 

wetlands. U.S. Fish & Wildlife Service Biological Report 88 (26.9). 

Valiela, I., Foreman, K., LaMontagne, M., Hersh, D., Costa, J. 1992. Couplings of 

watersheds and coastal waters sources and consequences of nutrient enrichment 

in Waquoit Bay, Massachusetts. Estuaries 15: 443–457. 

van der Valk, A.G. 1981. Succession in wetlands: A Gleasonian approach. Ecology 62: 

688-696. 

van der Valk, A.G., Davis C.B. 1976. Changes in composition, structure, and production 

of plant communities along a perturbed wetland coenocline. Vegetatio 32: 87-96. 



 

137 

 

van der Valk, A.G., Davis, C.B. 1978. The role of seed banks in the vegetation dynamics 

of prairie glacial marshes. Ecology 59: 322-335. 

van der Valk, A.G., Squires, L., Welling, C.H. 1994. Assessing the impacts of an increase 

in water levels on wetland vegetation. Ecological Applications 4: 525-534. 

Van Voast, W. A., Novitzki, R.P. 1968. Ground-Water Flow Related to Streamflow and 

Water Quality. Water Resources Research 4(4): 769–775. 

Venables, W.N., Ripley, B.D. 2003. Modern applied statistics with S. Springer-Verlag, 

New York. 

Welling, C.H., R.L. Pederson, van der Valk, A.G. 1988a. Recruitment from the seed bank 

and the development of zonation of emergent vegetation during a drawdown in 

a prairie wetland. The Journal of Ecology 76: 483-496. 

Welling, C.H., R.L. Pederson, van der Valk, A.G. 1988b. Temporal patterns in 

recruitment from the seed bank during drawdowns in a prairie wetland. The 

Journal of Applied Ecology 25: 999-1007. 

Whittaker, R. H. 1956. Vegetation of the Great Smoky Mountains. Ecological 

Monographs 26: 1–80. 

Whittaker, R.H. 1967. Gradient analysis of vegetation. Biological Review 47: 207-264. 

Whittaker, R.H. 1972. Evolution and measurement of species diversity. Taxon 21: 213-

251. 

Wilson, S.D., Keddy, P.A. 1985. Plant zonation on a shoreline gradient: Physiological 

response curves of component species.  Journal of Ecology 73: 851-860. 

Wilson, S.D., Keddy, P.A. 1986a. Species competitive ability and position along a natural 

stress/disturbance gradient. Ecology 67(5): 1236-1242. 

Wilson, S.D., Keddy, P.A. 1986b. Measuring Diffuse Competition Along an 

Environmental Gradient: Results from a Shoreline Plant Community. The 

American Naturalist 127(6): 862-869.  

 

 



 

138 

 

Wilson, S. D., Keddy, P.A., Randall, D.L. 1985. The distribution of Xyris difformis along 

a gradient of exposure to waves: an experimental study. Canadian Journal of 

Botany 63:1226-1230. 

Wisheu, I.C., Keddy, P.A. 1989. The conservation and management of a threatened 

coastal plain plant community in eastern North America (Nova Scotia, Canada). 

Biological Conservation 48: 229-238. 

Wisheu, I.C., Keddy, P.A. 1992. Competition and centrifugal organization of plant 

communities: theory and tests. Journal of Vegetation Science 3: 147-156. 

Wisheu, I.C., Keddy, P.A. 1994. The low competitive ability of Canada’s Atlantic coastal 

plain shoreline flora: Implications for conservation. Biological Conservation 68: 

247-252. 

Wood, P.J., Gunn, J., Smith, H., Abas-Kutty, A. 2005. Flow permanence and 

macroinvertebrate community diversity within groundwater dominated 

headwater streams and springs. Hydrobiologia 545: 55–64. 

Woodworth, J.B., Wigglesworth, E. 1934. Geography and geology of the region 

including Cape Cod, the Elizabeth Islands, Nantucket, Martha’s Vineyard, No 

Mans Land and Block Island.  I-xvi plus 322 pp.  38 plates.   

Zampella, R.A., Laidig, K.J. 1997. Effect of watershed disturbance on Pinelands stream 

vegetation. Journal of the Torrey Botanical Society 124(1): 52-66. 

Zampella, R.A., Laidig, K.J. 2003. Functional equivalency of natural and excavated 

coastal plain ponds. Wetlands 23(4): 860-876. 

Zaremba, R.E., Lamont, E. 1993. The status of the coastal plain pondshore community in 

New York. Bulletin of the Torrey Botanical Club 120(2): 180-187. 

Zedler, P.H. 1987. The ecology of southern California vernal pools: a community profile. 

U.S. Fish and Wildlife Service Biological Report 85 (7.11). 

Zedler, P.H. 2003. Vernal pools and the concept of “isolated wetlands.” Wetlands 23(3): 

597-607. 



 

139 

 

Biography 

Claire B. O’Dea was born February 6, 1979 in Kansas City, Missouri.  Her birth 

was featured on the front page of the People Section of the Kansas City Star.  She spent 

her youth pursuing rigorous academic studies, dramatic productions, and tennis 

championships, and was named the scholar-athlete from her high school during her 

senior year.  Claire received her Bachelor of Arts in Ecology and Evolutionary Biology 

from Princeton University, graduating magna cum laude in 2001.  In her undergraduate 

thesis she developed statistical models to inform conservation land acquisitions for the 

Massachusetts Chapter of The Nature Conservancy on Martha’s Vineyard.   

After graduation, Claire spent two years working as an environmental consultant 

in Washington, D.C., providing data analysis, research, and policy support for EPA 

Superfund and Abandoned Mine Lands programs.  She also created the system used to 

track Homeland Security funds appropriated to Washington, D.C. under the direction of 

the D.C. Deputy Mayor for Public Safety and Justice.   

Claire received the William Dwight Billings Fellowship from Duke University 

when beginning her graduate study in 2003.  She spent one year as an Inter-Institutional 

Academic Collaborative Traveling Scholar at the University of Virginia in 2005 and 

received a Master of Science from Duke University in 2007.  Claire remained at Duke 

University for her doctoral research, receiving grants from Sigma Xi, the Society of 



 

140 

 

Wetland Scientists, and Woods Hole Sea Grant.  Her doctoral research examines 

compositional changes in coastal plain pond vegetation through time and across 

multiple spatial scales on Martha’s Vineyard, Massachusetts and was conducted in 

conjunction with The Nature Conservancy.  Claire married Brian O’Dea on April 2, 2006 

in Chatham, Massachusetts, and has been living in Washington, D.C. since 2007.   

Publications: 

O’Dea, C.B. 2010. The relationship between coastal plain pond vegetation and 

environment at two spatial scales (in review). 

O’Dea, C.B., Neill, C., Bezerra, M. 2010. Similarity between seed bank and standing 

vegetation in coastal plain ponds, and the role of environment in this 

relationship (in preparation). 

O’Dea, C.B. 2010. Examining interannual variability in vegetation species composition 

of coastal plain ponds (in preparation). 

Neill, C., McHorney, R., Bezerra, M., O’Dea, C.B. 2009. Distribution, species composition 

and management implications of seed banks in southern New England coastal 

plain ponds. Biological Conservation 142: 1350-1361. 

Rothley, K. D., Berger, C. N., Gonzalez, C., Webster, E. M., & D.I. Rubenstein. 2004. 

Combining strategies to select reserves in fragmented landscapes. Conservation 

Biology 18 (4): 1121-1131. 

 

Funding (Awards and Grants): 

Sigma Xi Grant-in-Aid of Research, 2006 

Inter-Institutional Academic Collaborative Traveling Scholar, August 2005-June 2006 

Society of Wetland Scientists Student Research Grant, 2005 

Woods Hole Sea Grant, 2005 

National Science Foundation Graduate Research Fellowship Honorable Mention, 2005 

Duke University Teaching Fellowship, 2004-2005 

William Dwight Billings Fellowship, Duke University, 2003 –2004  

Senior Symposium Award, Princeton University, 2001 


