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 Coastal marsh vegetation is an important component in maintaining marsh 

stability that is threatened by changes in sedimentation, sea level rise, natural and 

anthropogenic disturbances, and competition from invasive species. Vegetation has 

been demonstrated to reduce wave energy, increase sedimentation, and decrease 

erosion in tidal environments under a range of conditions. Similarities and differences 

between the morphology of vegetation species may play an important role in 

understanding the mechanism between vegetation, sedimentation, and wave energy. 

Diversity of species within vegetation communities has been shown to reduce the 

success of biological invasions from invasive species as well as increase the ability of 

the community to adapt to environmental changes such as inundation period (period 

of time vegetation is submerged partially or fully by water). 

The species present along coastal marshes and specifically at the interface 

between vegetated marsh and unvegetated mudflat provide an opportunity to better 

understand the interactions between vegetation and its physical setting. In this 

dissertation I focus on the species and vegetation communities that are present at this 

interface of the terrestrial and aquatic boundary to better understand how plant 



 

 

communities may be characterized, how they respond to disturbance, how they are 

distributed, and how they may influence the physical environment in which they 

grow. In Chapter two, I explore the ability to use image analysis and the lateral 

obstruction of vegetation to describe a species density, height and diameter and 

evaluate the tradeoffs in using image analysis over more traditional methods. In 

Chapter three, I evaluate the response of an emergent vegetation species, threesquare 

bulrush (Schoenoplectus pungens), to different depths of complete burial as could be 

expected from extreme storms, hurricanes, tsunamis, or restoration efforts involving 

sediment amendment. Chapter four describes the distribution of coastal marsh 

communities of the Laurentian Great Lakes along an elevational gradient beginning at 

the terrestrial and aquatic boundary, identifying patterns of wetland distribution, 

species composition, and exotic plant invasion. In Chapter five, I conclude the 

dissertation with an evaluation of the effects of two morphologically distinct species 

of emergent marsh vegetation, threesquare bulrush and Lyngbye’s sedge (Carex 

lyngbyei), on the sedimentation rate and variability in Tillamook Bay, OR and 

compare the results to the current understanding of vegetation-sediment feedback.  

 In Chapter two, I found that for morphologically simple species, such as S. 

pungens, image analysis of lateral obstruction can be used to determine important 

morphological characteristics of a stand of vegetation including the mean stem height, 

density, and mean diameter. The method provides a description of the vertical 

variation in morphologic structure, providing a rapid analytic tool for exploring the 

effects of vegetation on wave and sediment interaction. However, I note that more 

morphologically complex species, such as sedges and grasses may not be as easily 

described using image analysis.  

In Chapter three, I determined that aboveground biomass of S. pungens would 

return to pre-disturbance levels following burial by up to 40 cm of mineral sediment 

after two years. Vegetation was observed to survive burials depths of up to 80 cm, 

although initially at much lower density. The aboveground height of stems were 

statistically similar to unburied controls after two years, which is important for the 



 

 

continuation of ecosystem services such as wave attenuation. The results suggest that 

S. pungens is capable of returning to pre-disturbance levels of biomass following 

large natural sedimentation events such as extreme storms, hurricanes, or tsunamis, 

and that burying portions of marshes with sediment as a restoration tool is not likely 

to harm the buried vegetation.  

In Chapter four I refine and describe 21 coastal vegetation communities in the 

Laurentian Great Lakes and the ecological gradients along which they are distributed. 

Latitude, agricultural intensity, site geomorphology, substrate, and water depth were 

found to be the significant variables that determined community distribution. 

Additionally, we observed an expansion of invasive plant species near areas of high 

anthropogenic activity such as farms and urban centers.  

In Chapter five, I found that there were species-specific differences in 

sedimentation rate and variability in Tillamook Bay, OR. Schoenoplectus pungens 

was found to retain more sediment than C. lyngbyei. Sedimentation rate was observed 

to be variable by location within the estuary. Two patterns of sediment accumulation 

were observed. The first occurred along vegetation gradients, with increased 

sedimentation farther into vegetation beds. In the second pattern, sediment 

accumulation was observed to be greatest at the marsh/mudflat boundary where 

vegetation was dense and then decreased with increasing depth into the vegetation.  

 In conclusion, this dissertation explores the interaction of emergent wetland 

vegetation with environmental factors. Image analysis provides a new tool for rapid 

characterization of vegetation structure, a burial experiment documents 

Schoenoplectus pungens’ tolerance to sand burial, a field study at Tillamook, OR 

documents the relationship between sediment accumulation and emergent vegetation 

beds, and a wetland classification is developed for coastal wetlands along the Great 

Lakes, which includes plant communities dominated by S. pungens. 
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1 - GENERAL INTRODUCTION 

 Coastal marshes are integral components of the ecological systems along our 

shorelines, estuaries, rivers, and lakes. They occur at the interface of terrestrial and 

aquatic systems and have significant influence over both, providing habitat for 

migratory waterfowl, food sources for juvenile fish, carbon storage, water filtration, 

and protection from storm derived erosion (Barbier et al. 2008, 2011, Koch et al. 

2009, Shepard et al. 2011). Coastal marshes have been converted to agricultural crop 

and grazing lands due to their nutrient-rich organic soils and the resulting loss of 

marsh habitat has been extreme worldwide. As the ecological importance of coastal 

marshes has become more recognized so have the threats to the stability of remaining 

marsh areas. Subsidence from decreased sediment delivery and sea level rise threaten 

to drown marshes and the possibility of marshes migrating landward as a response is 

increasingly limited by anthropogenic barriers such as roads, dikes, levies, and 

development (Rybczyk and Cahoon 2002, Mudd 2011). 

 Vegetation within coastal marshes has been suggested to act as ecosystem 

engineers capable of modifying nearby sediment and hydrodynamics so that the 

marsh platform on which the vegetation is located maintains its elevation relative to 

sea level through increased sediment retention, thus facilitating the continued 

persistence of the community (Kirwan and Murray 2007, Murray et al. 2008). 

Vegetation communities are predicted to migrate shoreward if the rate of 

sedimentation does not match sea level rise as a response to increased inundation 

period at their original location. The exact role that vegetation plays in this interaction 

relative to wave climate, tidal range, and sediment availability is obscured by the 

complexity of the interaction, the differences in vegetation communities within 

coastal marshes, and their distribution across ecological and physical gradients.  

 It is generally understood that vegetation attenuates wave heights and slows 

water velocity (Murray et al. 2008, Yoon et al. 2014). The wave attenuation by 

vegetation has been modeled as a simple interaction between the density, diameter, 

and height of the vegetation within the water column (Kobayashi et al. 1993) 
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although the morphological complexity of different vegetation types suggest that 

more detailed approaches may be useful in more accurately estimating the effects of 

various species (Madsen et al. 2001, Augustin et al. 2009). Vegetation that varies in 

density vertically in the water column is also expected to have different effects on 

wave and flow attenuation than vertically homogeneous vegetation (Neumeier 2007, 

Blackmar et al. 2014). The effect of reduced wave energy and water velocity is the 

increased rate of sedimentation within vegetation. This interaction between 

vegetation, wave energy and water velocity, and sedimentation is the proposed 

mechanism by which marshes will maintain their elevation under increasing rates of 

sea level rise.  

 In this dissertation I explore the variations of vegetation within coastal 

marshes from the scale of monotypic plant populations through to region-wide plant 

community analysis. The goal is to gain a better understanding of how variations in 

plant structure, population composition, and community distribution are described, as 

well as the responses and effects of populations and communities to changes in the 

physical and biological setting. At the species and population scale, I focus my 

research on two emergent vegetation species that are common in the Pacific 

Northwest, threesquare bulrush (Schoenoplectus pungens) and Lyngbyei’s sedge 

(Carex lyngbyei). These species are emergent in the low marsh meaning that the 

vegetative biomass extends through the entire water column for a majority of the tidal 

cycle in water bodies with tides. Schoenoplectus pungens has a broader distribution 

than C. lyngbyei, occurring along both brackish marine and fresh water lacustrine 

habitats throughout the contiguous United States. Carex lyngbyei is distributed 

broadly along the Pacific Coast from California to Alaska and in Greenland (Flora of 

North America Editorial Committee, eds. 1993), but only in brackish coastal waters. 

These species occur in the low marsh, often at the interface between unvegetated mud 

or sand flats, or open water (Frenkel et al. 1978, Albert et al. 2013). The interface of 

vegetation and unvegetated areas within a marsh is considered a pioneer zone in that 

vegetation at the interface may transgress into the unvegetated margins of the marsh, 

retreat shoreward, or remain in place. As such, this zone of pioneering vegetation 
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provides an opportunity to evaluate whether vegetation is causing increased 

sedimentation and stabilizing sediment. 

 In Chapter two, I describe how the image analysis of a plant’s lateral 

obstruction relates to the morphological features of that plant. I then evaluate the 

benefits and drawbacks of that method compared to more standard methods of 

measurements. Lateral obstruction is a two-dimensional representation of the area 

occupied by vegetation and had been used in previous studies of wave attenuation 

(Möller and Spencer 2002, Neumeier 2005). It is an appealing approach to describing 

the structure of vegetation because it allows for variations in the vertical structure of 

vegetation to be rapidly and non-destructively described in a replicable, quantifiable 

approach. Vertical structure is considered an important factor for understanding how 

vegetation attenuates waves (Blackmar et al. 2014, Wu and Cox 2016, Wu et al. 

2016). The approach holds promise in being able to describe differences between 

species that may have similar mean canopy height, or similar densities, but 

significantly different lateral obstruction.  

 In Chapter three, I investigate the growth response of S. pungens to complete 

burial by coarse mineral sands. The vegetation in the pioneer zone of coastal marshes 

is periodically subject to seasonal storms or less commonly to major events such as 

hurricanes or tsunamis. In a controlled mesocosm experiment on the Oregon State 

University campus, I evaluated the production of biomass following 10 cm, 20 cm, 40 

cm, and 80 cm of sand burial over a two year period. While infrequent, sediment 

deposition from hurricanes, tsunamis, or large storms has been measured up to 80 cm 

(Shi et al. 1995, Risi et al. 1995, Nyman et al. 1995, Paris et al. 2007, Williams and 

Denlinger 2013). The response of vegetation under such extreme sediment deposition 

is unknown, but important, given that the retention of sediment and the reduction of 

wave energy by vegetation maintains the marsh platform and may reduce erosion 

behind the marsh (Barbier et al. 2008, 2011, Fagherazzi et al. 2012). Understanding 

the response of vegetation to sedimentation has important implications for coastal 

wetland restoration as well. The addition of sediment to subsiding marshes is a 

technique that has been used (Stagg and Mendelssohn 2010, 2011, Baustian and 
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Mendelssohn 2015), and our research documents the tolerance of an important coastal 

pioneering species to increased sedimentation. 

 In chapters two and three I have explored measurement techniques and 

vegetation response to a controlled environmental disturbance, sand burial, for an 

important individual species found in brackish coastal wetlands along the Pacific 

coast. It is also useful to understand the distribution of an individual plant species 

within the context of associated plant communities. Schoenoplectus pungens’ habitat 

and phytosociological relationships in the Pacific Northwest has been described in 

detail by wetland biologists (Jefferson 1974, Frenkel et al. 1978). In Chapter four, I 

describe the composition and variation within coastal marsh vegetation communities 

within the Laurentian Great Lakes, where S. pungens plays an important ecological 

role as well. I describe the distribution of plant community associations in 

relationship to environmental gradients, building upon previous community analysis 

studies in the Laurentian Great Lakes (Herdendorf 1990, Minc 1997, Danz et al. 

2005). I am able to increase the resolution of the vegetation characterization by 

analyzing data sampled from over 200 coastal marshes along the entire United States 

and Canadian shoreline, yielding species composition and distribution detail that had 

not previously been recorded. While the Laurentian Great Lakes are not tidally 

influenced, they are subject to significant long-term changes in water level, which 

cause shifts in vegetation communities. These extreme shifts in vegetation in response 

to water level changes are similar to what is predicted for tidally influenced estuaries.  

 In Chapter 5, I describe a field study in Tillamook Bay, OR implemented to 

evaluate the effect of vegetation type on the rate and variability of sedimentation in 

the pioneer zone of vegetation, where S. pungens and C. lyngbyei are the dominant 

plants. The pioneer zone provides an opportunity to evaluate marsh stability. High 

sedimentation rates may indicate marsh expansion, while low or negative 

sedimentation rates may indicate marsh retreat. Working from the assumption that the 

morphological features of different species of vegetation attenuate wave and water 

flow differently, I compare sedimentation rate and variability between S. pungens and 

C. lyngbyei. Schoenoplectus pungens is an emergent reed-like species that can be 
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easily described in classical terms, such as stem density, stem height, and stem 

diameter, as well as characterized in terms of lateral obstruction. In contrast, C. 

lyngbyei has greater morphological complexity, with a single narrow stem, multiple 

long leaves, and a clumped growth pattern. It is broadly agreed that marsh vegetation 

increases sedimentation (Fagherazzi et al. 2012, Kirwan and Megonigal 2013), but 

few studies have attempted to compare two species with contrasting growth forms, 

which occupy similar environmental niches. The influence of vegetation on 

sedimentation over short distances (meters) at the marsh/mudflat interface is also 

understudied. There is evidence that increased sedimentation may only occur at 

certain densities of vegetation, and that at higher densities the vegetation facilitates 

erosion (van de Koppel et al. 2005, Bouma et al. 2009). Any feedback between 

vegetation and sedimentation is likely species specific, and there has been much less 

of this research conducted on the Pacific Coast of the United States than on the Gulf 

and Atlantic Coasts.  

 The research I am presenting within this dissertation expands upon several 

aspects of current understanding of marsh vegetation, including quantification of 

vegetation structure, refinement of the definition and distribution of marsh vegetation 

types, experimentally studying the response of marsh vegetation to sand burial, and 

monitoring the interaction between marsh vegetation and sedimentation. The 

conclusions should facilitate quantification and prediction of marsh dynamics within 

coastal marshes and the Great Lakes wetland classification will provide a benchmark 

for comparison in future studies.
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ABSTRACT 

 In this paper we evaluate the effectiveness of using optical image analysis to 

determine plant morphology for an emergent species of salt marsh vegetation, 

threesquare bulrush (Schoenoplectus pungens), and compare the results to 

conventional vegetation measurement methods. We find that mean stem height may 

be estimated optically to within 10% of mean stem height measured with 

conventional methods and that total above ground biomass may be estimated by 

lateral percent cover values between 0 and 70% (R2 = 0.89, linear regression) within a 

10 cm to 60 cm depth of vegetation. Additionally, we show that stem height may be 

used to estimate stem diameter by linear regression (R2 = 0.94). The product of the 

plant stem height, stem diameter and density measured by conventional methods are 

shown to correspond with the horizontal two-dimensional projection of vegetation 

estimated by image analysis. The optical method provided robust estimates when the 

depth of field is between 10 cm and 60 cm. When the depth of field exceeded 60 cm, 

the images were saturated, resulting in a loss of information. 

2.1 INTRODUCTION 

 Vegetation in estuaries provide habitat for aquatic fauna and migratory 

waterfowl, shoreline stabilization, wave attenuation and marsh stability (Mitsch and 

Gosselink 2007, Shepard et al. 2011). These and other ecosystem services are 

threatened by increases in sea level predicted from increased global temperature, 

thermal expansion and melting ice caps (Church and White 2006, Vermeer and 

Rahmstorf 2009, Jacob et al. 2012). One effect of rises in local sea level is the 

possibility of drowning marshes through increased inundation periods. In instances 

where migration of zones is not possible there may be either a partial or complete loss 

of a zone of vegetation (Kairis and Rybczyk 2010, Stralberg et al. 2011, Carr et al. 

2012). However, feedbacks between waves, vegetation, and sediment may provide 

increased resilience to rises in sea level if adequate sediment is available (Kirwan and 

Murray 2007, Kirwan et al. 2010, Fagherazzi et al. 2012). Wave attenuation by 
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vegetation has been demonstrated to occur as a result of plant biomass increasing the 

amount of dissipation experienced by a propagating wave (Dalrymple et al. 1984, 

Kobayashi et al. 1993, Asano 2006, Augustin et al. 2009, Mullarney and Henderson 

2010). The resulting decrease in wave energy results in changes to local sediment 

deposition with increased accretion rates and decreased erosion, but may be density 

specific (Koch 1999, D’Alpaos et al. 2007, Bouma et al. 2009, Mudd et al. 2010). 

Under certain conditions the positive feedback between vegetation density and 

sediment accretion may result in a vertically accreting marsh platform that acts as an 

important mechanism for a marsh’s resilience to changes in mean sea level (Kirwan 

and Murray 2007). Organic sediment deposition, flooding period, seasonal riverine 

discharge, and distance from tidal channels have also been shown to modify the 

surface elevation of a marsh (Cahoon and Reed 1995, Cahoon et al. 1996). Given the 

predicted increase in global sea level rise as well as local variations in relative sea 

level rise, the effectiveness of vegetation to affect the vertical elevation of the marsh 

has important implications for maintaining a vegetated marsh platform and a diversity 

of vegetated and unvegetated zones. 

 Flume studies have shown that differences in vegetation structure, density, 

and flexibility affect the measured amount of wave attenuation (Bouma et al. 2010, 

Paul et al. 2012, Blackmar et al. 2014). While modeled wave attenuation is most 

simply described by stem density, height, and diameter (Dalrymple et al. 1984, 

Kobayashi et al. 1993), more robust models include stem flexibility (Asano 2006, 

Mullarney and Henderson 2010) and variations in the structure of the vegetation 

(Dubi and Torum 2011). Recent studies have begun to highlight regional and local 

differences in vegetation by describing species’ densities, elevations, flexibility, 

heights, and leaf areas because these differences have been shown to matter in 

estimating wave attenuation (Feagin 2008, Albert et al. 2013). 

 Methods to sample or characterize vegetation vary with vegetation stand 

structure. In estuaries, a quadrat (ranging from 0.25 m2 to 1 m2) is typically used to 

count stem density or to sub-sample stems randomly to determine the stem height and 
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diameter. If stem densities are high, stems are often collected and processed in the 

laboratory resulting in destructive sampling of the vegetation, which is undesirable in 

certain cases. Multiple samples (replicates) are necessary to ensure statistical 

accuracy of measurements across a single stand of vegetation, or throughout an entire 

estuary to account for variations in vegetation structure due to hydroperiod, substrate 

and salinity (Feagin 2008, Coulombier et al. 2012). The time and expense required to 

collect and process enough data using these vegetation measurement methods (termed 

‘conventional methods’ in this manuscript for simplicity) is likely to be prohibitive 

for a large field based experiment. This has led to exploration of alternative methods, 

such as optical image analysis.  

 Neumeier (2005) applied an optical image analysis technique that allowed 

quantification of lateral obstruction and was shown to have a good correlation with 

above ground biomass for cordgrass species (Spartina spp.). This method extended 

the work of Möller and Spencer (2002) who estimated the average canopy height 

based on a horizontal image of vegetation, and Zehm et al. (2003) who photographed 

grassland vegetation. Möller (2006) related the photographic obscuration from salt 

marsh vegetation to wave attenuation. Straatsma (2008) extended the optical image 

technique to forest vegetation. Optical image analysis has recently been used as a 

component of sediment studies (Coulombier et al. 2012) and as a tool to compare 

LIDAR wave form data to vegetation structure. Despite the use of optical image 

analysis in all of these studies, destructive sampling of vegetation to collect 

morphologic data was conducted alongside the optical image analysis so that stem 

density and stem height could be measured as well. In each of these cases, stem 

height (or canopy height) is predicted from the optical image analysis and compared 

with the sampled data. Neumeier (2005) based the predicted canopy height to occur at 

either 1% or 10% lateral obstruction as estimated by linear interpolation, similar to 

Coulombier et al. (2012) who estimated the canopy height as occurring when lateral 

obstruction was ≤ 1%.  
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 The work of Neumeier (2005) demonstrated the usefulness of optical imaging 

in calculating the lateral obstruction as a means to estimate flow hindrance but noted 

that it was not suitable for dense canopies and cautioned against problems of image 

saturation. In this paper we evaluate the potential for optical image analysis to be 

used as an accurate means to predict mean stem height, mean stem diameter (at base), 

stem density, and above ground biomass for the emergent estuarine species 

threesquare bulrush (Schoenoplectus pungens). Additionally, we explore the range of 

depths of vegetation for which optical image analysis provides robust results and 

identify the range of cover and biomass values for which linear regression may be 

applied. This species is simpler in structure than Spartina spp. and may be 

represented simply as a thin cylinder, making it a suitable species for estimating stem 

height and stem diameter from images of lateral obstruction. Schoenoplectus pungens 

is a common species along the Pacific Coast and typically occurs at the leading edge 

of vegetation at the margin of open water and marsh, where it is subject to wind 

generated waves during high tide (Albert et al. 2013). Schoenoplectus pungens is 

morphologically simple, being typified by a single straight stem, circular in cross 

section at the base and tapering to a triangular cross-section for most of the stem’s 

height, with few to no leaves. The location of S. pungens at the margin of open water 

and marsh within the estuary suggests it as a colonizing species that may prominently 

influence local sediment dynamics and aid in marsh evolution and stability. 

Following this introduction, Section 2.2 describes the field site, the optical image 

analysis procedure and the conventional vegetation measurement methods. Section 

2.3 describes procedures for obtaining stem height, stem diameter, lateral obstruction 

and percent cover, as well as the statistical procedures. Section 2.4 details the results 

of the analyses followed by a discussion of the results in Section 2.5. The conclusion 

in Section 2.6 provides a summary of the research and indicates direction of future 

research. 

2.2 METHODS 
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 In August 2013, near the end of the growing season, digital photographs of 

vegetation were taken on a sand spit from the western edge of the estuary at 

Tillamook Bay, OR (lat 45.510324°, lon -123.943191°). This site is backed by a dike 

road to the west and the body of the estuary to the east. The site was chosen based on 

the uniformity of vegetation, easy access, and proximity to concurrent research areas. 

Vegetation was first photographed for optical image analysis at 10 cm intervals 

through a 1 m distance of S. pungens. These photographs were later used for image 

analysis as explained in detail in the next section. After all photographs were taken, 

vegetation was cut at the stem base, separated by 10 cm intervals, and bagged for 

processing in the laboratory as explained in Section 2.2.1.  

 2.2.1 Optical Image Analysis 

 Following the methodology of Zehm et al. (2003) and Neumeier (2005) a 

visually uniform section of vegetation was chosen for photographing. A mirror was 

placed at a 45° angle from the bed surface and supported with a wooden frame 

(Figure 2.1a).  
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Figure 2.1. Experimental design (a) and example of optical image analysis 
thresholding procedure and result (b). In (b) the images have been cropped for clarity. 
The images and the curve shown are for d = 40 cm. 

A red backing board made from painted plywood was positioned upright at 10 cm 

intervals from the base of the mirror. In this setup photographs were taken from 

above the mirror looking downwards such that each photograph encompassed the 

entirety of the vegetation for a given depth of vegetation (d). Each photograph was a 

cumulative representation of the vegetation so that the first photograph included 

vegetation between 0 cm and 10 cm, and the next photograph taken at 20 cm of 

vegetation included the vegetation between 0 cm and 20 cm, and so on up to a depth 
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of 1 m. Photographs were taken at 10 cm intervals to capture the rate of saturation of 

the optical image analysis. This method allowed quantification of the range of depths 

of vegetation to photograph in order to estimate lateral obstruction and morphologic 

features of S. pungens. Photographs were taken using a Panasonic Lumix DMC LX5 

camera in .raw file format. All photographs were spatially rotated, aligned, 

transformed, and cropped in Matlab version R2011a (Matlab) to ensure uniform 

orientation and pixel representation. Images were then converted from a full color 

RGB spectrum to a hue saturation that separated the green vegetation from the red 

backboard. Through a thresholding procedure, the images were converted to a binary 

black and white image (Figure 2.1b). The thresholding procedure was performed in 

Matlab with code written for this experiment. The binary image was then divided into 

10 cm vertical intervals, beginning from the ground (0 cm – 10 cm, 10 cm – 20 cm, 

etc.), and percent cover of black pixels (vegetation) were calculated to provide a 

curve of percent cover from the ground to the maximum height of vegetation. This 

procedure was repeated for each image (d = 10 cm, 20 cm, … 100 cm). Following 

this calculation, the integral of the resulting percent cover curve was calculated by 

trapezoidal method yielding a dimensionless value of integrated lateral obstruction 

(A) that was used for comparison with the conventional method.  

2.2.2 Conventional Vegetation Measurements 

 After all depths of vegetation were photographed, vegetation was cut at stem 

base and collected in 10 cm x 50 cm increments for each depth of vegetation. All 

vegetation samples were cleaned of sediment and algae and measured for stem height, 

stem diameter at base, middle, and top, and counted for density. Stem height was 

measured as the distance from the base of the stem to the tip of the stem in a straight 

line, with no bend. Stem height was measured in this manner to be objective and not 

subject to interpretation or bending that may be due to plant damage from disease, 

animal, or physical forces, or differences in elasticity due to structural differences 

between stems (e.g. amount of aerenchyma tissue, ratio of stem diameter to stem 

height). Basal stem diameter was measured 5 cm from the base of the stem, middle 
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stem diameter was measured at the middle of the stem, and top stem diameter was 

measured 5 cm from the top of the stem. Although the stem tapers to a triangular 

cross section, we measured the thickest part of the cross section and retain the use of 

“diameter” for simplicity. The basal and top measurements were offset by 5 cm to 

reduce the influence of collection damage to the diameter measurement.  

 Fresh and dry weight above ground biomass was measured in 10 cm intervals 

for each sample to correspond to the interval values of percent cover from the image 

analysis. Vegetation was laid flat and cut in 10 cm sections and weighed prior to 

drying. The samples were then bagged and dried at 75° C for 72 hours and reweighed 

dry. 

2.3 ANALYSIS 

 Conventional measurements of the arithmetic means of stem height and stem 

diameter were calculated individually for all depths of vegetation (d) and for the 

cumulative totals of stems collected. Image analysis estimates of means were 

calculated graphically (stem height), or by linear regression (diameter, biomass). The 

integral of the percent cover curves for each depth of vegetation are assumed to be 

representative of the product of the means of stem height (H), stem diameter (D), and 

stem density (N) from the conventional measurements of the equivalent depths of 

vegetation. 

2.3.1 Stem Height and Stem Diameter 

Conventional measurements of mean stem height and stem diameter were calculated 

both by depth of vegetation (d) and across all collected vegetation (d = 10 cm through 

d = 100 cm). The mean stem height and stem diameter of the stand of vegetation was 

taken as the mean of all collected vegetation and was compared to the results of each 

individual depth of vegetation. Image analysis estimation of stem height was achieved 

through graphical procedure by identifying the height at which 3% to 8% cover 

occurred. Three and 8% cover represent empirically derived values for this species 

that were found to reasonably estimate the mean stem height measured by 



16 
 

 

conventional methods (see results Section 2.4.2). Stem diameter was related to stem 

height by linear regression. Analysis of variance (ANOVA) statistical procedures 

corrected for multiple comparisons by Tukey’s honest significant difference (Tukey’s 

HSD) and were performed in the R statistical package (R version 2.13.2011-09-17).  

2.3.2 Integrated Obstruction and Biomass 

 The integrated obstruction (A) is the estimated value of the area of the percent 

cover curve from the ground to the top of vegetation estimated by trapezoidal method 

for a given depth of vegetation. This value represents the entirety of the lateral 

obstruction by the vegetation as photographed. While the natural vegetation occupies 

three dimensional space, the image of the vegetation is projected to two dimensional 

space. The plant morphology that determines the lateral obstruction can be considered 

as the product of the stem height, stem diameter, and number of stems (i.e. stem 

density) and is often generalized for wave attenuation models (e.g., Kobayashi et al, 

1993). Similarly, biomass should be proportional to the volume of plant material 

which was approximated by squaring the diameter to account for the three dimensions 

of S. pungens and multiplied by the height and density. This approximation of volume 

ignores the tapering of stem diameter as was pointed out by a reviewer. Although we 

do not considered tapering for this study, it is consistent with the basic treatment of 

vegetation in wave attenuation models (e.g. Dalrymple et al. 1984, Kobayashi et al. 

1993) and is reasonable for a first approximation. This aspect should be investigated 

further. Biomass was compared to both plant morphologic features and percent cover 

by linear regression. Since values of integrated obstruction are dimensionless, each 

value was normalized against the maximum value for the data set. 

2.4 RESULTS 

Vegetation needs to be homogenous in structure within a given unit of area for an 

image analysis procedure to produce accurate estimations of morphologic features. 

This section documents the mean stem height, mean stem diameter and biomass as 

measured by conventional methods followed by estimates of these parameters based 
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on image analysis. The conventional measurement results indicate that vegetation was 

reasonably uniform across samples. The results of the image analysis are presented 

following the establishment of vegetation morphologic features as estimated by 

conventional methods. The estimates of vegetation morphologic features (stem 

height, stem diameter, and biomass) based on the image analysis are then compared 

to the conventional measurements of the vegetation. 

2.4.1 Conventional Measurements of Vegetation Morphology  

 Figure 2.2 shows the mean stem height measured by conventional methods for 

each depth of vegetation with two standard errors as well as the mean stem height for 

all samples. The mean stem height of all samples measured conventionally was 51.6 

cm with a range of 37.2 cm (0-10 cm vegetation depth) to 55.5 cm (40-50 cm 

vegetation depth).  
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Figure 2.2. S. pungens stem height from conventional measurements. Error bars 
represent 2 standard errors. Dashed line represents mean of all samples for 
comparison to individual samples. Height is consistent across samples except for 0-10 
cm depth. Mean stem height across all samples is 51.6cm ranging from 37.2cm (0-10 
cm depth) to 55.5 cm (40-50 cm depth). 

 There was no significant difference in stem heights between individual depths 

of vegetation (ANOVA F-test, p=0.05). The low value for the first depth of 

vegetation (0-10 cm) may be due to its location being in the area of vegetation 

colonization or retreat at the outer edge of the mud flats. This depth was considered 

for removal as an outlier, but because the ANOVA shows no significant difference 

between means with the 0-10 cm depth included, the 0-10 cm information was 

retained in the data set. 

 Figure 2.3 shows the mean stem diameters (D) measured by conventional 

methods plotted against depth of vegetation (d). The base stem diameter is 

represented by the top series followed by the middle and top diameters as they 

decrease in mean diameter. Error bars represent two standard errors. The dashed lines 

represent the mean diameter of the entire set of vegetation depths. Across all depths 

of vegetation, mean basal diameter is 4.6 mm, midpoint diameter is 3.6 mm and top 

diameter is 2.0 mm.  
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Figure 2.3. S. pungens mean stem diameter measured by conventional methods. Error 
bars represent 2 standard errors. Diameter varies with stem height at 5 cm from top 
(open circles), middle (dashes) and 5 cm from base of the stem (closed stars) 
respectively. Dashed lines represents mean of all samples for comparison to 
individual samples. Diameter decreases with increasing stem height but is similar 
across each depth of vegetation. 

 Stem diameters were shown to have more variation than stem heights 

although diameter varied by the position along the stem. Because tips of stems are 

more subject to physical damage, the base stem diameter is the most consistent and 

comparable measurement of diameter between stems. Only the comparison of means 

between the 10-20 cm depth and the 60-70 cm depth of vegetation showed a 

significant difference in mean base stem diameter (ANOVA, Tukey’s correction for 
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multiple comparisons, p=0.01). All other comparisons between stem diameters were 

not significant (ANOVA, Tukey’s correction for multiple comparisons, p>0.05).  

 Figure 2.4a shows the base stem diameter (D) vs the stem height for stems 

collected across all depths of vegetation. The solid line shows the linear relationship 

between stem height and stem diameter where the data for the linear regression were 

restricted to stem heights in the range of 40 cm to 75 cm, accounting for 89% of the 

stems (Figure 2.4b). Stem diameter and stem height exhibit a positive correlation 

(linear regression, R2 = 0.94, Figure 2.4a). In taller stems a larger diameter is 

expected in order to support the height of the stem. The regression indicates that for 

every 5 cm increase in stem height there is a 0.31 mm increase in stem diameter for 

stems between 40 cm and 75 cm.  

 

Figure 2.4. Linear model of stem diameter and stem height. a) A linear relationship is 
observed between stem height (H) and stem diameter 5 cm from base (D) for S. 
pungens. A linear regression was performed and is restricted to the range of stem 
heights for which adequate samples were present to build a model. The histogram at 
right b) shows the distribution of stem heights with the vertical bars representing 89% 
of stems of all stems collected and the range used to build the linear regression. Stem 
heights were organized into 5 cm bins which the linear regression model is based on. 
Within the restricted range (40 cm to 75 cm) the R2 value for the linear regression is 
0.94. The model is based on all stems collected in the 50 cm wide by 100 cm deep 
area. 
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As expected due to the relationship between stem height and stem diameter, we 

observe a strong correlation between above ground biomass (M) and the density of 

stems (N) multiplied by the volume of each stem (D2H) (Figure 2.5). In Figure 2.5 the 

biomass for a given vegetation depth is normalized by the maximum biomass 

observed and plotted against the product of the mean density, diameter squared, and 

height (ND2H) for a given interval which is also normalized by the maximum value 

observed.  

 

Figure 2.5. Comparison of stem volume (ND2H) to biomas (M). A linear relationship 
was observed between both cumulative biomass (M) (solid star) and incremental 
biomass (open circle) with the measured plant characteristics of density (N), diameter 
(D), and stem height (H). Biomass and plant data have been normalized against their 
maximum values. The solid line represents perfect agreement. 

A close fit is observed when all vegetation depths are combined individually so that 

the points are sequential and represent incrementally larger depths of vegetation (e.g. 

0-10 cm, 0-20 cm, 0-30 cm etc., closed stars Figure 2.5). When the vegetation depths 

are viewed independently of one another (open circles in Figure 2.5), agreement 

between biomass and plant morphology is still observed but with greater variation 
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than the cumulative comparison. In either case, the data indicate that knowing the 

biomass or the height and diameter should allow an approximation of the other for S. 

pungens. The mean percent difference between the normalized total volumes and 

biomass presented in Figure 2.5 is 6% (minimum 0.1% to maximum 15%). 

2.4.2 Lateral Obstruction and Image Analysis  

 The direct results of the image analysis yield a series of percent cover (C) 

curves by height (H) for each depth of vegetation (Figure 2.6a). An explanation of 

how each curve is derived from the image analysis is shown in Figure 1a, 1b and 

described in Section 2.2.1. In Figure 2.6a each curve shows an incrementally greater 

percent cover for a given height above ground as the depth of vegetation increases. At 

60 to 70 cm depth of vegetation no further increase in percent cover is observed 

indicating that the photograph has become saturated and no new information is gained 

from image analysis due to vegetation overlap obscuring other vegetation (bold line 

in Figure 2.6a). Mean stem height can be estimated from a set of percent cover curves 

(Figure 2.6a, 2.6b). Neumeier (2005) estimated canopy height as occurring at the 

height at which 1% or 10% cover was reached in the image analysis. However, 

canopy height and mean stem height may yield different values and may be 

dependent on the type of vegetation considered.  
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Figure 2.6. Estimation of stem height by image analysis. Percent cover (C) by stem 
height (H) with (a) and without (b) normalized percent cover values at each depth of 
vegetation. In (a), saturation becomes apparent when there is a reduction in the 
separation of the percent cover curves. This occurs at 60 to 70 cm depth of vegetation 
shown by the heavy solid line in 6a. The same is seen in, (b), where there are two 
distinct groups of cover curves. The solid curves represent an increasing amount of 
percent cover with depth of vegetation (d < 70 cm) while the dotted curves represent 
the saturated amount of percent cover (d ≥ 70 cm). In both (a) and (b) the 
conventionally measured mean stem height is shown by the horizontal bar. In (b) 
vertical bars represent the point at which the mean stem height is observed in the 
percent cover curves for both unsaturated and saturated curves (3% and 8% 
respectively). 

In Figure 2.6a the percent cover curve for each vegetation depth is shown in absolute 

values. At each depth of vegetation there is an increase in percent cover 

representative of the increasing number of stems photographed. The horizontal bar 

represents the measured mean height of all stems combined. We estimated there were 
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two thresholds to determining mean stem height depending on the level of image 

saturation; 3% for non-saturated curves and 8% for saturated curves (Figure 2.6b). 

Using these threshold points, we are able to estimate the mean stem height for a given 

depth of vegetation and associated cover curve by finding the height of the 

intersection point (e.g. the height at which the percent cover curve crosses the 

threshold). The difference between the conventional and the optically estimated 

values for height associated with this method ranged from 0.5% to 26% (Table 2.1).  

Table 2.1. Results of the estimation of stem heights and diameter derived from visual 
estimation of height at 3% (H3) and 8% (H8) normalized cover. Estimates of stem 
diameter (D3, D8) are based on the 3% and 8% estimated stem heights and the linear 
regression identified in Section 2.4.1, Figure 2.4a. Note the change in percent error 
associated with stem heights between 3% and 8% estimation representing the 
saturation point of the image analysis. 

Depth H3 Difference H8 Difference D3 Difference D8 Difference 
 (cm) (cm) (%) (cm) (%) (mm) (%) (mm) (%) 
0-10 65.06 26.08 54.94 6.48 5.64 22.61 4.71 2.39 

10-20 54.81 6.21 51.06 -1.04 4.71 2.39 4.71 2.39 
20-30 50.09 -2.92 45.11 -12.59 4.71 2.39 4.40 -4.35 
30-40 49.96 -3.19 45.38 -12.05 4.40 -4.35 4.40 -4.35 
40-50 49.26 -4.53 44.41 -13.93 4.40 -4.35 4.09 -11.09 
50-60 52.87 2.45 47.46 -8.02 4.71 2.39 4.40 -4.35 
60-70 54.81 6.21 51.90 0.57 4.71 2.39 4.71 2.39 
70-80 55.08 6.75 51.34 -0.50 5.02 9.13 4.71 2.39 
80-90 54.39 5.41 50.65 -1.84 4.71 2.39 4.71 2.39 

90-100 57.58 11.58 53.56 3.79 5.02 9.13 4.71 2.39 
 

The percent difference is defined as the difference between the conventional and 

optical estimated mean values divided by the conventionally estimated value. A 

negative value indicates an underestimate and a positive value indicates an 

overestimate of the mean stem height by optical method. It should be noted that the 

largest difference is 26% and occurs for the 0-10 cm vegetation depth which has been 

identified as a potential outlier (Section 2.4.1, Figure 2.2). Using the estimated stem 

heights and the equation derived from the linear regression of stem heights and stem 
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diameter (Figure 2.4a), we were also able to estimate stem diameter within 2% to 

22% of the mean stem diameter. Again, if the 0-10 cm depth is taken as an outlier the 

range of difference falls to 2% to 11% (Table 2.1).  

 The total obstruction area (A) is the definite integral of the percent cover 

curve from the maximum height of vegetation to the ground. We assume that the total 

obstructed area should be proportional to the product of the stem density (N), stem 

diameter (D), and stem height (H) as these plant characteristics represent the two 

dimensional area as seen by the camera and used for image analysis. Figure 2.7 shows 

the agreement between the total obstructed area (A) and product of the conventionally 

measured plant characteristics (NDH) and estimated plant characteristics with each 

axis normalized against the maximum values. For the measured plant data (Figure 

2.7, crosses (+)), the total obstructed area is greater than the product of the plant 

characteristics indicating either an overestimation of obstructed area from image 

analysis or from underestimating the amount of plant material from the conventional 

measurement methods (e.g. stem and leaf sheaths not being included).  
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Figure 2.7. Comparison of total obstruction (A) to total stem area (NDH). Total 
obstruction (integrated area of percent cover curve, A) is plotted against observed and 
estimated total stem area (NDH). Data is normalized for each axis. Solid line 
represents a 1:1 fit between data. Crosses (+) represent measured plant data, open 
circles (o) represent plant characteristics based on a 3% height threshold, closed stars 
(*) represent plant characteristics based on an 8% height threshold. 

Estimations of stem height based on the 3% and 8% height thresholds (Figure 2.6b) 

and resulting stem diameters (Table 2.1) are compared to the total obstructed area as 

well in Figure 2.7 (open circles (o) and closed stars (*)). In each of these cases the 

total obstructed area underestimates the estimated plant characteristics but still shows 

a close correlation. It is expected that the product of plant morphologies that were 

measured (density (N), diameter (D) and height (H)) should be equal to the observed 

obstructed area, A, if there is no overlap of stems. As stem overlap increases with 

increasing density, saturation of the image will be reached and information may be 

lost.  
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 Figure 2.8 shows the relationship between above-ground biomass (M) per 

cumulative volume and percent cover (C) per cumulative area. Each point represents 

the cumulative above ground biomass or percent cover from the preceding sample 

points. For example, for the biomass present at the first depth of vegetation (0 – 10 

cm) and from the ground to 10 cm above ground, the unit volume would be 0.005 m3 

(10 cm width x 50 cm wide x 10 cm height, Figure 2.1a, 2.1b). The unit area for 

percent cover is 0.05 m2 (10 cm height x 50 cm wide, Figure 2.1a, 2.1b).  

 

Figure 2.8. Relationship of percent cover (C) to biomass (M). The inset image shows 
the location of sample units as they were photographed for percent cover and 
collected for above ground biomass. The solid square symbol represents points that 
describe the linear relationship while the plus symbols identify sample units that fall 
outside of the linear relationship. 
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The above ground biomass present at the next depth of vegetation (10 cm to 20 cm), 

at the same height above ground (0 cm to 10 cm), would be the sum of the above 

ground biomass of the first depth of vegetation and the second depth of vegetation. 

The inset image in Figure 2.8 shows the location of the sample units in relation to the 

experimental design. There is a linear relationship between percent cover (C) and 

biomass for percent cover values less than 70% and dry biomass weight less than 15g. 

Vertically, this corresponds to the stem height to ground for depths of vegetation up 

to 50 cm. Resolution is lost at higher obstruction and biomass due to vegetative 

overlap. The R2 of this linear regression is 0.89 for the values described above. Solid 

squares in Figure 2.8 symbolize the values that the linear regression applies to. Plus 

symbols indicate values that fall outside of the range of the linear regression. With 

increasing depth of vegetation, percent cover approaches but cannot exceed 100% 

while biomass continues to increase resulting in an exponential pattern outside of the 

range of the linear regression. The data suggest that within a given range of values 

(biomass and percent cover), that is dependent on the depth and density of vegetation, 

the amount of above ground biomass can be estimated from the percent cover based 

on a binary image of S. pungens. The ability to estimate biomass, stem height, and 

stem diameter based on a binary image may alleviate the need for conventional 

vegetation measurements in order to characterize stands of S. pungens.  

2.5 DISCUSSION 

 Quantifying the characteristics of a stand of vegetation efficiently and 

accurately can encourage an increased level of detail in field and modeling studies of 

marshes. Conventional methods of vegetation measurement are often time 

consuming, first requiring effort to collect data and second requiring the timely and 

efficient processing of collected field samples. The time involved with collecting data 

between conventional and optical methods may be similar depending on the 

familiarity of technique by the field technician and each of these methods are subject 

to the difficulties of working in highly dynamic environments (weather, tides, 

seasonal vegetation fluctuations, and site access). However, the permanent nature of a 
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photograph provides opportunity to revisit past sample collections where real 

vegetation is subject to rot and destruction with time. Once a computer program has 

been selected and learned by a technician, the processing of images requires only the 

time it takes for the computer program to process the data which should occur on the 

order of seconds. The conventional method of measuring stem height by ruler in a lab 

may take hours depending on the sample size and number of stems present. 

Conventional measurements of estimating canopy height in the field may be subject 

to interpretation by technicians and therefore need a robust method of calibrating the 

collection of subjective field data (e.g. visual estimation of canopy height). 

Additionally, conventional field methods do not allow for reevaluation of recorded 

data as the optical image analysis does. Optical image analysis encourages non-

destructive sampling allowing for repeated measurements in the same location within 

a growing season. The image analysis technique proposed by Zehm et al. (2003) and 

Neumeier (2005) provides a useful start to an alternative method of measuring plant 

communities in a non-destructive manner that may result in increased time savings. In 

this paper we have built upon their technique by relating the lateral obstruction of 

vegetation to specific morphologic features of stem height and stem diameter for the 

structurally simple species S. pungens. This species has the benefit of being reed-like 

and therefore is easily characterized by a single stem of a specific height and 

diameter. This structure encourages the use of image analysis in place of conventional 

measurements for vegetation types and locations where image analysis has been 

shown to provide results with an acceptable amount of error. More complicated 

vegetation structure such as seen in Spartina spp., or sedges (Carex spp.) will require 

additional work to determine the key morphologic features that can be related to 

lateral obstruction. Preliminary work into characterizing Carex lyngbyei stands has 

shown that simple measurements of stem height and stem diameter are not sufficient 

representations of lateral obstruction and that leaf width, ligule height, and leaf 

number are likely important morphologic features to relate to lateral obstruction. 

While there is some error associated with the image analysis relative to conventional 
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measurements for S. pungens, the uncertainty is a trade for the potential reduction in 

time spent processing field samples and may also increase the breadth and detail of 

characterizing field settings within an estuary. The primary time saving component of 

the optical image analysis is found in the processing of field samples after collection. 

The conventional processing of field collected samples may require washing to 

remove detritus, hand measurement by ruler which may take hours depending on the 

number of samples, and oven drying and weighing which may take a minimum of a 

day to prepare. For instances where optical image analysis has been shown to be 

effective at estimating stem height, diameter, and biomass the post processing is 

largely automated by a computer program and does not require a significant amount 

of processing time. However, there are instances where conventional measurements 

present the best option for collecting data. Locations where substrate is extremely 

liquid inhibit the ability to efficiently set up the mirror and camera needed for optical 

image analysis. Conventional methods allow plant biomass to be collected in 

inclement weather such as rain where optical image analysis needs the mirror to 

remain clean so that photographs may be easily processed. The technique that is 

chosen for any given study will have to measure the pros and cons of each technique. 

 Many wave attenuation models rely on a uniform characterization of 

vegetation as a set height, diameter and density. Recent work has shown that the 

flexibility of the stem for a given species has significant effects on wave attenuation. 

Paul et al. (2012) found that seagrass mimics (plastic models) decreased wave heights 

proportional to the stem stiffness. However, Bouma et al. (2010) found that in 

vegetation of two different species where one was flexible and the other more rigid, 

the effect on wave attenuation was similar per unit of biomass but that the stiffer 

species (Spartina alterniflora) was more efficient in attenuating waves. These studies 

have indicated the importance of considering the flexibility of species when 

attempting to estimate wave attenuation. Young’s modulus has been used to catalog 

and describe the flexibility of several species of vegetation (Feagin et al. 2011, Albert 

et al. 2013). The optical image analysis does not yet include an estimation of 
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flexibility but may increase the detail of a standard wave attenuation model by 

showing vertical variations in obstruction. Lateral obstruction may also be used in 

conjunction with other methods of remotely estimating vegetation such as LIDAR 

(Rogers et al. 2015). It is possible that the optical image analysis could be modified 

so that a standard depth of field is used to photograph vegetation resulting in 

comparable and subjective measures of lateral density. Such measurements would be 

useful for habitat assessment, restoration, and community structure.  

 Currently the image analysis method is limited by a protocol to determine the 

depth of vegetation to photograph based upon the density and species of vegetation. 

This paper has shown that between 10 and 60 cm is an appropriate range for S. 

pungens at a specific elevation in Tillamook Bay, OR, but this may not be accurate 

for different species or stands of this species occupying an environmentally distinct 

niche (e.g. inundation period). Changes in environment, such as inundation periods, 

may alter the characteristics of the plants and affect mean height, densities, diameter 

etc. Future image analysis should identify both the saturation point and the depth at 

which the most reliable information is extracted from image analysis for a species 

environmental range and among many different species. In this way a series of 

“calibration curves” may be created and then applied to species and densities as 

necessitated by the user. The current methodology limited by the need to establish 

relationships among plant characteristics (e.g., stem height as a function of stem 

diameter) and to identify the plant and site characteristics that are most representative 

of the percent cover (e.g. stem height, stem diameter, stem density). Future research 

should expand upon the species for which this method has been tested, as well as the 

environmental range a species occupies. 

2.6 CONCLUSION 

 This study provides supporting evidence that image analysis may be used in 

place of destructive sampling in order to describe and quantify stands of S. pungens, a 
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common emergent reed-like species of vegetation in Pacific Northwest estuaries. The 

following points highlight the key conclusions of this paper: 

1. A stand of vegetation can be homogenous over a relatively short distance 

(Section 2.4.1, Figures 2.2, 2.3). This allows a depth of vegetation (10 cm to 60 cm 

depth) to be photographed and yield useful information through image analysis 

regarding mean stem height, mean stem diameter; percent cover as a function of 

height above ground, and total obstructed area. 

2.  Image analysis performed over too short of a photographed area (i.e., 0-10 cm 

depth) or too large of an area (greater than 60 cm depth) are likely to yield results that 

are not representative of the stand of vegetation due to under sampling or image 

saturation effects. Within a 10 cm to 60 cm depth of vegetation, mean stem height 

may be estimated with approximately 2%-6% of error (Section 2.4.2, Table 2.1) and 

mean stem diameter may be estimated from estimated stem height and through linear 

regression within 2% and 5% error (Section 2.4.1, Figure 2.4, Section 2.4.2, Table 

2.1).  

3. Above ground biomass shows a strong correlation with percent cover within a 

range of 0% and 70% cover (per cumulative area) and 0 g and 15 g of above ground 

biomass (per cumulative volume, Section 2.4.2 Figure 2.8). The low level of error 

suggests this technique may replace conventional measurements if a reliable database 

of species and environmental conditions can be established. 
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ABSTRACT  

 In this experiment we simulate a large sediment deposition event over marsh 

vegetation that may result from natural episodic disturbances, such as major storms, 

hurricanes, and tsunamis. We measured the response of Schoenoplectus pungens to 

sediment deposition ranging from 10 cm to 80 cm. Total biomass production was 

measured over two growing seasons in a controlled mesocosm experiment at Oregon 

State University. Sediment levels chosen for this experiment were within the range of 

deposition recently measured following severe hurricanes in Louisiana, Texas, and 

Florida, USA and tsunamis in Japan and Indonesia. There was a significant difference 

in the amount of aboveground biomass produced between the control and the 20 cm, 

40 cm, and 80 cm treatments following the first growing season. In the second 

growing season mean aboveground biomass was similar between the control and all 

treatments although the 80 cm was visually less dense than the control. Mean stem 

heights decreased with increasing sediment depth in the first growing season, but 

were similar in the second growing season. Root/rhizome growth migrated vertically 

in each of the sediment treatments. 

3.1 INTRODUCTION 

 Coastal wetland vegetation can reduce water velocity and attenuate wave 

heights resulting in decreased erosion rates and increased sediment accretion 

(Kobayashi et al 1993; D’Alpaos et al 2007; Day et al 2007; Kirwan and Murray 

2007; Alongi 2008; Stralberg et al 2011). Within a range of climatic conditions the 

interacting factors of vegetation, wave, tide and sediment availability allows sediment 

accretion that exceeds relative sea level rise and increases marsh resilience to relative 

sea level rise (Kirwan et al 2010). However, the removal of vegetation by large 

storms, hurricanes or tsunamis may alter the interactions between sediment, 

vegetation, waves and tides thus adversely affecting the stabilizing force that the 

vegetation had provided. 
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 Recent hurricanes and tsunamis have demonstrated the destructive capability 

of these events to human and economic interests (Bell et al 2005; Burton and Hicks 

2005; Petterson et al 2006; Kennedy et al 2011; Kajitani et al 2013; Irish et al 2013). 

The short-term and long-term effects of storms or tsunamis to marsh vegetation and 

sediment availability are less understood. An immediate reduction of standing 

vegetation following a hurricane (Chabreck and Palmisano 1973; Day et al 2013) and 

deposition of hurricane derived sediment can be expected (Turner et al 2006; McKee 

and Cherry 2009). In some cases vegetation has been observed to recover within 1-2 

years following the disturbance (Chabreck and Palmisano 1973; McKee and Cherry 

2009; Baustian and Mendelssohn 2015), while in other cases physical and chemical 

changes have resulted in more permanent loss of vegetation (Rodgers et al 2009; 

Howes et al 2010). It is currently unclear what the limits are to vegetation 

reestablishment following a hurricane or tsunami when aboveground biomass is 

removed or buried by storm delivered sediment.  

 Under normal annual weather patterns, mean annual sedimentation has been 

estimated at less than 0.1 cm year-1 to 0.71 cm year-1 in the Gulf Coast region 

(Rejmánek et al 1988; Williams and Denlinger 2013). When hurricanes of moderate 

magnitude are considered, the annual rate of sediment deposition increases to 2.2 cm 

year-1 (Rejmánek et al 1988). Sediment deposition from relatively large hurricanes 

have ranged between 3 cm to 9 cm (Nyman et al 1995) to 20 cm to 25 cm (Risi et al 

1995; Williams and Denlinger 2013) in the Gulf of Mexico and a maximum 

deposition of 85 cm was recorded following Hurricane Ike in 2008 (Williams 2012).  

 Hurricanes are episodic, but may be viewed as regularly occurring events that 

regionally occur annually. Tsunamis occur much less predictably, but have similar 

potential for coastal wetland disturbance. In 1992 a tsunami in Indonesia was 

documented to deposit up to 50 cm of sediment (Shi et al 1995). This level of 

deposition is similar to more recent tsunamis in Sumatra (2004) and along the Pacific 

Coast of Japan (2011), where tsunami-deposited sediment was estimated between 11-

50 cm and 50-80 cm, respectively (Paris et al 2007; Hawkes and Horton 2012). The 
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sediment delivered in these events were observed without scour and erosion and it has 

been suggested that deposition from tsunamis may occur during the turnaround period 

between the flood run-up and backwash periods of the tsunami waves (Dawson et al 

1996, Dawson and Shi 2000). The amounts of sediment that are being deposited by 

hurricanes and tsunamis are great enough to bury vegetation, especially when 

aboveground biomass is removed during the event, which may have negative impacts 

on the marsh stability that vegetation promotes. The potential benefit of sediment 

delivery by storms and tsunamis is that it has been suggested as an important source 

of sediment that can counteract marsh subsidence (Cahoon et al 1996; Kirwan et al 

2011; Mudd 2011; Williams and Denlinger 2013). Deposition events up to 12 cm 

have even been observed to temporarily increase plant vigor (McKee and Cherry 

2009; Baustian and Mendelssohn 2015). However, compaction of deposited sediment 

can negate the positive aspects of sediment delivery whether it is from small amounts 

of deposition (Rybczyk and Cahoon 2002) or modification of sediment bulk density 

characteristics (McKee and Cherry 2009). Currently, the thresholds to vegetation 

recovery following burial appear to be unknown. 

 In this paper we address the response of an emergent vegetation species, 

threesquare bulrush (Schoenoplectus pungens), to complete burial by mineral 

sediment of varying depths in a lab mesocosm experiment. This species was chosen 

due to its presence within estuaries in the Pacific Northwest region of the United 

States in the upper inter-tidal zone (Albert et al 2013). This position within the 

estuary subjects it to high levels of sedimentation in the event of a tsunami or a storm 

that generates high wind-wave energy. While hurricanes are not a feature of the 

Pacific Northwest, major storms occur regularly (Allan and Komar 2002) and there is 

a well-documented long-term history of tsunamis (Atwater et al 1995; Mazzotti and 

Adams 2004).  

3.2 METHODS 

3.2.1 Study Design and Data Collection 



37 
 

 

 During spring and summer of 2009 large mats of S. pungens were collected 

from Tillamook Bay, OR. The harvested mats of S. pungens occurred at relatively 

uniform densities between 1000 and 1200 stems/m2 (Albert et al. 2013) and these 

were grown out in six large planter boxes (mesocosms), 240 cm long and 60 cm wide, 

on the Oregon State University campus. Planter boxes were arranged in two rows of 

three and were enclosed within an open air structure under clear plastic sheeting that 

allowed light but gave full control of watering. The root zone was kept under fully 

saturated [anoxic] conditions because tides could not be simulated. The location of 

the open air structure allowed for full sun and airflow during the day without obvious 

differences in shading or temperature between each of the planter boxes.  

 In December 2010, the previous year’s growth was cut at the ground level to 

simulate the seasonal senescence and removal of aboveground biomass by waves and 

tides in Tillamook Bay. Each of the six planter boxes were divided into five equally 

sized units that had one of five sediment burial treatments applied following the 

removal of the previous year’s growth; control (0 cm of sediment applied), 10 cm, 20 

cm, 40 cm, or 80 cm of sediment applied (Figure 3.1). 

 

Figure 3.1. Experimental design. The inset shows before and after vegetation growth 
and differences between two of the 6 replicate boxes. The line diagram illustrates 
elevational difference between treatments. The diagram shows units in order of 
increasing sediment treatment although actual treatments were randomized. 
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All units in each replicate were randomly assigned. Each treatment in a replicate was 

separated from the adjacent treatment by a plywood wall. Sand was added as 

sediment to be similar in characteristic to historic tsunami deposits of the US Pacific 

coast (Dawson and Shi 2000) and current field conditions (Komar et al 2004). A 1 cm 

thick layer of fine white sand was placed every 20 cm in the sediment column to aid 

in uniform collection of biomass samples at different depths of sediment.  

 Vegetation was observed to emerge from the control treatment in March 2011 

and the growing season was determined to have ended in September 2011 when 

aboveground biomass began to senesce. At the end of the growing season, biomass 

samples were taken in 20 cm increments beginning from the surface of the sediment 

and ending at 20 cm below the pre-treatment sediment level. End of year biomass was 

collected from each sediment treatment at randomly selected points from a series of 

15 gridded locations within the treatment. Collecting only a portion of the entire 

treatment allowed for end of year biomass to be collected at the conclusion of the 

second growing season. Collected biomass was cleaned of sediment by washing over 

a fine mesh filter and then separated into either stem or root/rhizome material. All 

samples were oven dried at 75°C for 72 hours, or until no further decrease in water 

weight was observed, and then weighed. After end of year biomass samples were 

collected all aboveground stems were counted and measured for height. In 2012, 

during the second growing season, aboveground biomass was present in most units 

across all replicates beginning in March. At the end of the 2012 growing season 

biomass, stem count and height samples were collected as described above during the 

2011 growing season for comparison. 

3.2.2 Statistical Analyses 

 Comparisons between burial treatments for end-of-year differences in biomass 

production and stem height were made using analysis of variance (ANOVA). The 

model included treatment and year as well as the interaction between treatment and 

year. The 80 cm treatment was removed from the two year data set, since no stems 
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emerged in the first year, to meet assumptions of equal variance resulting in a 2 x 4 

factor ANOVA (time and treatment). Following a significant ANOVA, multiple 

comparisons were performed using Tukey’s honest significant difference (Tukey’s 

HSD) to allow for all pairwise comparisons. Data were also analyzed by year in a 1 x 

4 ANOVA to consider differences between treatments within a given year. All 

statistical analyses were performed in the R statistical package (R Development Core 

Team 2011) using packages ‘multcomp’ (Torsten et al 2008) and ‘reshape’ (Wickham 

2007). A large amount of spike-rush (Eleocharis sp.) contaminated one of the 

replicates during the growing season in the first year. Attempts to weed the spike rush 

without damaging the bulrush were not successful. Due to the possibility of 

competitive interaction influencing the growth rates and amount of bulrush present, 

this replicate was not used in the statistical analyses. 

3.3 RESULTS  

3.3.1 Stem Height 

 Aboveground biomass began to emerge in the control treatments (no burial) 

between March and April 2011 with all replicates of the control treatment having 

emergent stems by April 2011. Emergent stems appeared later in the growing season 

in the 10 cm, 20 cm and 40 cm treatments. No stems emerged in the 80 cm treatment, 

however, final biomass samples taken from the 80 cm treatments revealed that stem 

and root/rhizome material had partially grown through the sediment column. The data 

suggest a significant difference in mean stem height between the control (mean = 59 

cm) and the 20 cm and 40 cm treatments (F3,2119 = 279, p < 0.01, Tukey’s HSD test 

for multiple comparison p < 0.01). There was not a significant difference in mean 

stem height between the control and the 10 cm treatment (Tukey’s HSD p = 0.06). 

The mean stem heights for each treatment were: 10 cm (mean = 55 cm), 20 cm (mean 

= 42 cm), 40 cm (mean = 44 cm) (Figure 3.2). The stem heights presented represent 

only the portions of stems that were aboveground. 
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Figure 3 2. 2011 mean stem height for each treatment. Error bars indicate two 
standard errors from the mean. Treatments with same letters indicate no significant 
difference in stem height (Tukey’s HSD, p<0.01). No aboveground stems were 
present in the 80 cm treatment. 

The total number of stems decreased by 34% for the 10 cm treatment, by 48% for the 

20 cm treatment and by 88% for the 40 cm treatment relative to the control. In the 

second growing season, stems in the control and10 cm treatments emerged in all of 

the replicates in March 2012. By April, all replicates of treatments up to 40 cm had 

aboveground stems present. Fifty percent of the 80 cm replicates had aboveground 

stems by June 2012 and 100% had aboveground stems in September 2012. Stem 

height in the control, 10 cm, and 20 cm treatments decreased between years (F3,5082 = 

11, Tukey’s HSD p < 0.01). The mean stem height in the 40 cm treatment did not 

change between years (Tukey’s HSD p = 0.22). Stem heights between the control and 

treatment levels were only statistically different between the control (mean = 50 cm) 

and 20 cm (mean = 38 cm) treatment (F3,5082 = 129, Tukey’s HSD p < 0.01, Figure 
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3.3). The remainder of the control-treatment comparisons were found to not be 

statistically significant (Tukey’s HSD p > 0.10). 

 

Figure 3 3. 2012 mean stem height for each treatment. Error bars indicate two 
standard errors from the mean. Treatments with same letters indicate no significant 
difference in stem height (Tukey’s HSD, p<0.01). 

3.3.2 Biomass 

 Both stem and root/rhizome biomass was observed to grow vertically within 

the sediment column within each sediment treatment. Only the control, 10 cm, 20 cm, 

and 40 cm treatments had aboveground stems after the first year. By the end of the 

second year the 80 cm treatment had aboveground stems as well (Figure 3.4). There 

was a significant effect on the amount of biomass produced between years by 

treatment (F3,32 = 5, p<0.01). There was no difference in aboveground biomass 

produced between years in the control, 10 cm, and 20 cm treatments (p > 0.10, 

Tukey’s HSD) and there was an increase in the amount of biomass produced in the 40 

cm and 80 cm treatments between years (p < 0.01, Tukey’s HSD). In the first year the 
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amount of aboveground biomass produced in the control was significantly greater 

than the aboveground biomass produced in the 20 cm and 40 cm treatments (Tukey’s 

HSD p < 0.05, Table 3.1). There was no significant difference between the control 

treatment and the 10 cm treatment (Tukey’s HSD p = 0.99, Table 3.1).  

 In the second year there was only a slight difference in the amount of 

aboveground biomass produced between treatments (F3,32 = 3.2, p = 0.03). There was 

no significant difference in the mean aboveground biomass produced between the 

control and the 10 cm, 20 cm, and 40 cm treatments (Tukey’s HSD >0.10). There was 

only slight evidence that the amount of biomass produced in the 80 cm treatment was 

different than the amount of biomass produced in the control (Tukey’s HSD = 0.06). 

 

Figure 3.4. First and second year mean dry biomass production for each sediment 
burial treatment. The x-axis represents the amount of biomass produced, the y-axis 
represents the location within the sediment column. The yellow horizontal bars 
indicate stem biomass, while the green horizontal bars indicate root/rhizome biomass. 
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Biomass occurring above the surface of the sediment (grey line) indicates 
aboveground stems. Letters next to bars represent treatments that had statistically 
similar amounts of aboveground biomass within a year. The top photographic series 
are ordered the same as years one and two and show examples of the end of year 
biomass produced in one of the replicates after year 1. Note that treatments were 
randomized within replicates but are shown in order of increasing sediment here for 
clarity. 

Table 3.1. Year 1 end of year aboveground biomass comparisons (Tukey’s HSD). 
The 80 cm had no biomass at the end of year 1 and is not included. 

Comparison Mean Difference 
 (g) 

Upper 95% 
Confidence 

Interval 
(g) 

Lower 95% 
Confidence 

Interval 
(g) 

P-value 

10/C 0.10 -1.54 1.75 0.99 
20/C -1.67 -3.31 -0.02 0.04 
40/C -2.63 -4.27 -0.99 <0.01 
20/10 -1.77 -3.41 -0.13 0.03 
40/10 -2.73 -4.38 -1.09 <0.01 
40/20 -0.96 -2.61 0.68 0.37 

 
 There was an increase in the below-ground biomass in both stem and 

root/rhizome material for all treatments between years 1 and 2 (Figure 3.4). A vertical 

movement in root/rhizome material is evident in each of the treatments with roots 

establishing more closely to the surface of the sediment in 2012 than in 2011 

regardless of treatment. Stem material is found in each treatment below the sediment 

surface indicating that some growth from buried meristems (nodes) is still occurring, 

even though most stems are originating from new rhizomes closer to the soil surface. 

3.4 DISCUSSION 

 After a single growing season, S. pungens may return to pre-burial levels of 

biomass production when sediment depths do not exceed 10 cm (Table 3.1, Figures 

3.2 and 3.4). This supports observations of other vegetation species’ reestablishment 

following hurricane sediment deposition of similar amounts (Chabreck and Palmisano 

1973; McKee and Cherry 2009; Baustian and Mendelssohn 2015). Our results suggest 

that after two growing seasons vegetation may reestablish to pre-burial levels in areas 
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that experience up to 40 cm of mineral sediment burial. No field observations of 

vegetation reestablishment following natural burial events of this magnitude are 

known to us. Our data also indicate that a reduced level of reestablishment (compared 

to initial biomass levels) may occur in sedimentation between 40 cm and 80 cm 

(Figure 3.4). Statistically, our data indicated that there was little to weak evidence that 

there was a difference in the mean aboveground biomass produced by the control and 

the 80 cm treatment in the second year. This may be because mean biomass was 

based on an auger sample with an area of 38.4 cm2 and may not adequately represent 

the entire treatment unit due to the patchiness of vegetation. Visually, the 

aboveground biomass in the deeply buried samples (40 cm and 80 cm) had a more 

patchy recovery compared to the denser, more evenly distributed biomass of the 

control, 10 cm, and 20 cm treatments. 

 Our data suggest that sediment may be added to vegetated areas, even if the 

addition of sediment results in vegetation burial, and that aboveground biomass 

should return to pre-burial conditions within a single growing season (10 cm of 

sediment burial) or two growing seasons (up to 40 cm of sediment burial). This 

supports restoration efforts that have utilized sediment addition to subsiding marshes 

to combat the negative effects of relative sea level rise and marsh subsidence (Stagg 

and Mendelssohn 2010; Stagg and Mendelssohn 2011). Our results also compliment a 

study that found vegetation reestablished following artificial sediment addition up to 

42 cm (Stagg and Mendelssohn 2010), although at decreased levels of primary 

productivity relative to lesser amounts of sediment addition. We conclude that 

ecosystem services provided by vegetation such as wave height attenuation (Augustin 

et al 2009; Ysebaert et al 2011; Blackmar et al 2014) and sediment accretion (Koch 

1999; Temmerman et al 2005; Shepard et al 2011; Baustian et al 2012; Morris et al 

2013) are not likely to be permanently affected by moderate levels of sediment 

addition. Still, temporary disruption of ecosystem services provided by the vegetation 

could be expected until biomass production has returned to pre-burial levels.  
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 Belowground biomass production is important for retaining accreted sediment 

and reducing erosion (Nyman et al 2006; McKee et al 2007). We observed that 

root/rhizome material migrated vertically for all burial treatments throughout both 

growing seasons (Figure 3.4). The speed with which roots/rhizomes establish in the 

newly deposited sediment is likely important for soil retention. In cases of shallow 

burial by storms or tsunamis, the sediment may be rapidly stabilized by vertical root 

and rhizome migration, but in cases of deeper burial, a greater portion of storm-

deposited sediment may be eroded by subsequent storm and tidal events before 

root/rhizomes provide stabilization. Both the ratio of organic and coarse mineral 

components of the sediment, and the grain size of mineral sediment, have been 

suggested as controls on the amount of below ground biomass production (Neubauer 

2008). Because only relatively uniform mineral sediment was used for this study, we 

cannot evaluate how biomass production could be influenced by sediment type. 

 Sediment addition, natural or added, organic or inorganic, may become 

problematic to vegetation reestablishment if the chemical and/or hydrologic regime of 

the marsh is altered (Rodgers et al 2009; Mariotti and Fagherazzi 2010; Howes et al 

2010; Stagg and Mendelssohn 2011). Additionally, the composition and type of 

sediment that is delivered to the marsh is important in determining the long term 

effects of the sediment addition. In some cases sediment delivered to an area may 

compact, negating the positive aspects of the added sediment (McKee and Cherry 

2009), while in other cases soil chemistry or hydroperiod may change resulting in 

decreased vegetative biomass production (Rodgers et al 2009; Howes et al 2010). In 

our study, we used only mineral sand as a sediment source because sand is likely to 

be the dominant sediment following a tsunami along the Oregon Coast (Dawson and 

Shi 2000). Sediments with different composition of organic matter, clay, or silt may 

cause different levels of plant biomass production.  

 This study addressed threesquare bulrush recovery following uniformly 

distributed sediment deposition with no destruction to root/rhizome biomass. 

Sediment was applied during winter when vegetation would have naturally senesced, 
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followed by removal from tides. The deposition of sediment by major storms, 

hurricanes, or tsunamis might occur during seasons other than winter, and the 

distribution of sediment may be quite variable over large landscapes. Future studies 

should investigate the natural rate of recolonization by bulrush following burial in 

actual estuaries following severe storms. Understanding the natural rate of response to 

specific disturbances in vegetated estuaries has important implications for 

determining the need and amount of restoration activity. Our data suggests that 

survival and natural reestablishment of emergent vegetation likely occurs following 

large sedimentation events. Other wetland species likely exhibit similar responses and 

this may be valuable information for land managers with limited resources for 

restoration following such disturbances. Additional emergent taxa that should be 

considered for studying the resilience of wetland vegetation in the future include 

Triglochin maritimus, Juncus balticus, Eleocharis spp., Spartina spp., Carex spp., 

and Zostera spp. (Henderson and Hacker 2015). One important result of such studies 

could be the development of more refined wetland restoration efforts that supplement 

naturally surviving wetland plants with planting only when sediment deposition 

exceeds depths that the plants can predictably survive. 

3.5 CONCLUSION 

 Threesquare bulrush can naturally return to pre-disturbance mean stem height, 

density, and biomass (aboveground) following sediment burial events up to 10 cm in 

a single year, and survive deposition events up to 40 cm but with decreased densities, 

mean stem height, and aboveground biomass. After two years of growth, no statistical 

difference in aboveground biomass was observed between the control and any 

treatments although there was weak evidence that the mean aboveground biomass 

produced in the 80 cm treatment was less than the control. Our study demonstrated 

that threesquare can survive at least 80 cm of mineral sediment burial, but growth 

rates are reduced for at least two years by such severe burial.  
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 These conclusions are dependent on root/rhizome material not being eroded 

prior to the deposition event and on the presence of burial-tolerant species. In this 

study we used threesquare bulrush, an emergent clonal species that regularly occupies 

coastal wetlands in the Pacific Northwest, and that also grows nationwide at the 

margins of estuaries and large lakes subject to storm events that can bury vegetation. 

Future studies could focus on evaluation of different burial-tolerant species and 

vegetation reestablishment rate in natural locations. 
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ABSTRACT 

 Between 2011 and 2013, more than 300 coastal wetland sites were surveyed 

throughout the Laurentian Great Lakes as part of a coastal wetland monitoring 

project. Twenty-one wetland vegetation communities were identified through cluster 

analysis and indicator species analysis. Non-metric multidimensional scaling was 

used to ordinate sites based on species composition and measured and calculated 

environmental parameters were used to evaluate environmental correlation with 

groups of sites (vegetation communities). Latitude, agricultural intensity, substrate, 

geomorphology, and water depth were found to account for the majority of the three-

axis solution in the non-metric multidimensional scaling. Comparison with earlier 

studies indicates major increases in extent for several community types dominated by 

the common invasive species Phragmites australis, Typha angustifolia and T. x 

glauca. These invasive plants often formed similar species assemblages in both the 

meadow and emergent zones. Similarities in species composition between meadow 

and emergent communities indicate that species assemblages may be responding to 

fluctuations in water levels. This paper presents a unique classification of Great Lakes 

coastal wetlands with greater geographic range and increased detail in the meadow 

and emergent zones based on vegetation species composition that is useful as a 

comparison to past and future ecological and restoration studies. 

4.1 INTRODUCTION 

 It is recognized that in the Laurentian Great Lakes region of Canada and the 

United States, coastal wetlands are subject to substantial physical, chemical, and 

anthropogenic stressors that frequently cause shifts in vegetation communities (Albert 

and Minc, 2004; Brazner et al., 2007; Danz et al., 2007; Frieswyk and Zedler, 2007; 

Hudon, 1997; Jean and Bouchard, 1993; Johnston and Brown, 2013; Tulbure et al., 

2007; Wilcox and Nichols, 2008). Cumulative loss of coastal wetlands has been 

significant, although the region contains both large areas of relatively undisturbed 

wetlands as well as highly disturbed and managed wetlands (Smith et al., 1991). 
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Therefore, protection, documentation, and understanding of the biological resources 

present in coastal wetlands of the Laurentian Great Lakes has been a common goal 

for decades (Brazner et al., 2007; Herdendorf, 1990; Johnston et al., 2009; L. D. 

Minc, 1997; Smith et al., 1991). Studying the vegetation of coastal wetlands along the 

shorelines of the Laurentian Great Lakes is crucial to understanding both the natural 

diversity and the impacts of anthropogenic stressors on these wetlands (Herdendorf et 

al., 1981; Johnston et al., 2009; Johnston and Brown, 2013; L. D. Minc, 1997; 

Stuckey, 1975). 

 A region-wide analysis of the floral species composition and controlling 

abiotic factors of Great Lakes coastal wetlands was conducted during the 1990s 

(Albert and Minc, 2004, 2002; L. Minc, 1997; L. D. Minc, 1997). That research built 

upon previous cataloging and characterization of coastal wetland communities 

throughout the region in support of mapping habitat for migratory waterfowl 

populations (Herdendorf et al., 1981). The result of that work was an exhaustive 

cataloging of vegetation species composition and abiotic characteristics of seven 

defined community types, as well as identifying species that could be used as 

indicators of wetland disturbance. A complication noted in Minc’s (1997a) study was 

that large inter-annual changes in water level during initial data collection between 

1987 and 1989 (Albert et al., 1989, 1988, 1987) led to inter-annual species variability 

within an individual wetland or a wetland type. Naturally fluctuating water levels 

have historically maintained a rich diversity of plant species but research has 

demonstrated that the stabilization of water levels through regulatory controls has 

increased the susceptibility of coastal wetlands to invasion by exotic species such as 

Typha spp. and Phragmites australis (Frieswyk and Zedler, 2007; Hudon, 1997; 

Tulbure et al., 2007). More recently, Johnston et al. (2009) used cluster analysis and 

non-metric multidimensional scaling to categorize and evaluate distributions of 

vegetation communities along environmental gradients.  

 This study utilizes a Great Lakes-wide plant dataset that was collected from 

2011-2013 by a multi-university research consortium to classify and map plant 
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associations, with the intent of 1) refining plant community classification; 2) 

documenting changes to plant communities resulting from ongoing ecological 

changes, both natural and anthropogenic; and 3) identifying environmental factors 

which may impact vegetation community composition. The scope of the classification 

is greater than has been possible in the past with the added benefit of consistent water 

levels during the sampling years. Additionally, meadow and emergent zones have 

been evaluated independently, allowing for greater detail in classification. For the 

purposes of this study the terms “meadow zone” and “emergent zone” are used 

broadly to denote differences in vegetation composition and water level. Meadow 

zones are typically characterized by sedges and grasses, with some shrub species 

present, and may or may not have standing water. Water, if present, is generally 

shallower than in emergent zones. Bulrushes, cattails, and some amount of floating or 

submergent species typify emergent zones. The border between these two zones is 

variable and changes based on lake water levels. We expect that variables such as 

water depth and agricultural intensity will be significant in describing community 

distributions and species assemblages, as has been previously documented (Danz et 

al., 2007; Johnston and Brown, 2013) although the effect of these variables may be 

zone dependent which has not been previously evaluated. Additionally we compare 

the frequency of meadow and emergent zone communities to occur with one another. 

4.2 METHODS 

 Beginning in 2011, the Environmental Protection Agency (EPA) initiated a 5-

year baseline biological monitoring project throughout the Laurentian Great Lakes 

focusing on field-collected data of flora and fauna. The first three years of this project 

(2011-2013) occurred during a prolonged period of low lake water levels throughout 

the region. Vegetation data were collected from the meadow and emergent zones of 

over 300 sites during this period, along with key environmental variables that might 

explain plant distribution. 

4.2.1 Field Methodology 
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 A total of 306 meadow zones and 324 emergent zones were sampled in 353 

coastal wetland sites along the shorelines of each of the Great Lakes. Meadow and 

emergent zones were visually identified based on vegetation composition and water 

levels at each site. Sites lacking an emergent zone were characterized by no emergent 

vegetation with a meadow zone grading into unvegetated water or water containing 

only submergent vegetation. Sites lacking a meadow zone were characterized by 

emergent vegetation being directly bordered by upland vegetation, usually 

accompanied with a steep embankment or physical obstruction (e.g. riprap, road). 

Each site contained three transects that were oriented to capture zonation and 

variation. Transect length was site dependent, extending from the upland edge of the 

meadow zone to the furthest extent of the emergent zone. Along each transect ten 

quadrats were evenly spaced throughout the meadow and emergent zones so that each 

zone was sampled by five quadrat placements. Quadrats were systematically stratified 

based on the width of each zone on each transect. For zones narrower than 10m, 

sampling points were placed perpendicular to the main transect and five meters apart 

from one another. Within each quadrat, percent cover of each plant species, total 

vegetation, detritus and standing dead biomass were recorded, as well as soil texture, 

water depth and organic soil depth. Soil was characterized as sand, clay/silt, 

pebble/cobble or bedrock (Table 4.1). Vegetation was identified to species level. 

Plants that could not be identified to species were eliminated from analyses with the 

exception of Sphagnum spp. moss as this genera of moss is understood to be 

regionally important in community composition (L. Minc, 1997; L. D. Minc, 1997; 

Vitt, 1994). Percent cover of vegetation species was visually estimated and sampling 

was conducted between June and August of each sampling year. 

Table 4.1. Environmental variables used in analysis. 

Variable Quantitative (units) 
/Categorical Source 

Water Depth Q (cm) Field 
Organic Depth Q (cm) Field 

Detritus Cover Q (%) Field 
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Variable Quantitative (units) 
/Categorical Source 

Standing Dead Vegetation  Q (%) Field 
Fetch Q (m) Post 
Latitude/Longitude 
(Lat/Long) Q (Decimal Degrees) Post 

Agricultural Land Use (Ag) Q (%) Danz et al. 2007 
Developed Land Use (Dev) Q (%) Danz et al. 2007 
Total Vegetation Cover Q (%) Field  
Species Richness (S) Q (#) Post 
Shannon’s Species 
Diversity (H) Q (-) Post 

Simpson’s Species 
Diversity (D) Q (-) Post 

Hydrogeomorphic Type1 C Post 
Lake1 C Post 

Substrate Type1 C Field 
1Variables were categorical but also analyzed as binary unitless 
measures to evaluate correlations with the non-metric multidimensional 
scaling. 

 

4.2.2 Data Processing 

 Each wetland site was assigned a categorical hydrogeomorphic type: 

connecting channel (channel), delta, drowned river mouth (DRM), protected lagoon 

or swale, open lacustrine (open), or protected lacustrine (protected) (Albert et al., 

2005); a categorical lake type: Erie, Huron, Michigan, Ontario and Superior; and a 

categorical substrate type: sand, silt/clay, pebble/cobble, and bedrock. Fetch was 

estimated based on the open water distance from the predominant wind direction. The 

latitude and longitude of the centroid of the site polygon were determined in ArcGIS 

using the WGS84 datum and an estimate of the amount of agriculture (%) and urban 

development (%) were established in ArcGIS from a previous study (Danz et al., 

2007). Species diversity and richness were calculated in PCORD version 6.11 

(McCune and Mefford, 2011) and added to the database with the previously described 

variables. Quadrat level data were averaged over a zone within a site to produce a 

single site value for each environmental and species variable in the meadow and 
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emergent zones. Data were averaged to reduce both the size and the heterogeneity of 

the dataset. Outlier analysis was conducted in PCORD version 6.11 (sites with 

standard deviations greater than 2.0 were considered as potential outliers). Only one 

site in the emergent zone was identified as a potential outlier that had an obvious 

effect on the structure of the ordination. This site supported a single species at 5% 

cover and was removed from the analysis. The final datasets used for analysis 

consisted of 306 sites with 656 species for the meadow zone and 324 sites with 464 

species for the emergent zone. Environmental variables were log transformed to 

reduce variance in the data set and because variable units and scales were not 

uniform. Species cover data were not transformed because the absolute cover of 

species is considered relevant. 

4.2.3 Statistical Analysis 

 All analyses were conducted in PC ORD version 6.11. Meadow and emergent 

data were analyzed separately to reduce the overall beta diversity of the dataset. The 

analyses were two tiered. The first tier sought to identify groups of communities 

based on species similarity over the geographic range of the entire Great Lakes. The 

second tier sought to refine the groups of communities into narrow and specific plant 

communities that could reflect variations in species and environmental gradients not 

apparent at the geographic scale of the entire Great Lakes. 

 In the first tier analysis, species that occurred in less than 5% of the 306 

sample sites (n=16) of the meadow zones were removed to reduce beta diversity. 

Species that occurred in less than 5% of the 324 sample sites (n=17) of the emergent 

zones were similarly removed. The resulting beta diversity in the meadow zone was 

5.6 (Whittaker’s presence/absence measure (Whittaker, 1960)) and 3.2 (Whittaker’s 

half changes quantitative measure (Whittaker, 1972)). In the emergent zone, the final 

beta diversity measures were 5.6 (Whittaker’s presence/absence measure) and 3.2 

(Whittaker’s half changes quantitative measure). There is some debate about whether 

rare species should be removed from datasets and what exactly constitutes rare 



55 
 

 

species (Marchant, 2002; McCune et al., 2002; Poos and Jackson, 2012; Van Sickle et 

al., 2007). In cases like this, the high number of sample sites coupled with the high 

number of total species for each zone is recognized to sometimes increase the 

difficulty of successfully identifying useful clusters of sites through indicator species 

analysis (Dufrêne and Legendre, 1997). Because of this, the removal of rare species 

to identify initial site clusters was appropriate. There were no obvious differences in 

the structure of the ordination in relation to environmental variables with or without 

rare species removed from the dataset.  

 Groups of communities were identified through cluster analysis using a 

Sørensen distance measure with the flexible beta group linkage method at a value of -

0.25. Two through twenty clusters were considered as possible grouping levels for the 

meadow and emergent zones. An indicator species analysis was performed following 

each grouping level of cluster analysis and the average p-value of all species in the 

analysis was retained. The number of clusters with the lowest average p-value from 

the indicator species analysis was retained as the optimum amount of groups (Dufrêne 

and Legendre, 1997). The indicator species analysis was run in PC-ORD v6.11 and 

used 4999 randomizations in a Monte Carlo test. A non-metric Multi-response 

Permutation Procedure (MRPP) was used to determine within group agreement. 

MRPP tests used a Euclidean distance measure and groups were weighted by the sum 

of the sample size.  

 In the second tier of analysis, sites belonging to the community groups 

identified in the first tier were subset. Cluster analysis, indicator species analysis and 

non-metric multidimensional scaling (Kruskal, 1964; Mather, 1976) were then 

performed on each of the subset groups to identify specific community types. NMS 

ordinations were performed using a Sørensen distance measure, did not penalize for 

ties and used 250 real data runs. Rare species were not removed from this iteration of 

the analysis because the subset of data used suitably reduced overall beta diversity. 

Cluster analysis was used to group sites into specific communities and within group 

agreement was evaluated using MRPP. Indicator species analysis was used to identify 
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species indicative of each community. Joint bi-plot overlays of the environmental 

data were used in conjunction with the NMS to evaluate the strongest relationships 

between environmental variables with community types. 

4.3 RESULTS 

4.3.1 Community Identification 

 Four groups of meadow communities and three groups of emergent 

communities were identified through the first tier cluster analysis and indicator 

species analysis. The groups of meadow communities are categorized as: 1) grass 

dominated and transitional meadows; 2) northern woody meadows; 3) exotic 

dominated meadows; and 4) exposed wetland meadows. The groups of emergent 

communities are categorized as: 1) cattail and reed marshes; 2) deep water floating 

and emergent marshes; and 3) shallow water rush marshes. Cluster analysis indicated 

that the four groups of meadow communities retained between 7 and 17% of 

information and the three groups of emergent communities ranged between 8 and 

15% information remaining. The chance-corrected within group agreement was 

evaluated in environmental space since the groups of meadow and emergent 

communities were identified in species space and found to be distinct from one 

another (Meadow: MRPP p<0.01, A=0.09, Emergent: MRPP, p<0.01, A = 0.08). 

Nine meadow vegetation communities and twelve emergent vegetation communities 

were identified from the second tier of analysis within the four meadow and three 

emergent community groups (Table 4.2 and Table 4.3). The nine meadow 

communities were found to have even greater within-group homogeneity and were 

significantly different than could be expected by chance (MRPP p<0.01, A = 0.13). 

The twelve emergent communities were also found to have greater within-group 

homogeneity than could be expected by chance (MRPP p<0.01, A=0.19). 

 Indicator species analysis identified a single dominant species that is 

characteristic of the species group and then several associated species (Tables 4.2 and 

4.3).The species with the greatest indicator value for each meadow community type 



57 
 

 

were: Carex lacustris, Calamagrostis canadensis, Schoenoplectus pungens, Myrica 

gale, Carex stricta, Phragmites australis, Hypericum kalmianum, and Cladium 

mariscoides (Table 4.2). The species with the greatest indicator value in each 

emergent community were: Typha x glauca, Lemna minor, Phragmites australis, 

Schoenoplectus tabernaemontani, Sparganium eurycarpum, Dulichium 

arundinaceum, Sagittaria latifolia, Carex stricta, Typha angustifolia, Schoenoplectus 

pungens, Juncus balticus and Eleocharis palustris (Table 4.3). It was possible for 

individual species to be dominant in more than one community type because indicator 

species analyses were performed on each community independently. The result of this 

is that several communities have the same or similar dominant species but different 

associated species. This was observed with species considered to be invasive such as 

T. x glauca, T. angustifolia and P. australis as well as in meadow areas dominated by 

native species C. canadensis and C. stricta.
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Table 4.2. Description of meadow vegetation communities, indicator species, and notes in the Laurentian Great Lakes. 

Community 
Group Community Indicator Species IV Notes 

Grass dominated 
and transitional 

meadows  

Carex lacustris – 
Phalaris arundinacea 

Carex lacustris 
Phalaris arundinacea 
Impatiens capensis 
Typha x glauca  

63 
57.8 
53.1 
52.7 

Phalaris arundinacea and Typha x 
glauca considered invasive. May be 
found in wetter areas with higher 
amounts of soil organic matter. River 
mouths on Lake Superior, MI, Erie, 
and most common on permanently 
flooded Lk Ontario sites.  

Calamagrostis 
canadensis – Carex 

stricta 

Calamagrostis  
  canadensis 
Carex stricta 

72.4 
 
44.3 

Native species dominated meadow, 
most common on St. Marys River and 
open and protected bays on northern 
Lakes Huron and Michigan, as well 
as protected Lake Erie bays. 

Schoenoplectus 
pungens Transitional 

Meadow 

Schoenoplectus pungens 
Eleocharis palustris 
Juncus effusus  
Euthamia graminifolia 
 

56 
45.5 
31.3 
30.7 
 

 Most common on St. Marys River, 
where it was not a common type in 
1980s or 1990s. Scattered through 
rest of Great Lakes. 
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Community 
Group Community Indicator Species IV Notes 

Northern woody 
meadows  

Myrica gale Woody 
Meadow 

Myrica gale 
Rhynchospora alba 
Cladium mariscoides 
Chamaedaphne  
  calyculata 
Rosa palustris 
Andromeda 
glaucophylla 
Drosera rotundifolia 
Menyanthes trifoliata 
Sarracenia purpurea 
Sphagnum spp. 
 

86.4 
45.8 
41.2 
39.1 
 
36.8 
36.4 
36.4 
34.8 
32.7 
29.2 
 
 

Northern group that is most common 
on Lake Superior. In the absence of 
bog conditions may be dominated by 
woody species and found near Sault 
Saint Marie. Low alkalinity waters 
result in rapid acidification of soils 
and organic material accumulation. 

Carex stricta Sedge 
Meadow 

Carex stricta 
Calamagrostis  
  canadensis 
Campanula aparinoides 
Phalaris arundinacea 
Impatiens capensis 
Typha angustifolia 
Carex lacustris 
Eutrochium maculatum 
Cicuta bulbifera 
 
 

74.8 
60.7 
 
54.9 
45.1 
44.7 
41.8 
42.8 
37.6 
37.7 
 

Widespread sedge dominated 
meadow with abundant 
Calamagrostis canadensis as well. 
Invasive Phalaris arundinacea often 
present. Slightly associated with 
swale geomorphology. Similar to 
Calamagrostis canadensis – Carex 
stricta type but with greater forb 
diversity. 
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Community 
Group Community Indicator Species IV Notes 

Exotic Dominated 
Meadows 

Phragmites australis 
Invaded Meadow 

Phragmites australis 
Typha angustifolia 
Lythrum salicaria 

93.5 
47.8 
32.5 

Highly disturbed community 
dominated by Phragmites australis. 
Commonly found near agricultural 
areas at more southern latitudes, 
especially on western Lake Erie, 
Saginaw Bay, Green Bay, and 
occasional on Lake Michigan 
drowned river mouths. High 
Phragmites australis density reduces 
species diversity. 

Exposed Wetland 
Meadows  

Phragmites australis 
Transitional Meadow 

Phragmites australis 
Salix exigua 
Eupatorium perfoliatum 
Potentilla anserina 
Eleocharis erythropoda 
Fragaria virginiana 
Juncus balticus 
Fraxinus nigra 
Sium suave 
 

74.7 
72.8 
64.6 
63.7 
62.6 
57.6 
54.5 
46.2 
43.4 
 

Transitional community as 
Phragmites australis invaded during 
low-water levels along with trees and 
shrubs. 

Hypericum kalmianum 
/ Thuja occidentalis 
/Myrica gale - Open 

Woody Meadow 

Hypericum kalmianum 
Thuja occidentalis 
Dasiphora fruticosa 
Myrica gale 
Triadenum fraseri 

71.5 
61 
58.8 
50.8 
44.4 

Meadow adapted to lime-rich clays 
and shallow soils over dolomite 
bedrock. Concentrated in areas along 
northern Lake Michigan and Lake 
Huron.  
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Community 
Group Community Indicator Species IV Notes 

Cladium mariscoides - 
Clinopodium 

arkansanum - Carex 
crawei Open Meadow 

Cladium mariscoides 
Clinopodium  
  arkansanum 
Carex crawei 
Rhynchospora 
capillacea 
Dichanthelium 
   implicatum 
Dichanthelium  
  columbianum 

49.6 
45.9 
 
42.2 
35.5 
34.5 
 
30.7 

Closely associated with dolomite 
pebble or cobble substrate and open 
lacustrine geomorphology. Typically 
have very little standing dead 
vegetation or detritus. Commonly 
found near Alpena, MI on northern 
Lake Huron. 

 

Table 4.3. Description emergent vegetation communities, indicator species, and notes in the Laurentian Great Lakes. 

Community 
Group  Community Indicator Species IV Notes 

Cattail and Reed 
Marshes 

Typha x glauca  

Typha x glauca 
Impatiens capensis 
Hydrocharis morsus-
ranae 

49.1 
48.9 
40.7 

Deep organic soils of protected 
lacustrine marshes and drowned river 
mouths, especially on Lake Ontario 
and southeastern Lake Michigan. 

Typha angustifolia  
Lemna minor 
Typha angustifolia 
Utricularia vulgaris 

82.8 
42.4 
30.8 

Deep organic soils of drowned river 
mouths on southern Lake Ontario. 

Invasive Phragmites 
australis marsh 

Phragmites australis 94.9 Replacing Typha angustifolia and T. 
x glauca in nutrient-enriched sites on 
Lake Erie, Lake St. Clair, Saginaw 
Bay, and Green Bay. 
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Community 
Group  Community Indicator Species IV Notes 

Schoenoplectus 
tabernaemontani marsh 

Schoenoplectus 
   tabernaemontani 
Eleocharis palustris 
Carex utriculata 
Juncus effusus 

72.3 
 
68.1 
54.6 
54.6 

Organic rich riverine sites on 
northern Lake Michigan and Lake 
Superior. 

Deep Water 
Floating and 

Emergent Marshes 

Sparganium 
eurycarpum  

Sparganium eurycarpum 
Elodea canadensis 
Hydrocharis morsus-
ranae 
Schoenoplectus acutus 

71 
37.8 
37.7 
33.4 

Deeper riverine or protected 
lacustrine wetlands, primarily on 
Lake Superior, Georgian Bay, and 
Lake Ontario. 

Dulichium 
arundinaceum 

Dulichium 
arundinaceum 
Peltandra virginica 
Pontederia cordata 

66.9 
55.7 
43.8 

Typically flooded riverine sites 
scattered throughout the GL, but with 
Peltandra virginica only in southern 
sites.  

Sagittaria latifolia 

Sagittaria latifolia 
Bolboschoenus 
fluviatilis 
Phalaris arundinacea 
Ceratophyllum 
demersum 

61.8 
50 
47.7 
43.4 

Typically deeper water sites, with 
concentration along western Lake 
Erie and the drowned river mouths of 
western Lake Superior. 
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Community 
Group  Community Indicator Species IV Notes 

Carex stricta – 
Schoenoplectus 

tabernaemontani 
Transitional Wetland 

Carex stricta 
Calamagrostis 
canadensis 
Schoenoplectus  
    tabernaemontani 
Carex lasiocarpa 
Eutrochium maculatum 
Lycopus uniflorus 
 

80 
45.4 
43.6 
 
41.2 
39.6 
39.5 
 

Common along the Bruce Peninsula 
of Lake Huron, southern Georgian 
Bay, and scattered across eastern 
Lake Superior in areas where C. 
stricta and C. canadensis also 
dominate the meadow zone. Likely a 
transitional community between 
meadow and emergent zones and 
subject to lake water level 
fluctuations. 

Shallow Water 
Rush Marshes 

Mixed Cattail Marsh 
 

Typha angustifolia 
Impatiens capensis 
Typha x glauca 
Sagittaria latifolia 
Lemna minor 
 

91.7 
61.3 
54 
46.7 
43.1 
 

Concentrated near nutrient-enriched 
agricultural and urban areas with 
large amounts of soil organic matter 
and standing dead vegetation. 
Especially along Lake Ontario, 
western Lake Erie, Saginaw Bay, 
Green Bay, and Duluth and Ashland 
on southern Lake Superior. 

Schoenoplectus 
pungens - Phragmites 

australis 

Schoenoplectus pungens 
Phragmites australis 

51.4 
33 

S. pungens stands being invaded by 
Phragmites australis due to low-
water conditions; found on Saginaw 
Bay, Green Bay, and the St. Marys 
River. Includes native Phragmites 
australis in sites on northern Lake 
Huron and Lake Michigan. 
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Community 
Group  Community Indicator Species IV Notes 

Juncus balticus - 
Cladium mariscoides 

 

Juncus balticus 
Cladium mariscoides 
Solidago ohioensis 
Potentilla anserina 
Dasiphora fruticosa 
Thuja occidentalis 
Hypericum kalmianum 

57.9 
52.9 
42.7 
36.3 
35.9 
34.4 
31.6 

In open lacustrine wetlands with 
carbonate-rich clay or pebble/cobble 
shorelines; northern Lake Michigan 
and Lake Huron where water depths 
vary between dry beach ridges and 
shallow flooded swales.  

Eleocharis palustris - 
Schoenoplectus acutus 

 
 

Eleocharis palustris 
Schoenoplectus acutus 
Potamogeton gramineus 
Potamogeton 
richardsonii 
Najas flexilis 
Potamogeton natans 
Schoenoplectus  
  subterminalis 

66.2 
55.7 
41 
38.5 
38.1 
34.7 
32 

Associated with greater water depth 
than other rush marshes; in the 
protected lacustrine bays on northern 
Lake Huron and the St. Marys River. 
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4.3.2 Ordination and Environmental Variable Correlation 

 An ordination of the meadow sites in species space identified a three-

dimensional solution (NMS, Sørensen distance measure, mean stress = 18, p = 0.004 

cumulative r2=0.584.). The ordination was rotated so that Latitude was weighted onto 

the second (vertical) axis (Figure 4.1). In this configuration, axis 1 explained 23.8%, 

axis 2 explained 23.0% and axis 3 explained 11.6% of the observed variation. The 

first axis is correlated with open lacustrine geomorphology, fetch distance, clay/silt 

substrate and organic depth. Open lacustrine geomorphology and fetch distance are 

negatively correlated to organic depth and clay/silt substrate. Axis 2 is most strongly 

positively related with latitude and negatively with agriculture. No measured 

environmental variables were found to be correlated with axis 3 (not shown). The 

correlations of all variables to the axes are given in Table 4.4. 
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Figure 4.1. NMS ordination of meadow sites in species space. Overlay represents 
environmental variables that had r2 values greater than 0.2 with the axes shown. No 
variables were found to be strongly correlated with axis 3 (not shown). 

Table 4.4. Correlations of variables to axes for meadow and emergent zone NMS 
ordinations. 
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 Meadow Emergent 
Variable* Axis 

1 
Axis 

2 
Axis 

3 
Axis 

1 
Axis 

2 
Axis 

3 
WaterDepth 0.01 0.02 0.06 0.05 0.00 0.24 
OrganicDept
h 

0.51 0.01 0.03 0.34 0.27 0.00 

Detritus 0.22 0.00 0.00 0.05 0.20 0.01 
StandingDea
d 

0.01 0.05 0.01 0.07 0.39 0.01 

Fetch 0.27 0.01 0.00 0.16 0.02 0.02 
Lat 0.00 0.49 0.01 0.00 0.55 0.00 
Long 0.05 0.11 0.01 0.07 0.19 0.00 
Ag 0.02 0.30 0.01 0.01 0.39 0.00 
Dev 0.01 0.02 0.00 0.00 0.04 0.01 
Channel 0.00 0.02 0.00 0.01 0.08 0.03 
Delta 0.00 0.01 0.00 0.00 0.00 0.02 
DRM 0.18 0.02 0.00 0.10 0.08 0.01 
Lagoon 0.03 0.00 0.00 0.05 0.02 0.01 
Open 0.28 0.00 0.00 0.16 0.01 0.00 
Protected 0.00 0.00 0.02 0.01 0.01 0.00 
Swale 0.00 0.08 0.00 0.01 0.03 0.01 
LO 0.25 0.17 0.00 0.25 0.25 0.00 
LH 0.19 0.13 0.01 0.14 0.21 0.00 
LM 0.01 0.01 0.00 0.02 0.00 0.00 
LS 0.06 0.14 0.01 0.04 0.09 0.01 
LE 0.02 0.15 0.00 0.03 0.13 0.01 
Sand 0.11 0.00 0.00 0.14 0.06 0.00 
ClySlt 0.28 0.03 0.00 0.21 0.17 0.00 
PblCbl 0.14 0.04 0.01 0.06 0.10 0.04 
Bdrck 0.01 0.02 0.00 0.00 0.01 0.00 
S 0.08 0.10 0.00 0.02 0.05 0.01 
E 0.02 0.04 0.00 0.02 0.13 0.00 
H` 0.08 0.13 0.00 0.02 0.13 0.01 
D 0.02 0.10 0.01 0.05 0.10 0.00 
*Bold values represent correlation scores greater than the 0.2 cut 
off used to represent correlation in the joint plot overlay 
presented in the NMS figures (Figures 1-4). 

 

 Lake Huron and Lake Ontario were shown to be strongly associated with 

specific meadow groups. Lake Ontario was found to have a higher concentration of 

Carex lacustris-Phalaris arundinacea meadows and Lake Huron had a higher 
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concentration of Cladium mariscoides-Clinopodium arkansanum-Carex crawei Open 

Meadows that characterize the more open lacustrine geomorphology of northern Lake 

Huron. A plot of significant indicator species on the same axes shows species in 

relation to each other and the environmental gradients they are associated with 

(Figure 4.2). Species grouped closely together may be typical of a specific 

community type. 

 

Figure 4.2. NMS Ordination of significant meadow indicator species in species space. 
Overlay represents environmental variables that had r2 values greater than 0.2. 
Species’ name acronyms are based on the first four letters of the genus and the first 
four letters of the specific epithet. 

For example, Sphagnum spp. is strongly correlated with latitude along with other 

northern occurring species. In contrast, P. australis (PHRAAUST), Typha spp. 

(TYPHANGU and TYPHxGLAU), I. capensis (IMPACAPE), and P. arundinaceae 
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(PHALARUN) are strongly associated with increased agriculture pressure at more 

southern latitudes. The strong contrast between northern and southern distribution 

may in part be due to the low alkalinity of Lake Superior bedrock and water. This 

results in the acidification of sediments and the establishment of poor fen or bog 

plants (Vitt, 1994), which likewise reduce the productivity of agricultural crops, thus 

limiting the amount of agricultural development within most Lake Superior 

watersheds (Albert and Minc, 2004). 

 The ordination of the emergent sites in species space also identified a three 

dimensional solution (NMS, Sørensen distance measure, mean stress = 18, p = 0.004). 

Again, the ordination was rotated so that latitude was weighted onto the second 

(vertical axis). The resulting configuration resulted in axis 1 describing 16%, axis 2 

describing 28% and axis 3 describing 12% of the observed variation (Figure 4.3). The 

emergent sites differed slightly in their ordination on the three axis solution. The first 

axis is represented by organic depth, clay/silt substrate and Lake Huron and Lake 

Ontario but these variables show similar correlations on the 2nd ordination axis as 

well. The 2nd ordination axis is again strongly related to latitude and agriculture. 

Water depth was observed to be correlated with the 3rd axis in the emergent sites 

(Figure 4.3). 
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Figure 4.3. NMS ordination of emergent sites in species space. Overlay represents 
environmental variables that had r2 values greater than 0.2 with the axes shown. Axes 
1 and 2 are shown in a) and axes 2 and 3 are shown in b). The third axis is 
represented solely by water depth with the data that was collected within the 
emergent zone. 

Plotting indicator species from the emergent communities again show that groupings 

of species in the ordination are indicative of specific communities (Figure 4.4). For 

example J. balticus (JUNCBALT), S. ohioensis (SOLIOHIO), P. anserina 

(POTEANSE), D. fruticosa (DAISFRUT), and H. kalmianum (HYPEKALMI) are all 

grouped nearly together high on axis 2 and low on axis 1 indicating a tendency to 

occur at higher latitudes and along Lake Huron. Cladium mariscoides (CLADMARI), 

another strong indicator species in that group, occurs similarly but appears more 

strongly correlated with northern latitudes. Common invasive species T. angustifolia 
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(TYPHANGU), T. x glauca (TYPHxGLAU), and H. morsus-ranae (HYDRMORS) 

occur high on axis one and low on axis two, being associated with agriculture, 

organic depth, standing dead vegetation, detritus and are likely to be found on Lake 

Ontario. P. australis (PHRAAUST) appears to occur where measures of agriculture 

are high. 

 

Figure 4.4. NMS Ordination of species in species space. Overlay represents 
environmental variables that had r2 values greater than 0.2. A) Axes 1 and 2; and B) 
axes 3 and 2. Species’ name acronyms are based on the first four letters of the genus 
and the first four letters of the specific epithet. 

Meadow and emergent zones were both positively correlated with similar variables 

with the exception that water depth was shown to be an important variable on the 

third axis in the emergent zone. Meadow and emergent communities were broadly 

distributed across the entire Great Lakes region but still showed regional similarities 

(Figure 4.5). Meadows along Lake Ontario were characterized by the C. lacustris – P. 

arundinacea community and emergent communities dominated by Typha spp. 

showed a similar distribution. Most western Lake Erie and Saginaw Bay wetlands 

were dominated by invasive plants such as P. australis and Typha spp.. Phragmites 

australis invaded and transitional meadows were common with Schoenoplectus 

pungens-Phragmites australis or mixed cattail marshes in the emergent zone. Some 
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western Lake Erie emergent wetlands remain dominated by the native S. latifolia 

emergent community, but most had been replaced by P. australis dominated 

communities. Wetlands north of the Mackinaw Straits were observed to be more 

regularly dominated by native grasses, sedges, and/or shrubs in the meadow zone. 

Most of these northern sites also had native-dominated emergent communities that 

included Sparganium eurycarpum, Carex stricta-Schoenoplectus tabernaemontani 

transitional wetland, and Schoenoplectus pungens-Phragmites australis, but there 

were also occurrences of non-native communities dominated by Typha spp. and/or P. 

australis in urbanized areas. 
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Figure 4.5. Meadow communities (above) and emergent communities (below). 

4.3.3 Meadow and Emergent Zone Community Co-occurrence 
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 Many meadow and emergent communities did not show patterns of co-

occurrence with each community being observed to occur with multiple different 

communities (Table 4.5). Notable exceptions to this patter occur along Lake Ontario 

where invasive-dominated communities co-occur in both the meadow and emergent 

zones. Sixty-five percent of the Carex lacustris – Phalaris arundinacea meadows 

occurred with a cattail emergent zone dominated by either T. x glauca or T. 

angustifolia. Along the Saint Marys River thirty-three percent of Carex stricta Sedge 

Meadows were associated with Juncus balticus-Cladium mariscoides emergent 

zones. Regionally, coastal wetlands lacking any meadow zone were most often found 

to have Schoenoplectus tabernaemontani marsh communities in the emergent zone 

(33%).  

 Table 4.5 can also be utilized to identify the most common meadow and 

emergent community types. The most common meadow type was Carex lacustris–

Phalaris arundinacea (30%), followed by Calamagrostis canadensis–Carex stricta 

meadows (14%) and Carex stricta (14%) sedge meadows. Together the Phragmites 

australis Invaded and Transitional Meadows make up 13% of the vegetated meadow 

zones. At 14% of the sampling sites there was no meadow zone present. 

 In the emergent zone, the three communities dominated by invasive Typha 

spp. composed the majority of the sampled sites (35%), with Typha x glauca being 

the most common community (18%). The combined invasive-dominant Phragmites 

australis and Schoenoplectus pungens–Phragmites australis Transitional 

communities occupied an additional 13% of emergent zones. Among the native plant 

dominated emergent zones, Juncus balticus-Cladium mariscoides and Eleocharis 

palustris-Schoenoplectus acutus were the most frequently observed (12% and 13% 

respectively). Ten percent of sampled sites had no emergent marsh zone. 

Table 4.5. Meadow and emergent zone community pairs. Numbers represent the 
frequency of occurrence of each meadow and emergent community pair. 
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4.4 DISCUSSION 

 Nine meadow communities and 12 emergent communities were identified 

within the sampled wetlands. Latitude and agriculture were found to be the strongest 

indicators of community distribution and were inversely proportional to each other. In 

the Great Lakes region, levels of agricultural and urban development pressures 

decrease at more northern latitudes. Agricultural pressure decreases to the north 

because of both a shorter growing season and less productive soils (Albert, 1995; 

Albert et al., 1986; Albert and Minc, 2004, 2002). Urban development also decreases 

to the north because of a much more complex mix of resource availability and market 

demands - most major metropolitan and industrial areas are along southern lakes 

Michigan, Huron, Erie, St. Clair, and Ontario.  
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No Meadow 
 8 8 1 16 1 3 2 4 2  3  48 

Carex lacustris – 
    Phalaris arundinaceae 4 40 9 2 2 5  1 8 20  1 1 93 

Calamagrostis  
    canadensis- Carex 
    stricta 

2 5  6 5 7 2 2 2 3  6 3 43 

Schoenoplectus pungens  
    Transitional Meadow 4   3 1 1 2  1 1  8 7 28 

Myrica gale Woody 
    Meadow 6 1  1  1 2 1 2  4 2 4 24 

Carex stricta Sedge 
    Meadow 4 1  7  1 5 1  5 2 14 2 42 

Phragmites australis  
   Invaded  Meadow 1 2   3    4 7   6 23 

Phragmites australis  
    Transitional Meadow     2     1 4  9 16 

Thuja occidentalis/ 
Myrica gale/ Hypericum  
    kalmianum Open  
   Woody Meadow 

7      2  1  7 4 6 27 

Cladium mariscoides- 
   Clinopodium  
   arkansanum -Carex  
   crawei Open Meadow 

1          4  4 9 

Total 29 57 17 20 29 16 16 7 22 39 21 38 42  
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 Our analyses identify six meadow communities and seven emergent 

communities dominated by native plants. Three of these meadow communities 

occupy localized areas of the Great Lakes characterized by relatively uniform abiotic 

conditions. Twenty-two of 24 Myrica gale Woody meadows are along the shoreline 

of Lake Superior. This group has been identified in earlier studies as being 

concentrated along Lake Superior because of low alkalinity, low conductivity, and 

low pH (Albert and Minc, 2004; Johnston et al., 2009; Johnston and Brown, 2013). 

Most of the Myrica gale meadows occur in barrier-protected wetlands. Two other 

meadow groups occupy the high-energy open lacustrine shorelines of northern Lakes 

Huron and Michigan; all 9 Cladium mariscoides-Clinopodium arkansanum-Carex 

crawei Open Meadows and 25 of 27 Hypericum kalmianum/Thuja 

occidentalis/Myrica gale Open Woody Meadows. These sites are occurring where 

both the gravel and clay substrates are derived from the local calcareous dolomitic 

and limestone bedrock (Albert, 1995; Albert and Minc, 2004). The Hypericum 

kalmianum/Thuja occidentalis/Myrica gale Open Woody Meadows is more prevalent 

during the low-water conditions prevalent between 1999 and 2013, while the Cladium 

mariscoides-Clinopodium arkansanum-Carex crawei Open Meadow community was 

much more common in the high-water conditions of the late 1980s (Albert et al., 

1988, 1987).  

 Several other native-plant dominated meadow and emergent communities 

have much broader distributions. The Calamagrostis canadensis-Carex stricta 

meadow and Carex stricta Sedge meadow occupy the margins of riverine and 

protected lacustrine marshes on all of the Great Lakes where there is some protection 

from storm waves. As a result it is common for organic soils to accumulate within 

these meadow types. The difference in the dominant species composition between the 

Calamagrostis canadensis-Carex stricta meadow and Carex stricta Sedge meadow is 

likely driven by water level fluctuations with C. canadensis being dominant in areas 

that have had lower water levels for a greater period of time than areas dominated by 

C. stricta. The Schoenoplectus pungens Transitional Meadow occurs in most lakes 
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other than Lakes St. Clair and Ontario. It is likely that this type was more common in 

Lake Ontario prior to the current water level management, which restricts drops in 

water level, as the prevalence of Schoenoplectus/Scirpus spp. dominated communities 

prior to extended lake-level modification has been observed (Geis and Kee, 1977; L. 

D. Minc, 1997). The Sparganium eurycarpum and Schoenoplectus tabernaemontani 

mash community types both occupy drowned river mouths across much of the Great 

Lakes. The dominant species in both types were recognized by Minc (1997b) as 

occupying the deep water along the margins of channels in the drowned river mouths. 

A similar community dominated by both Sparganium eurycarpum and Carex 

lacustris was considered restricted primarily to Lake Superior riverine wetlands 

(Johnston et al., 2009), but our sampling found this type to be scattered throughout 

riverine wetlands in the Great Lakes, with six of sixteen examples occurring in 

riverine sites along the east shore of Lake Ontario. The Juncus balticus/Cladium 

mariscoides emergent community is concentrated in shallow waters along northern 

Lakes Huron and Michigan, where most soils, regardless of texture, derive from local 

limestone and dolomite. The three occurrences on eastern Lake Superior’s shore are 

in areas where limestone/dolomite and calcareous sandstones are prevalent. A single 

site on southern Georgian Bay is also in an area of limestone-derived sediments. 

Several other indicator species for the Juncus balticus/Cladium mariscoides 

community are considered calciphiles, including T. occidentalis, H. kalmianum, D. 

fruticosa, S. ohioensis, and P. anserina. The current shallow conditions of the Juncus 

balticus/Cladium mariscoides emergent community is indicated by the presence of 

one tree species and two shrubs among these indicators. The distribution and 

composition of this emergent type is very similar to that of the two meadow types, 

Cladium mariscoides-Clinopodium arkansanum-Carex crawei open meadow and 

Hypericum kalmianum/Thuja occidentalis/Myrica gale Open Woody Meadows. 

 Three other emergent communities, Sagittaria latifolia, Dulichium 

arundinaceum, and Carex stricta-Schoenoplectus tabernaemontani Transitional 

Wetland are scattered across the Great Lakes across a broad range of climatic, 
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geomorphic, geologic, and sediment conditions. A final native-dominated emergent 

type, Eleocharis palustris-Schoenoplectus acutus, is concentrated in some of the 

deepest and best protected lacustrine marshes of northern Lake Huron and the St. 

Marys River, but also occurs scattered across the other Great Lakes. This community 

was recognized from the south shore of Lake Erie and S. acutus was observed to 

dominate deep-water marshes in Lake Ontario (Geis and Kee, 1977; Stuckey, 1988, 

1975). A similarly distributed plant association was described for the northern Great 

Lakes (Albert and Minc, 2004; L. Minc, 1997). All of the other indicator species 

encountered in the current study are submergent plants characteristic of protected 

deep-water marshes, including three pondweeds (Potamogeton gramineus, P. natans, 

and P. richardsonii), Najas flexilis, and S. subterminalis. 

 Unfortunately, the disturbance gradient represented by latitude and agriculture 

hinders the ability to easily identify natural environmental gradients that influence 

native plant community distribution and species assemblages in much of the southern 

Great Lakes, including all of Lakes Ontario, Erie, and St. Clair, as well as southern 

Lakes Huron and Michigan. Instead, we observe a homogenization of coastal wetland 

communities that results from replacement of native-dominated plant communities by 

invasive or colonizer plants such as P. australis and Typha spp. Recent studies 

recognize that P. australis, Typha spp., and P. arundinacea are effective invaders 

because of several factors, including production of abundant seed, ability to rapidly 

utilize nutrients such as nitrogen and phosphorus, taller stature than most natives, 

colonization and persistence through changes in water levels and rapid expansion 

through rhizomes and/or stolons (Frieswyk and Zedler, 2007; Lishawa et al., 2010; 

Tulbure et al., 2007; Wilcox and Nichols, 2008).  

 Invasive plants dominate three meadow and five emergent communities. The 

most broadly distributed meadow community is dominated by a combination of C. 

lacustris, a native sedge, and P. arundinacea, an introduced invasive species. A 

second invasive meadow community, Phragmites australis Invaded Meadow, is 

characterized by a near monoculture of P. australis, and its distribution reflects high 
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nutrient runoff from intense agriculture along western Lake Erie, Lake St. Clair, 

Saginaw Bay, southern Lake Michigan, and Green Bay. This type was recognized by 

three Great Lake-wide classifications (Albert and Minc, 2004; Johnston et al., 2009; 

L. D. Minc, 1997), but it was restricted to Lake Erie, Lake St. Clair, Green Bay, and 

the St. Louis River in surveys between 1987 and 1994 (L. Minc, 1997). The 

Phragmites australis Transitional Meadow community has lower levels of dominance 

by P. australis than the Phragmites australis Invaded Meadow, which allows several 

native plant species to persist. Because of the rapid expansion of P. australis, it is 

assumed that densities of P. australis will continue to increase and out compete native 

species, unless there is a major increase in water levels and wave driven erosion. 

Some of the sites that are shown to support this association along northern Lake 

Michigan may actually be dominated by native P. australis, subspecies americanus 

(Reznicek and Voss, 2012) which is a smaller and less aggressive plant than the 

European invasive (subsp. australis). 

 All of the five emergent invasive-plant dominated communities are 

widespread in the southern Great Lakes, especially in protected lacustrine bays and 

drowned river mouths, but also along the open lacustrine marshes of Saginaw Bay. 

These invasive communities include Typha x glauca, Typha angustifolia, Mixed 

Cattail Marsh, Invasive Phragmites australis Marsh, and Schoenoplectus pungens-

Phragmites australis, which is transitioning to P. australis dominance. Albert and 

Minc (2004) and Minc (1997b) recognized widespread invasive cattail types from 

1987 through 1994 surveys, but only recognized P. australis dominated emergent 

marshes as relatively localized on lakes Erie and St. Clair. Phragmites australis has 

expanded considerably in dominance during the low-water conditions from 1999 

through 2013. When the Great Lakes Environmental Indicators wetland sampling was 

conducted between 2001 and 2003, only two wetlands (2% of the total 90 wetlands 

sampled GL-wide) in western Lake Erie were classified as dominated by P. australis 

(Johnston et al., 2009), while in marshes sampled between 2011 and 2013, 13% of 

emergent marshes were dominated by P. australis.  
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 Our results are in fair agreement with past classifications of Great Lakes 

coastal vegetation community distributions and species assemblages. Minc (1997) 

identified nine vegetation communities: Lake Superior Poor Fen, Northern Rich Fen, 

Northern Marsh, Green Bay Disturbed Marsh, Lake Michigan Lacustrine Estuaries, 

Saginaw Bay Lakeplain Marsh, Lake Erie-St. Clair Lakeplain Marsh, Lake Ontario 

Lagoon Marshes and St. Lawrence River Estuaries. Johnston et al. (2009) identified 

eight unique communities: Eastern Cattail, Western Cattail, Threesquare Rush, 

Bluejoint / Tussock Sedge, Northern Poor Fens, P. australis and Mere. The 

community “Mere” was a unique and geographically isolated community found near 

Grand Mere, inland from Lake Michigan, unlike the others. Johnston and Brown 

(2013) used these community types in their analysis of relationships between plant 

communities and water chemistry. Obvious similarities are present in comparing our 

classification to those listed above (Table 4.6). Differences are mainly in 

nomenclature and the larger number of communities in our proposed classification. 

This is partially the result of separating the meadow and emergent zones of the 

wetlands, and building a separate classification for each. Some of the communities 

identified in this paper are transitional. The difference between “Invaded P. australis 

Marsh” and “Transitional P. australis Marsh” is the presence of species that continue 

to persist following the colonization of P. australis. 

Table 4.6. Crosswalk of vegetation communities identified by the current and 
previous studies. 

Lemein et al. 2016 Johnston et al. 2009 Minc 1997a,b/Albert 
and Minc 2004 

Meadow Communities 
Carex lacustris-Phalaris 

arundinacea Burreed Lake Ontario Lagoon 
Marshes 

Calamagrostis 
canadensis – Carex 

stricta 
Bluejoint / Tussock Sedge Lake Erie-St. Clair 

Lakeplain Marsh 

Schoenoplectus pungens 
Transitional Meadow Threesquare rush Saginaw Bay Lakeplain 

Marsh 
Myrica gale Woody Northern Poor Fen Lake Superior Poor Fen 
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Lemein et al. 2016 Johnston et al. 2009 Minc 1997a,b/Albert 
and Minc 2004 

Meadow 
Carex stricta Sedge 

Meadow Bluejoint / Tussock Sedge Northern Marsh 

Phragmites australis 
Invaded Meadow P. australis Lake Erie – St. Clair 

Lakeplain Marsh 
Phragmites australis 
Transitional Meadow P. australis Lake Erie – St. Clair 

Lakeplain Marsh 
Hypericum kalmianum / 

Thuja occidentalis / 
Myrica gale Open 
Woody Meadow 

 
No equivalent Northern Rich Fen 

Cladium mariscoides - 
Clinopodium 

arkansanum - Carex 
crawei Open Meadow 

 
No equivalent Northern Rich Fen 

Emergent Communities 

Hybrid Typha x glauca Western Cattail Marsh 

Not distinguished from 
T. angustifolia: Saginaw 
Bay, Lake Erie-St. Clair, 

Lake Ontario Lagoon 

Typha angustifolia Eastern Cattail Marsh 
Saginaw Bay, Lake Erie-
St. Clair, Lake Ontario 

Lagoon 
Invasive Phragmites 

australis marsh P. australis Lake Erie-St. Clair 

Schoenoplectus 
tabernaemontani marsh 

 
No equivalent No equivalent  

Sparganium eurycarpum Burreed Northern Marsh 
Dulichium 

arundinaceum No equivalent No equivalent 

Sagittaria latifolia Burreed No equivalent 
Carex stricta – 
Schoenoplectus 

tabernaemontani 
Transitional Wetland 

Bluejoint / Tussock Sedge Northern Marsh 

Mixed Cattail Marsh 
 

Eastern Cattail Marsh / 
Western Cattail Marsh 

Saginaw Bay, Lake Erie-
St. Clair, Lake Ontario 

Lagoon 
Schoenoplectus pungens 
- Phragmites australis Threesquare rush Saginaw Bay Lakeplain 

Marsh 
Juncus balticus -  Northern Rich Fen 
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Lemein et al. 2016 Johnston et al. 2009 Minc 1997a,b/Albert 
and Minc 2004 

Cladium mariscoides 
 

No equivalent 

Eleocharis palustris - 
Schoenoplectus acutus 

 
No equivalent Northern Marsh 

 

 A notable outcome of the defined communities is their widespread distribution 

across hydrogeomorphic wetland types and lakes. Clear concentrations of community 

types are observed in Figure 4.5, but nearly all of the identified communities occur 

along the shorelines of multiple Great Lakes. Widespread distribution is especially 

the case for the many plant communities dominated by invasive plants, especially in 

the southern Great Lakes, where disturbance in the form of agricultural and urban 

nutrient enrichment, sedimentation, and water level control are the drivers of change 

to invasive plant dominance (Tables 4.2 and 4.3). Where native plants remain in these 

highly altered landscapes, they often occur in much narrower zones than they 

originally occupied, especially in the wet meadow zones along Lake Ontario.  

 One question is whether there were other physical variables that could have 

been sampled that would have been more strongly correlated with the vegetation 

communities. Water chemistry (Cl−, chlorophyll a, conductivity, NO3-N, pH, total N, 

total P, total suspended solids) is one such suite of environmental variables that were 

evaluated as potential indicators of community distribution (Johnston and Brown, 

2013). Johnston and Brown found that Cl-, conductivity, pH, and total P were 

successful in separating some wetland types, but widespread nutrient enrichment, as 

indicated by high levels of P and N, masked the original plant community types over 

large portions of the southern Great Lakes.  

 Water level fluctuations influence the distribution of coastal wetland 

communities. Natural extended low-water conditions between 1999 and 2013 

contributed to the increase in sites dominated by invasive species, especially P. 
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australis and T. x glauca (Frieswyk and Zedler, 2007; Hudon, 1997; Tulbure et al., 

2007; Wilcox and Nichols, 2008). Similarly, long-term water level controls on Lake 

Ontario and the upper St. Lawrence River have resulted in reduced meadow width 

and increased dominance by T. x glauca (Hudon, 1997). 

4.5 CONCLUSION 

 The 21 identified communities showed a strong correlation with latitude, 

likely as a correlation with agricultural disturbance. Water depth was important in the 

species present and distribution of emergent communities only, although other studies 

have indicated that increase in presence of invasive species dominated meadow 

communities is a byproduct of regulated water levels throughout the Great Lakes. The 

large geographic extent of the study area, diversity of environmental conditions, and 

high number of species included complicated the results but was necessary for region-

wide plant community analysis. The data provide a snapshot of species and 

community distributions during a period of consistently low lake water levels, with 

the exception of artificially high water levels maintained in Lake Ontario. Data 

collection across the entire Great Lakes basin utilizing identical methodology 

provides an unprecedented opportunity for plant community analysis. Land managers 

can utilize these data at the regional or local scales for comparing community and 

species composition changes over time or in response to sudden environmental or 

land use changes. Future sampling might include more intensive water and sediment 

chemistry sampling at a scale consistent with vegetation and associated physical data 

collection. 
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ABSTRACT 

 The rate of sediment accumulation in estuaries is an important metric for 

understanding the possible effects of sea level rise on vegetated marshes. However, 

sedimentation rates are not uniform in space and are subject to biological and 

physical factors. Sediment accumulation data were collected in the pioneer zone of 

vegetation at a high spatial (meters) and temporal (monthly) resolution in Tillamook 

Bay, OR, USA. Tillamook Bay is a Pacific Northwest drowned river estuary that has 

historically been infilling and is currently subject to 2.46 mm/year of sea level rise. 

Observed sedimentation rates were modeled against the species present, elevation 

above sea level, vegetative biomass, and distance within the marsh. Nine sub-sites 

within four ecologically and spatially distinct sites within Tillamook Bay were used 

for the study to evaluate site specific differences against the modeled parameters. 

Species present, elevation, distance into the marsh, and site within the estuary were 

found to be significantly correlated with variations in the observed sedimentation rate. 

Vegetation species and distance into the marsh were also observed to reduce the 

variance in monthly net accretion for a given site within Tillamook Bay. Patterns of 

sedimentation were not uniform and evidence for density-dependent feedbacks 

between vegetation and sedimentation were observed.  

5.1 INTRODUCTION 

 The interaction between sediment accumulation and vegetation in tidal 

environments has been suggested as a process that may mitigate effects of sea level 

rise (Kirwan and Murray 2007, Mudd et al. 2009, Fagherazzi et al. 2012, Coulombier 

et al. 2012, Kirwan and Megonigal 2013). The mechanism for this interaction is that 

vegetation reduces flow velocities by increasing the amount of friction and turbulence 

within the water column resulting in greater amounts of sediment falling out of 

suspension (Asano 2006, Bouma et al. 2009, Augustin et al. 2009, Mudd et al. 2010). 

Marsh expansion may occur with vegetation colonizing the leading edge of the 

marsh/mudflat interface when sediment accumulation exceeds sea level rise. Where 
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sediment accumulation is less than sea level rise, marshes may drown and vegetation 

may migrate landward. A marsh is at equilibrium when the accumulation rate 

matches the rate of relative sea level rise thereby maintaining the existing elevation of 

the marsh platform relative to sea level (Morris et al. 2002, Craft et al. 2008, Kirwan 

et al. 2010, Stralberg et al. 2011, Swanson et al. 2014).  

 Marsh elevation, inundation period, vegetation, sediment availability, wave 

climate, distance from tidal channels, and distance from the marsh edge have been 

suggested as key factors in determining the amount of sediment accumulation 

(Kirwan and Murray 2007, Fagherazzi et al. 2012, Swanson et al. 2014). Lower 

marsh elevations (relative to sea level) and greater inundation periods have largely 

been associated with greater sediment accumulation amounts (Temmerman et al. 

2003, Marion et al. 2009). The effects of these variables are not strictly linear and 

much remains unknown about the actual effect of any one variable across a range of 

environmental conditions. Different species of vegetation have been correlated with 

different rates of sediment accumulation and wave attenuation (Koch 1999, Peterson 

et al. 2004, D’Alpaos et al. 2007, Augustin et al. 2009, Bouma et al. 2010, Ysebaert et 

al. 2011). Similarly, different populations of the same species may have different 

effects on sediment accumulation and wave attenuation due to differences in the 

population structure (e.g., stem density and morphologic characteristics such as 

height and leaf number) (Mudd et al. 2004 p. 200, Bouma et al. 2009, Blackmar et al. 

2014). In some cases, dense vegetation increases the flow velocity in front of the 

vegetation leading to increased erosion (van de Koppel et al. 2005, Bouma et al. 

2009). In other cases vegetation has been demonstrated to accumulate greater 

amounts of sediment than unvegetated areas, as well as redistribute the captured 

sediment more evenly throughout the stand of vegetation over time (Koch 1999, 

Peterson et al. 2004, Bouma et al. 2009).  

 Modelling responses of marshes to rising sea levels have generally considered 

the effect of persistent sediment accretion over many years and large areas in order to 

match possible trends in accretion with predicted rates of sea level rise (Schwimmer 
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and Pizzuto 2000, Kirwan and Murray 2007, Craft et al. 2008, Kirwan et al. 2010, 

Fagherazzi et al. 2012). Field studies have indicated that pulse-like sedimentation 

events may supply the bulk of sediment that is captured by marsh vegetation 

suggesting punctuated increases in sedimentation rather than persistent increases 

(Cahoon et al. 1996, Rybczyk and Cahoon 2002, Kirwan et al. 2011, Mudd 2011). Of 

importance to the existing understanding of marsh evolution is the influence of 

vegetation at the marsh/mudflat interface at high horizontal or lateral spatial (meters) 

and temporal (monthly) resolution. This interface is sometimes referred to as the 

pioneer zone. Often the change from mudflat or open bay to vegetated marsh is 

abrupt and the difference in sedimentation dynamics at this interface may illustrate 

the effect of vegetation on the system and its ability to expand seaward as sediment 

accumulates.  

In this study we consider the relative effects of two emergent tidal marsh 

species, threesquare bulrush (Schoenoplectus pungens) and Lyngbye’s sedge (Carex 

lyngbyei) on the sediment accumulation rate in Tillamook Bay, OR, a Pacific 

Northwest drowned river estuary over a two year period at inter-monthly intervals 

and a meter-level spatial scale between the open mudflat and vegetated marsh across 

a range of biological and elevational gradients. Small sections of extensive 

continuous zones of marsh vegetation are considered as well as islands of vegetation 

which could potentially act as seed populations for the expansion of marsh 

vegetation. Our goal is to evaluate the relative influence of vegetation on sediment 

accumulation relative to other known controls on sediment accumulation such as 

elevation, biomass, and distance from the marsh edge. Furthermore we consider the 

influence of the physical location of the study sites on the sedimentation rate in 

relation to species, biomass, elevation, and distance within the marsh. By considering 

changes in accumulation at a monthly time scale we evaluate the frequency of pulse 

type sedimentation events compared to the estimated mean sedimentation rate as well 

as published historic rates of sedimentation in Tillamook Bay and nearby estuaries 

(Thom 1992, Komar et al. 2004). 
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5.2 STUDY AREA 

 Tillamook Bay, Oregon, is a shallow drowned river estuary that receives 

freshwater input from the Wilson, Trask, Tillamook, Miami, and Kilchis rivers whose 

combined drainage area total 1,361 km2, the majority of which is steeply forested 

(Figure 5.1, Komar et al. 2004). The estuary is shallow with an average depth of 

approximately 2 m at high tide and roughly half of the estuary is exposed mudflat and 

vegetated marsh at low tide. Mudflat is used in a general sense and refers to the 

typically unvegetated area in front of emergent marsh vegetation. Much of the 

substrate in this area is composed of sand and populations of eelgrass (Zostera spp.) 

may be present. Commercial oyster farms are also present outside of the study area. A 

single persistent tidal channel is the main waterway and connects the mouth of the 

estuary to the Tillamook and Trask Rivers at its most southern extent. Annual 

precipitation is approximately 2.25 m/year. Marsh vegetation surrounds the mudflats 

along much of the western, southern and eastern edges of the estuary. The northern 

portion of the estuary is bordered by a road and supporting rip rap with almost no 

vegetation present. Marsh vegetation forms the broadest beds in the bay head delta in 

an area that has been historically farmed or managed for cattle grazing, and large 

sections of these emergent vegetation beds are currently diked. The western portion 

of the estuary is bordered by a persistent beach spit that separates the bay from the 

ocean, and two jetties flank the southern and northern edges of the channel 

connecting the bay with the ocean. This narrow connection between the ocean and the 

northwestern edge of the estuary reduces the propagation of ocean swell into the 

estuary. As a result, the majority of waves within the estuary are wind generated and 

depth limited. On its longest axis (northwest to southeast) the estuary has a maximum 

fetch of 8 kilometers and on its shortest axis (west to east) approximately 4 

kilometers. With winds commonly between 10 and 35 miles per hour, wind generated 

waves may range between 0.15 m to 0.75 m with periods between 1.5 and 3.0 

seconds (Shore Protection Manual 1984). The Garibaldi tide station located at the 

mouth of the estuary estimates sea level rise at 2.46 mm/year (+/- 0.86 mm; NOAA 
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station #9437540) which is similar to an estimated rate of relative sea level rise along 

the Oregon and Washington coasts (~1.5 mm/year) (Komar et al. 2011). 

 The majority of the substrate within Tillamook Bay is sand from marine and 

riverine sources with the western portion of the estuary being more strongly 

influenced by marine sources and the eastern portion more strongly influenced by 

riverine sources (Komar et al. 2004). Sediment infilling within the estuary has been 

persistent with notable periods of sudden increases in sediment deposition. In 1917 

the north jetty was constructed and led to the formation of a shoal at the inlet which 

likely increased the amount of marine sands entering the estuary (Komar 1997). In 

1952 Bayocean Spit, which separated and protected the western portion of the estuary 

from the Pacific Ocean, was breached and not repaired until a dike was built in 1956, 

allowing approximately 1.5 million m3 of sand to be deposited into the estuary. This 

deposition is still clearly visible and is the site of a large section of marsh where two 

of the nine study areas are located. A second jetty was constructed on the southern 

end of the inlet in 1964 which reduced the inlet shoal as well as the rate of 

sedimentation within the estuary. The average rate of sedimentation within the 

estuary since the late 1800’s has been estimated to be between 2 and 7 cm/year with 

variations in accretion being link to anthropogenic sources (Dicken et al. 1961, 

Komar 1997, Komar et al. 2004). 

5.3 METHODS 

5.3.1 Site Selection and Design 

 Nine emergent vegetated areas within Tillamook Bay were selected for this 

study (Figure 5.1). Sites varied in their elevation relative to mean sea level, vegetation 

composition and biomass, position within the estuary and resulting differences in 

sediment source, and exposure to waves and tidal and river currents (Table 5.1). 
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Figure 5.1. Study area locations within Tillamook Bay, Oregon. Inset images at right 
show examples of the IDB site (top), MCB (middle), and DC (bottom). IDB is an 
island site characterized by Schoenoplectus pungens growing on riverine sediment 
and is shown at mid tide. MCB is a relatively protected site and is characterized by S. 
pungens growing on fine sediment derived from adjacent ridges of marine silt and 
sandstone. DC is located in the bay head delta and is characterized by Carex lyngbyei. 
DC is shown with a rising tide. 

Table 5.1. Description of study sites within Tillamook Bay, OR. 

Site Species Mean 
Elevation 

Average 
Slope 

Sediment 
Source 

Mean 
Biomass 

(-) (-) (m, mean sea 
level) 

(%) (-) (g/m2) 

BF Schoenoplectus 
pungens 

0.46 1.5 Marine 19 

DC Carex lyngbyei 0.11 2.8 Riverine 50 
IDB Schoenoplectus 

pungens 
0.02 1.0* Riverine 17 
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Site Species Mean 
Elevation 

Average 
Slope 

Sediment 
Source 

Mean 
Biomass 

(-) (-) (m, mean sea 
level) 

(%) (-) (g/m2) 

IDC Carex lyngbyei 0.22 0.36* Riverine 38 
MCB Schoenoplectus 

pungens 
0.03 0.80 Overland 28 

MCC Carex lyngbyei 0.15 0.80 Overland 54 
PL Schoenoplectus 

pungens 
0.08 1.6 Marine 11 

SGS Schoenoplectus 
pungens 

0.00 0.97 Marine 23 

SS Schoenoplectus 
pungens 

0.48 2.4 Marine 40 

*Variable slope 
 

Each site was located within the pioneer zone of marsh vegetation at the 

mudflat/marsh interface. Six transects were evenly spaced from a random offset 

within each site for a total of 54 transects. Each transect was positioned normal to the 

marsh face and was aligned with a vegetation gradient from the unvegetated mudflat 

to within the marsh vegetation. Four or five permanent sampling points were 

established along each transect from the bare mudflat to the middle of the emergent 

vegetation (Figure 5.2). The length of transects were determined by the size of the 

stand of vegetation for the species that was present at the site. One hundred percent of 

vegetation cover along each individual transect was composed of a single species. 

This sampling decision was made to facilitate interspecies comparisons in sediment 

accretion. Two of the nine sites were island sites (IDB, IDC) and the vegetation 

within these sites was bordered on all sides by unvegetated mudflats. 
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Figure 5.2. Example transect design for sites DC (left) and IDC (right). Each site 
contains six transects (shown with dotted lines), containing a series of points (black 
squraes) that are evenly spaced according to their position within the mudflat or 
vegetation. Site IDC, an island site, contains a fifth point behind the vegetation to 
capture any differences in accretion between the leading and trailing edge 
unvegetated areas. 

All other sites had emergent vegetation that was contiguous with higher marsh or 

upland vegetation. Sampling points were established at specific points along each 

transect to capture responses in accretion as the mudflat transitioned into marsh 

vegetation. A point was placed in the unvegetated mudflat in front of the vegetation, 

at the interface of the mudflat and vegetation, one to two meters behind the marsh 

interface within the vegetation, and at the midpoint of the marsh vegetation. This 

resulted in 246 permanent sampling points. More points were not established along 

each transect due to time limitations during each sampling period. At each point two 

sediment stakes (PVC pipes) were hammered into the substrate until a maximum of 

20 cm of the sediment stake remained above the surface of the sediment. The top of 

each of the stakes were leveled. The vertical distance from the bottom surface of the 

level at the midpoint of the sediment stakes to the sediment surface was recorded 

monthly (Uncles and Stephens 2010). This method was chosen because it was cost 

effective, non-destructive, and repeatable over the two year study period. 
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5.3.2 Data Collection 

 Data collection began in August 2013 and continued monthly until September 

2015. Each month, at approximately mid-month when the tidal cycle permitted 

extended sampling time (low tide during daylight hours), the sediment level at each of 

the 246 points was measured. Vegetation was collected annually in August or 

September when it was clear that senescence was beginning. Vegetation was 

harvested as above ground biomass in a 0.25m2 quadrat. Data on stem height and 

stem density were recorded in addition to biomass for S. pungens since localized 

relationships have been previously established (Albert et al. 2013, Lemein et al. 

2015). Because of the growth structure of C. lyngbyei no height and density data was 

recorded. Vegetation data was not collected monthly along with sediment 

accumulation data to avoid altering vegetation-sediment-wave interactions. The final 

dataset consisted of continuous sediment data collected on a monthly time interval 

and estimations of annual biomass production for each of the 246 points.  

 At each of the nine sites a local elevation benchmark was established in the 

high marsh near the study area. A Leica GS14 antenna was used to record position 

data over a 30 minute period and a horizontal and vertical OPUS solution was 

obtained using NAD83 (horizontal) NADV88 (vertical) datums. Sub-centimeter 

accuracy was obtained for the horizontal position while vertical error ranged from 2 

cm to 6 cm. Each point within a study area was then surveyed using a Nikon DTM-

322 total station using the local benchmark as a frame of reference. Lastly, elevations 

obtained through the local benchmarks and surveys were corrected to a local mean 

sea level tidal datum using NOAA’s VDatum software. 

5.3.3 Statistical Analysis  

 R version 3.3.1 (R Development Core Team 2016) and Matlab (R2014b) were 

used for all statistical analyses. Residual and normal Q-Q plots were evaluated for all 

tests to ensure that the assumptions of equal variance and normal distribution were 

met. Linear regression was used to estimate the average rate of sediment 
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accumulation over time for each data point. To assess the parameters that had the 

greatest influence on sedimentation rate a multiple linear regression model was used. 

Explanatory parameters considered for the multiple linear regression were site 

(categorical), species (categorical), biomass (quantitative), elevation (quantitative), 

and distance within the marsh (quantitative). Interaction terms between variables 

were also considered. Beginning with a rich model including all terms and 

interactions, parameters were evaluated against the null hypothesis that their 

coefficients were equal to zero (p>0.05) using ANOVA. The final model included 

site, species, biomass, elevation, distance within the marsh, the interaction between 

site and distance within the marsh, and the interaction between elevation and distance 

within marsh (ANOVA, p<0.05 for all parameters).  

 The variability in monthly net accretion was measured as the variance from 

the mean monthly net accretion for each data point. Variance is a measure of how 

often a measurement is similar to or different from the mean of the data point over the 

time series. In this case, a high variance indicates large changes in monthly net 

accretion. The same multiple linear regression model was used both to assess the 

controls on sedimentation rate and monthly net accretion. Variance was log 

transformed in the model to conform to assumptions of the regression analysis. 

 Biomass present within sites and between sites was compared using linear 

regression and one-way ANOVAs. Multiple comparisons were evaluated using 

Tukey’s Honest Significant Difference (HSD) which allowed for pairwise 

comparisons of all vegetation data by site. Outliers were evaluated using estimates of 

point leverage, Cook’s distance, and studentized residuals. Five outliers were 

suggested by their leverage, 14 by the studentized residuals, and none by Cook’s 

distance. Review of the data did not reveal obvious errors in data that would suggest 

removal of outliers and conducting the same analyses both with and without the 

outliers did not significantly alter the results, justifying conducting analyses on the 

full dataset. 
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5.4 RESULTS 

5.4.1 Site Morphology and Vegetation 

 Distinct differences in elevational profiles were observed between the nine 

study areas within Tillamook Bay. Profiles were grouped into three classes: flat (< 

2% slope), sloped (> 2% slope), and variable (slope changes across the profile) 

(Figure 5.3). Variable profiles were associated with islands of marsh vegetation (sites 

IDB and IDC) that were surrounded by mudflat but near continuous sections of 

vegetated marsh. In each of the variable sites there was a steep increase in elevation 

from open mudflat on the bay side (west) to vegetated marsh followed by a gradual 

decrease in elevation until the vegetation gave way to mudflat again on the stream 

side (east). Flat and sloped profiles were always associated with continuous portions 

of marsh that transitioned to high marsh and upland vegetation. The mean elevation 

within each of the individual sites ranged from mean sea level to 0.48 m above mean 

sea level, despite all sites being located at the mudflat/marsh interface (Table 5.1). All 

sites were below mean high water and vegetation would either be completely 

submerged or partially emergent during all but the lowest high tides. 
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Figure 5.3. Average elevation profiles from the marsh edge to within the marsh. 
Three types of profiles were observed: 1. Sloped (>2%; DC,SS); 2. Variable (IDB, 
IDC); 3. Flat (<2%; MC C/B, PL, SGS, SS). Flat and sloped profiles were associated 
with marsh vegetation that was contiguous between mudflat to upland areas while the 
variable profiles were associated with islands of marsh vegetation that were not 
contiguous with the larger marsh area. Sites MCB and MCC are shown as a single 
profile due to their close proximity to one another and almost identical slopes. 

 Vegetation biomass (g/m2) also varied by site and across transects with 

biomass increasing positively with distance into the marsh (linear regression r2=0.18, 

p<0.001). However, mean biomass significantly differed between sites (Figure 5.4, 

ANOVA F8,162 =17.24, p<0.001). Sites that were close to each other and shared 
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similar position within the estuary, including potential wave exposure and sediment 

texture, did not necessarily support the same species or similar amounts of biomass. 

 

Figure 5.4. Boxplots of vegetation biomass for each site. Letters indicate similarity in 
mean biomass between sites (Tukey’s Honest Significant Difference, ANOVA F8,162 
=17.24, p<0.001). 

When site and marsh distance were held constant there was no evidence for a 

correlation between elevation and mean biomass (multiple linear regression, p>0.05). 

Typically, sites populated by C. lyngbyei (MCC, DC, IDC) had a greater amount of 

mean biomass than sites populated by S. pungens. These two species vary in their 

growth pattern as well as in their growth form. Schoenoplectus pungens is a reed-like 

plant with few leaves and generally a single emergent stem emerging from a node 

along a rhizome (Albert et al. 2013, Lemein et al. 2015). A population of S. pungens 

expands through the extension of rhizomes horizontally giving rise to new stems. 

Carex lyngbyei is a leafy herbaceous species that more closely resembles blades of 

grass. Dense groups of stems arise from rhizomes in bunches (a cespitose growth 

formation) and each of these stems have multiple leaves. 

5.4.2 Sedimentation  
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 The mean sediment accumulation rate between sites ranged from -0.13 

cm/month to 0.20 cm/month depending on the location within the marsh (Table 5.2). 

Mean net sediment accumulation between sites and distance in the marsh ranged from 

-1.5 cm to 5.5 cm over the two year study period. 

Table 5.2. Mean total sediment accumulation and rate by site and distance into the 
marsh. Values in the table are the mean net sediment accumulation (cm) followed by 
the mean sediment accumulation rate (cm/month). 

Distance within Marsh (m) 
Site -2 0 2 10 15 Mean 
BF 5.5 

(0.20) 
5.0 

(0.17) 
0.8 

(0.00) 
1.7 

(0.02) 
- 3.3 

(0.10)  
DC -0.2 

(-0.03) 
1.7 

(0.04) 
1.2 

(0.03) 
1.5 

(0.05) 
- 1.1 

(0.02)  
IDB -1.3 

(-0.06) 
-1.5 

(-0.07) 
-1.2 

(-0.04) 
0.5 

(0.02) 
2.0 

(0.04) 
-0.3 

(-0.02)  
IDC 1.8 

(0.06) 
4.9 

(0.22) 
3.9 

(0.15) 
3.7 

(0.11) 
2.3 

(0.07) 
3.3 

(0.12)  
MCB 0.7 

(-0.02) 
0.2 

(-0.04) 
-1.0 

(-0.08) 
0.0 

(-0.05) 
-0.2 

(-0.05) 
-0.1 

(-0.05)  
MCC -0.2 

(-0.05) 
0.0 

(-0.05) 
-2.9 

(-0.13) 
-0.3 

(-0.05) 
1.2 

(0.02) 
-0.4 

(-0.05)  
PL -0.3 

(0.01) 
-0.5 

(0.00) 
-1.0 

(-0.03) 
-0.7 

(-0.04) 
- -0.6 

(-0.02)  
SGS 0.3 

(0.03) 
-0.1 

(-0.03) 
0.4 

(-0.03) 
1.4 

(0.05) 
1.5 

(0.06) 
0.7 

(0.02)  
SS 1.3 

(0.00) 
3.4 

(0.06) 
-0.7 

(-0.06) 
3.4 

(0.13) 
- 1.8 

(0.03)  
Dashes (-) indicate no sampling point occurred at that distance into the 
marsh. 

 

Sedimentation rate was modeled as a response to the species present, site, biomass, 

elevation (relative to mean sea level), distance into the marsh, the interaction between 

site and distance into the marsh, and the interaction between distance into the marsh 

and elevation (Table 5.3, multiple linear regression, R2 = 0.47). The sedimentation 

rate increased by 0.20 cm/month (95% confidence interval 0.12 to 0.28, p<0.01) 

when a point was within a stand of S. pungens compared to C. lyngbyei, when all 
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other parameters were held constant. The results also indicated that there are strong 

site specific influences on the sedimentation rate when all other variables are 

accounted for. Sites BF, IDB, MCB, SGS, and SS were found to have lower rates of 

sedimentation than sites DC and IDC when all other variables were accounted for 

(p<0.05). Site PL was found to have a weak effect on the sedimentation rate when 

other variables were included (p=0.05). Between -0.25 to 0.75 m above mean sea 

level, sedimentation rate increased by 0.23cm/month per meter increase in elevation 

above mean sea level (95% confidence interval 0.06 to 0.39, p=0.01). Conversely, 

marsh distance was negatively related to sedimentation rate (-0.03 cm/month per 

meter into the marsh, 95% confidence interval -0.05 to -0.02). The effect of marsh 

distance varied by site and elevation suggesting an interaction between marsh 

distance, site, and elevation (Table 5.3, interaction terms Marsh:Site and 

Marsh:Elevation p<0.01). Figure 5.5 shows the means of sedimentation rates by site 

and distance into the marsh (error bars represent +/- one standard error). Both the site 

variability and effect of the distance into the marsh become apparent in the 

differences in the mean sedimentation rates. 

Table 5.3. Results of multiple regression on the rate of sediment accretion. The model 
used is Sedimentation Rate ~ Species + Site + Biomass + Elevation + Marsh Distance 
+ Marsh Distance * Site + Marsh Distance * Elevation. 

Variable Estimate Standard 
Error 

t-value p-value 

Intercept (BF,C. lyngbyei) -0.10 0.02 -4.96 <0.01 
Schoenoplectus pungens 0.20 0.04 5.08 <0.01 

Site(DC) 0.09 0.03 2.99 <0.01 
Site(IDB) -0.16 0.05 -3.20 <0.01 
Site(IDC) 0.19 0.03 7.33 <0.01 
Site(MCB) -0.16 0.04 -3.51 <0.01 
Site(MCC) - - - - 

Site(PL) -0.09 0.05 -1.97 0.05 
Site(SGS) -0.10 0.05 -2.05 0.04 
Site(SS) -0.16 0.04 -4.48 <0.01 
Biomass 0.00 0.00 1.01 0.31 
Elevation 0.23 0.09 2.63 0.01 

MarshDistance -0.03 0.01 -5.25 <0.01 
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Variable Estimate Standard 
Error 

t-value p-value 

MarshDistance:Elevation 0.03 0.01 3.55 <0.01 
DC:MarshDistance 0.04 0.01 5.58 <0.01 
IDB:MarshDistance 0.03 0.00 5.27 <0.01 
IDC:MarshDistance 0.03 0.01 4.05 <0.01 

MCB:MarshDistance 0.03 0.01 4.24 <0.01 
MCC:MarshDistance 0.02 0.01 2.68 0.01 

PL:MarshDistance 0.03 0.01 4.46 <0.01 
SGS:MarshDistance 0.02 0.00 3.43 <0.01 
SS:MarshDistance 0.02 0.01 2.31 0.02 

R2 = 0.47, df = 225, residual standard error = 0.08; No data is available for 
Site(MCC) since that parameter was co-correlated with the indicator 
variable for C. lyngbyei. 

 

A reduction of the sedimentation rate from accretion to a neutral rate is observed in 

sites BF and IDC from the unvegetated front edge to the mid marsh. At BF the 

greatest sedimentation rate occurs in the unvegetated area in front of the marsh 

compared to IDC where the sedimentation rate is greatest at the marsh interface. Sites 

MCB and MCC were observed to have negative mean sedimentation rates at all 

distances into the marsh suggesting a net loss of sediment during the study.  

 

Figure 5.5. Mean sedimentation rate (cm/month) by site and distance into the marsh. 
Error bars represent +/- one standard error. Both the pattern and magnitudes of 
observed sedimentation rate differ between sites. 
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Sites DC, IDB, PL, SGS, and SS all have areas of both positive and negative 

sedimentation rates. The pattern at sites DC and IDB both show increasing 

sedimentation rates with increasing distance into the marsh. Site PL was observed as 

have near neutral sedimentation rates and sites SGS and SS were lacking a clear 

relationship between the sedimentation rate and distance into the marsh. 

 The time series of total sediment accretion at each site shows similar 

variability in sedimentation patterns across study sites (Figure 5.6). In Figure 5.6 the 

mean sediment accumulation at a distance into the marsh has been averaged across 

each of the six transects for that site for each month. Different patterns of net 

accumulation over time are observed in the individual time series that are not 

apparent when just sedimentation rate is considered. Evidence of pulses of sediment 

accretion or erosion was observed at all sites, although sites BF and SS visually 

appear to be steadier in month to month variations of accretion (Figure 5.6). In the 

remaining sites, periods of accretion are observed to be followed by periods of 

erosion. 

 

Figure 5.6. Mean net accretion within a site by distance into the marsh during the 
study period (+/- one standard error). Each line represents the mean accretion at a 
similar distance into the marsh averaged over six transects at each site for each month 
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of the study from August 2013 to September 2015. Note that the y-axis units are 
variable for each subplot. From the profiles it is apparent that not all sites experienced 
the same amount, rate, and variation in accretion over time. Also note that the pattern 
of accretion through time is similar within a site even at different distances into the 
marsh but is different between sites, indicating that patterns of accretion may not be 
solely explained by their location in the marsh. 

The variation in total accretion over time, as well as the magnitude of the variation, 

differs by site and distance into the marsh. A multiple linear regression on the log 

variance of monthly changes in sediment accretion shows that as distance into the 

marsh increases the log variation decreases by 0.19 units per meter into the marsh 

(95% confidence interval -0.29 to -0.1, p<0.01, Table 5.4 and Figure 5.7) when all 

other variables are held constant. However, this relationship only accounts for about 

9% of the mean variance across all sample points (linear regression, R2= 0.09, 

p<0.01). 

Table 5.4. Results of multiple regression on the variance of monthly net sediment 
accretion. The model used is log(variance) ~ Species + Site + Biomass + Elevation + 
Marsh Distance + Marsh Distance * Site + Marsh Distance * Elevation. 

Variable Estimate Standard 
Error 

t-value p-value 

Intercept (BF,Carex) -0.92 0.15 -6.17 <0.01 
Schoenoplectus pungens 0.80 0.29 2.76 0.01 

Site(DC) -0.41 0.23 -1.78 0.08 
Site(IDB) -0.98 0.38 -2.61 0.01 
Site(IDC) 0.86 0.19 4.60 <0.01 
Site(MCB) -0.75 0.33 -2.28 0.02 
Site(MCC) - - - - 

Site(PL) -0.99 0.35 -2.83 0.01 
Site(SGS) -0.81 0.34 -2.38 0.02 
Site(SS) 0.72 0.26 2.75 0.01 
Biomass -0.01 0.01 -1.13 0.26 
Elevation -1.11 0.63 -1.75 0.08 

MarshDistance -0.19 0.05 -4.04 <0.01 
MarshDistance:Elevatio

n 
0.14 0.06 2.52 0.01 

DC:MarshDistance 0.19 0.05 3.85 <0.01 
IDB:MarshDistance 0.11 0.04 3.09 <0.01 
IDC:MarshDistance 0.23 0.05 4.41 <0.01 
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Variable Estimate Standard 
Error 

t-value p-value 

MCB:MarshDistance 0.20 0.05 3.75 <0.01 
MCC:MarshDistance 0.08 0.06 1.44 0.15 

PL:MarshDistance 0.13 0.05 2.38 0.02 
SGS:MarshDistance 0.01 0.03 0.36 0.72 
SS:MarshDistance 0.16 0.08 2.04 0.04 

R2 = 0.44, df = 225, residual standard error = 0.59. No data is available for 
Site(MCC) since that parameter was co-correlated with the indicator variable 
for C. lyngbyei. 

 

 

Figure 5.7. Net monthly accretion at site BF along transect 6. The variance is a 
measure of the magnitude of change throughout the time series. Decreasing variance 
is seen with increasing distance into the vegetation. The variance at each distance 
within the marsh is: -2 m = 0.83; 0 m = 0.24; 2 m = .12, 10 m = .10. 

Species, site, marsh distance, and the interaction between marsh distance with 

elevation and site were observed to have a significant influence on the log variance 

when other variables were held constant. These results mirror the model results of the 

model parameters’ effect on sedimentation rate (Table 5.3) with the exception of 

elevation which was not found to be significant in explaining the variance of points 

(Table 5.4, p=0.08). 

5.5 DISCUSSION 



105 
 

 

 Four of the nine sites (IDB, MCB, MCC, and PL) had mean negative net 

accumulation over the two year study period and sedimentation rates of -0.10 cm/year 

to -0.60 cm/year (Table 5.2). The remaining sites were observed to have positive net 

sediment accumulation with positive sedimentation rates of 0.24 cm/year to 1.44 

cm/year. The current rate of sea level rise measured at the Garibaldi tide gauge is 

0.246 cm/year (+/- 0.086 cm) which suggests that all sites that are currently positively 

accreting sediment (BF, DC, IDC, SGS, and SS) will at a minimum accrete sediment 

at a rate that maintains or increases the marsh platform. The remaining sites may 

drown or the marsh vegetation may migrate or shift in species composition, as has 

been suggested by modeling (Morris et al. 2002, Kirwan and Murray 2007, 

Fagherazzi et al. 2012). Interestingly, the estimated annual sedimentation rates 

calculated for the entire bay by Komar et al. (2004) and Dickens (1961) were higher 

than the observed sedimentation rate from this study (minimum accretion ~2 cm/year, 

Komar 2004) although these studies considered much longer time periods (~50-100 

years). This may suggest that the accretion rates estimated from sediment cores over 

long time periods may not match the current conditions. While it is useful to 

aggregate the spatial data into site means it obscures detail in the data that suggest 

more nuanced patterns than the blunt reduction or accretion of the marsh platform. 

For example, site IDB has net loss of sediment but it is clear that this loss is being 

driven by the loss of sediment near the mudflat/marsh interface and that sediment is 

actually increasing farther into the marsh suggesting a migration of the vegetation.  

 Previous research has shown species specific influences on the sedimentation 

rate (Koch 1999, Bouma et al. 2010), but this was not consistently seen in the species 

considered for this study. Species presence did not alone explain differences in 

sedimentation rates and, notably, the amount of biomass of the species present was 

not found to significantly explain any observed differences in sedimentation (Table 

5.3). However, the distance into the marsh was found to be negatively correlated with 

sedimentation rate. A possible mechanism that explains decreasing rate with 

increasing distance into a marsh may be the effect that the marsh has on flow routing 
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and wave attenuation. These factors were not considered for this study, but there is 

evidence that there are significant boundary effects at the mudflat marsh interface that 

result in large water velocity reductions immediately within a vegetation canopy 

(Nepf and Vivoni 2000, Bouma et al. 2005, Neumeier 2007). This suggests that as 

long as there is continuous vegetation, that the biomass at any one point within the 

vegetation is secondary to the effect of the vegetation stand as a whole. Furthermore, 

should the initial interaction between the vegetation, water column, and sediment be 

greatest at the mudflat/marsh boundary, we would expect to see high amounts of 

accretion at the interface followed by decreasing rates of accretion into the marsh, 

which was observed in some cases (Figure 5 and 6 sites BF and IDC). Conversely, 

density dependent feedbacks may lead to erosion at the mudflat/marsh interface, as 

observed at sites DC and IDB (Figures 5.5 and 5.6).  

 The variance in net monthly accretion is a measure of the temporal variability 

of accretion at a location. Locations with high variance will see larger changes in net 

sediment accretion each month compared to a location with low variance. The model 

suggests that log variance responds to the same parameters as the sedimentation rate 

with the notable difference that elevation was not a significant parameter (p=0.08, 

Table 5.4). Distance within the marsh was negatively correlated with variance, 

suggesting that the sediment farther into the marsh was less likely to experience large 

fluctuations in accretion (positive or negative). This result supports a similar finding 

that submergent vegetation increased sediment stability within beds of vegetation 

compared to unvegetated areas (Koch 1999). 

 It is important to consider that site was an important parameter for both the 

modeling of sedimentation rate and variance in net monthly accretion. This indicates 

that there is significant variation in the rate that was not explained by the measured 

variables and is instead accounted for by the site. Unidirectional flow from tides, tidal 

flow rates, inundation time, wave exposure, and wave generated oscillatory flow may 

explain the differences between sites, as has been suggested by another study 

(Coulombier et al. 2012). Other explanations may include different wind strengths in 



107 
 

 

different parts of the estuary, and different sediment characteristics. None of these 

factors were measured for this study because of the high spatial and temporal 

resolution of the sampling design but they suggest avenues for further research. 

5.6 CONCLUSION 

 The sedimentation rate at high temporal and spatial resolution in the pioneer 

zone of vegetation in a Pacific Northwest drowned river estuary is not as uniform as 

may be suggested by comparable studies over lower time and spatial scales and under 

different physical conditions. Species, distance into the marsh, and elevation were 

significant parameters for describing differences in sediment accretion rates when 

controlling for site variability within Tillamook Bay. Species and distance into the 

marsh were likewise significant parameters for explaining the variance in net monthly 

accretion. These results suggest that within a single estuary there is a high amount of 

variation in sedimentation that is not described by elevation, distance into the marsh, 

species, or biomass. Data on wave and tidal currents, seasonal wind directions and 

speeds, and regional soil differences, none of which were collected for this study, 

might have aided in explaining the variability that was observed at different sites 

within Tillamook Bay. Four of the nine sites had negative accretion rates coupled 

with negative net sediment accumulation, possibly indicating a localized loss of 

marsh habitat as sea level rises for those sites depending on the potential for marsh 

migration shoreward. The remaining five sites had sedimentation rates that matched 

or exceeded sea level rise suggesting that the marsh platform may be accreting at 

these sites. The aggregation of the high spatial resolution data appears to obscure 

subtle differences in accumulation rates that occur over short distances. Other studies 

have suggested that these localized differences may be the result of both flow routing 

and density dependent feedbacks caused by the vegetation. 
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6 – SUMMARY AND CONCLUSION 

 My research has focused on the interaction between coastal emergent 

vegetation and the physical environment. I have considered both the response of 

vegetation to the environment as well as the effect of vegetation on the environment 

through changes in sedimentation patterns. The research includes development of 

new methodologies for measuring vegetation characteristics, a controlled mesocosm 

experiment to evaluate effects of disturbance on emergent vegetation, and 

observational field studies at the local to regional level. Emerging from this work is a 

more cohesive understanding of the distribution of vegetation communities of the 

coastal marshes of the Laurentian Great Lakes and the interaction between emergent 

species of vegetation and sediment that occur in estuaries of the Pacific Northwest. 

The work in the Pacific Northwest expands upon the current understanding of 

vegetation-sediment interaction by considering both a significant disturbance 

phenomenon (burial) and species and environmental conditions that have not 

previously been evaluated in related work on the Gulf and Atlantic coasts or in other 

countries.  

 In Chapter two, I demonstrated that image analysis of the lateral obstruction 

of vegetation could be utilized to refine measurement of morphological features of the 

vegetation. The method provides a rapid, repeatable, and non-destructive alternative 

for describing the traditional measurements of biomass, stem height, stem diameter, 

and density within a stand of threesquare bulrush (Schoenoplectus pungens). The 

technique could be expanded to include other species of vegetation and the 

measurement of lateral obstruction itself may be useful for comparing species with 

different morphologies, since it is a direct measure of the complete lateral area 

occupied by the vegetation. One benefit of considering the lateral obstruction is that 

vertical variation in vegetation distribution can be described, which has an effect on 

how the vegetation is predicted to interact with waves and sediment (Blackmar et al. 

2014, Wu and Cox 2016). 
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 In Chapter three, I simulated complete burial of emergent vegetation (S. 

pungens) as might be observed following a hurricane or tsunami and demonstrated 

that the species is tolerant of burial by at least 80 cm of sand. Burial depths of up to 

10 cm showed no difference in aboveground biomass from unburied control 

treatments, and vegetation grew up through 40 cm of sand, but at reduced densities 

during the first growing season. By the end of the second year vegetation biomass 

was present in amounts similar to the unvegetated control in all treatments, including 

80 cm of burial, with similar mean stem height. Root and rhizome biomass was 

observed to migrate vertically in the sediment column, suggesting reestablishment of 

the rooting and rhizome depth at a new, higher elevation to more efficiently capture 

moisture and reduce energy for stem emergence. The upward movement and increase 

in root and rhizome biomass likely has important implications for retaining newly 

deposited sediment in an actual burial event. Sudden, or pulse-type inputs of sediment 

have been suggested as the primary source for maintaining or building the marsh 

platform in the pioneer zone, but may only do so if there is a mechanism to retain the 

deposited sediment. The tolerance of vegetation in the pioneer zone to sedimentation 

events resulting in burial and the quick return to pre-disturbance levels of biomass, as 

well as the migration of root and rhizome biomass through the sediment, supports the 

idea that vegetation acts as a stabilizing mechanism in the pioneer zone (Kirwan et al. 

2011).  

 In Chapter four, I developed a classification and created distribution maps of 

vegetation communities across environmental gradients along the shorelines of the 

Laurentian Great Lakes. The coastal zones of these large lakes, while not tidal, are 

subject to similar physical processes that include major changes in water level, wave 

driven erosion, and seasonal variations in sedimentation. The classification identified 

twenty-one vegetation communities and the gradients along which they are 

distributed were described. The resulting classification had higher resolution than 

previous studies and was possible because of more intensive field collected data, and 

more stable water levels during the three years of data collection. Latitude, 
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agricultural intensity, substrate, geomorphology, and water depth were observed to be 

key variables for explaining the distribution of both the meadow and emergent 

communities. The distribution maps of the vegetation communities indicated an 

increase in the extent of communities dominated by invasive species such as 

Phragmites australis, Typha angustifolia, and T. x glauca. These species were found 

to grow equally well in both the meadow and emergent zones of coastal marshes, and 

they were clearly expanding their geographic extent beyond the highly agricultural 

and urbanized areas where they first became common. The spread of invasive species 

is likely tied in part to the regulation of water levels in parts of the Laurentian Great 

Lakes (Frieswyk and Zedler 2007), and partially to multi-year low water conditions in 

some of the lakes (Lishawa et al. 2010). Changes in the plant community to a more 

homogenous and dense vegetation from the original heterogeneous community 

composition will most likely have adverse effects on the biological diversity and 

physical configuration of the shoreline of the affected marshes. 

 In Chapter five I conducted a two year observational field study within 

Tillamook Bay, OR and evaluate the effect that S. pungens and Lyngbye’s sedge (C. 

lyngbyei) have on the sedimentation rate in the pioneer zone at the marsh/mudflat 

interface. The pioneer zone of marshes has been understudied in Pacific Northwestern 

estuaries, although it is important for evaluating the effect of vegetation as an 

ecosystem engineer capable of altering the environment in which it grows. Vegetation 

is generally assumed to attenuate waves, reduce water velocity, and increase 

sedimentation (Shepard et al. 2011) although this broad generalization has been 

developed over studies with varying species, at different scales, and in different 

physical environments (e.g., tidal range, wave climate, sediment availability). The 

results of this research indicate that the species present have a significant effect on the 

sedimentation rate if elevation above sea level, distance into the marsh, and position 

within the greater estuary is considered and held constant. My research indicates that 

S. pungens generally accretes sediment at greater rates than C. lyngbyei, although 

there were localized areas of net loss of sediment for both species. An important 
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aspect of the study was that the elevation of the unvegetated areas near the marsh 

interface was considered as well as the elevation within the marsh vegetation. 

Patterns of sedimentation varied by site and location within the marsh. Some sites 

were observed to have increasing amounts of sediment with increasing distance into 

the vegetation. The other observed pattern was that sediment deposition was greatest 

at the marsh/mudflat interface, with sediment deposition decreasing with distance into 

the marsh. These differing patterns of sediment accumulation may be the result of 

several factors, including variation in wave climate or suspended sediment 

availability, neither of which were measured for this study. Very dense vegetation has 

been associated with increased amounts of erosion in previous studies from other 

coastal localities, and within Tillamook Bay, C. lyngbyei generally had a more dense 

growth pattern than S. pungens, but was observed to accumulate less sediment. The 

results of this research support that there is significant vegetation-sediment 

interaction, but they also indicate that this interaction is complex, and that locally 

there are limits to the effectiveness of vegetation trapping sediment within portions of 

the estuary. It appears that different sediment and wave climate characteristics are 

responsible for variation in sediment trapping and accumulation. 

 In my dissertation research I 1) proposed and described a new method for 

quantifying vegetation, 2) estimated the response of vegetation to extreme burial 

events, 3) evaluated species specific differences in vegetation-sediment interaction, 

and 4) described and mapped the distribution of coastal vegetation communities along 

the Laurentian Great Lakes shoreline. Together these chapters address the role of 

emergent vegetation in the coastal environment and how it may both respond to and 

effect environmental change.  

There are clear directions for the expansion of the research. The image 

analysis technique could be expanded to include morphological relationships for other 

species. Furthermore, the lateral obstruction value at a given width of vegetation may 

provide useful comparisons for species that are not similar in structure. For example, 

the lateral obstruction of one species being higher than another species might be a 
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more useful comparison than differences in biomass, density, or stem height for 

understanding wave attenuation.  

While I have demonstrated the tolerance of S. pungens to sand burial, it 

remains to be seen if this same tolerance will be observed for other emergent species 

or for other sediment types. Now that we have demonstrated the tolerance of S. 

pungens to sand burial, field studies following large sedimentation events could be 

utilized to validate or test the findings of the mesocosm study.  

The natural progression for the community classification and distribution 

mapping will be to continue the field evaluation into the future to determine if 

conditions are stable or if changes in community and distribution are linked to 

specific environmental changes.  

Lastly, the effect of vegetation on the sedimentation rate could be improved 

upon by including detailed wave climate and suspended sediment data. Sediment and 

below-ground biomass data could also be collected to better understand the 

relationship between vegetation and sediment grain size.  
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