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In this thesis, the spatial patterns of vegetation and soils of reference and 

restored tidal marshes were compared to determine the extent to which restored sites 

differ from the reference site after 40 years of restoration. Vegetation surveys of 1m x 

1m plots were conducted along previously-established transects of salt marshes for 

four different sites; three restored salt marshes (Y-Marsh, Mitchell Marsh, Salmon 

Creek Marsh) and one reference site (Reference Marsh). Additionally, vegetation data 

were collected from three 20m x 50m modified Whittaker plots at each of the four 

sites. Soil samples were collected at transect plots, processed according to National 

Soil Survey Center protocol, and analyzed for pH, bulk density, salinity, conductivity, 

and carbon/nitrogen content. Vegetation and soil characteristics (bulk density, 

salinity, conductivity) were used to compare spatial patterns in vegetation diversity 

for restored and reference salt marshes. Results indicate significant differences 



 

 

 
 

between the vegetation of reference and restored tidal marshes surveyed; differences 

in vegetation were associated with differences in elevation, soil salinity, and 

disturbance history. Outcomes indicate that restored marshes are more heterogeneous 

in species composition. Marsh surface elevation does not differ significantly among 

sites that were restored at different times in this estuary. The highest soil salinity and 

lowest elevation occurs in Y-Marsh, the marsh closest geographically to the mouth of 

the estuary. Vegetation of restored salt marshes is significantly less diverse and more 

spatially homogeneous than that of reference sites, even four decades post-restoration. 

Site hydrology, time since restoration, and prior land-use history influence the 

vegetation community composition at Salmon River Estuary. 
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Introduction 

Importance of Salt Marshes and Wetland Ecosystem Services 

Estuaries are coastal wetlands with brackish water and periodic saturation of the soil 

through salt water inundation from the ocean. Estuaries are also critical wetland environments 

that have historically served as habitat and resources for keystone salmonid fish species 

(especially juvenile salmon), invertebrates, migratory birds, waterfowl, and mammals (river 

otters, elk), particularly in the Pacific (Bottom et al. 2005; Gray 2002; Klemas 2013). Broadly, 

wetlands are known to satisfy provisional, cultural, and regulatory ecosystem services, as defined 

by the United Nations Millennial Ecological Assessment (UNMEA) (Davidson et al. 2005). 

Many economies and industries rely on estuary products, particularly fish and shellfish. 

Increasing demand on a wetland ecosystem for natural products over a short period of (ecologic) 

time, can challenge the stability of the natural system by decreasing biodiversity, and reducing 

modularity (Klemas 2013; Erwin 2009; Walker and Salt 2006). Wetlands have inherent beauty 

and are a key component of many ecosystems associated with outdoor recreation. Thus, threats 

to the environmental stability of wetlands can harm their cultural value.  

Wetland regulatory services are arguably the most important and least visible benefits of 

a coastal wetland environment. According to UNMEA, wetland deterioration is currently the 

most prominent form of environmental destruction plaguing the world on a global scale 

(Davidson et al. 2005). Past management practices in estuaries included dredging, which has 

deepened tidal channels, changed elevation levels, and altered the hydrology of coastal wetlands, 

likely impacting native vegetation and salmon migration (Borde et al. 2003). Wetland 
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endangerment is of concern for many reasons, which includes threats to the critical biodiversity 

present in provisions and ecosystem services fulfilled by wetlands for associated Social 

Ecological Systems (Walker and Salt 2006; Davidson et al. 2005).  

Wetlands play a prominent role in the global carbon cycle; they occupy 6% of terrestrial 

earth, and are responsible for 12% of global carbon storage (Erwin 2009). Wetlands are also 

important agents of local and global water cycles. Wetlands filter runoff, pollution, sediment 

deposits, and water. Wetlands help retain nutrients by trapping and releasing sediment water 

slowly, and through nutrient uptake by vegetation (Klemas 2013; Weilhoefer et al. 2013; Erwin 

2009). Wetlands also reduce shoreline erosion, as vegetation can maintain soil strength and 

disrupt weathering water flow to minimize flood levels and reduce water logging; moderation of 

flow rates slows water movement and encourages tidal accretion (the process by which wetlands 

grow and expand through sediment buildup) (Klemas 2013; Weilhoefer et al. 2013; Erwin 2009). 

Accretion can be diminished by diking and draining for cropping or pastoral land use as well as 

global sea level rise. 

People tend to take wetland ecosystem services for granted and only become aware of 

them when they disappear, despite their importance. Recognition of the key role salt marshes 

play in estuarine environments has promoted efforts to restore and protect these places (Flitcroft 

et al. 2016). Further research is necessary to elucidate how wetlands that have been altered in the 

past can be restored and protected. There uncertainty on the rates at which salt marsh restorations 

may return to desirable conditions with characteristic vegetation and habitat provisions for fish 

and wildlife.  
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There has been a dramatic shift in wetland protection within the United States, and how 

the government and public think about wetlands over time. Beginning with one of the oldest 

environmental statutes in U.S. history, The Rivers and Harbors Act of 1899, (revised in 1966) 

the U.S. government has worked to protect navigable waters. Next steps included the 

requirement of permits for refuse discharge (due to Supreme Court cases starting in late 1980’s, 

and into the 21st century), which can be applied to adjacent wetlands jurisdictionally (Tiner 1984; 

Dahl 2000) The Water Pollution and Control Act of 1948 marked initial federal enforcement of 

anti-pollution laws to protect ambient quality of receiving waters (Tiner 1984; Dahl 2000). Then 

a comprehensive amendment to the Rivers and Harbors act gave way to the Clean Water Act 

(1972, amended 1977) to manage pollution for ‘fishable’ and ‘swimmable’ water quality as 

defined by the EPA. Protection under the Clean Water Act (CWA) extends to wetlands under 

section 404 and water quality standards must be satisfied and maintained by state governments 

(Tiner 1984; Dahl 2000). This includes mitigation requirements for wetlands under CWA, that 

are taken a step further with state statutes like Oregon’s Removal-Fill law (1987) and Mitigation 

Bank Act (1987). These laws require permits to be obtained for filling wetlands, and for existing 

wetlands to be enhanced or created for mitigation of loss (Frenkel 1995). The CWA also states 

that the Army Corps of Engineers will collaborate with the EPA to establish guidelines on 

wetland delineation and issue permits for discharging dredged or filled waste into navigable 

waters at prescribed locations (Frenkel et al. 1981). Within the last century, U.S. laws and 

policies promoting wetland conversion and development have transformed into protection and 

regulation initiatives, due to the recognition of ‘invisible’ pollution threats and their impact on 

wetland ecosystem benefits. The goal of ‘no net loss’ for wetlands has been embraced by U.S. 
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administrations since 1989, and restoration programs have rapidly expanded in the last 15 years, 

however there is urgent work needed to enforce pollution laws and regulations, as well as inform 

restoration and mitigation efforts with sound science and long-term monitoring (Sibbing 2004).  

Wetland management goals have been augmented by policies focused on restoration to 

compensate for loss and damage. This has forged new industries, tasked with wetland recovery 

and monitoring. However, some mitigation and restoration projects are too small to collect useful 

data or make a meaningful impact on the environment. It is necessary to collect substantial, well-

replicated, high-quality data on larger wetland areas over longer periods of time, to understand 

natural recovery processes and plan for wetland conservation (Kentula et al. 1992). The set of 

restored marshes at Salmon River Estuary is an excellent case study for examining the prospect 

of restoration, through patterns of ecosystem change (Frenkel and Moran 1991; Frenkel 1995; 

Flitcroft et al. 2016).  

Estuaries and the Threat of Sea-Level Rise  

Sea level rise (SLR) is a potential threat to the stability of estuaries. There is still 

uncertainty regarding the extent and rate of SLR rise outcomes and environmental responses, 

especially in the context of past and present management strategies as well as ecological 

restoration. It is important to consider how estuaries will respond to SLR, as they have been 

augmented by natural and man-made events. Current IPCC reports predict that sea levels will 

rise between 52-98 cm over the next 100 years, without global emission reduction (Church et al. 

2013). Salt marsh erosion is also anticipated with SLR, as sedimentation may not keep pace with 

the rates of subsidence, especially for high marsh areas (Van de Koppel et al. 2005). Tidal 
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marshes maintain elevation levels relative to SLR via accumulation of mineral inputs from 

suspended sediment and organic matter from plants. When ocean levels increase, mineral 

accretion is reduced in tidal marshes. In addition, some areas of marsh may experience decreased 

plant productivity with increased inundation. When plant productivity is high, peat accumulation 

typically drives accretion; when plant productivity is low, mineral deposits from sediment influx 

contributes to accretion (Schile et al. 2014; Thorne et al. 2012; Sharpe and Baldwin 2012). The 

relative balance between processes leading to accretion or loss of salt marsh will be an important 

determinant of SLR effects on salt marshes subject to disturbance.  

Models of Estuarine Response to Sea Level Rise 

Modelling research (using the Marsh Equilibrium Model) informed by historic tidal 

marsh data from the San Francisco Bay, California (Schile et al. 2014) has found that with low 

rates of SLR, high marsh vegetation communities were expected to persist at their established 

elevation with mid to high sediment concentrations. At medium to high rates of SLR, high marsh 

vegetation communities shifted to low marsh elevations, and with very high SLR rates, some 

marshes became dominated by mudflat environments. Marshes with higher plant productivity 

were more resilient to increased SLR, when controlling for sediment input levels. This highlights 

the importance of vegetation and organic matter in maintaining shorelines. The study concluded 

that highly productive, low salinity, brackish marshes had slower elevation loss compared to 

marshes with high salinity and low productivity (Schile et al. 2014). Loss of elevation and 

associated changes in the distribution patterns of vegetation may significantly alter native 

ecosystem dynamics, a further cause for concern over wetland management.  
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Settlement and Management of Salmon River Estuary 

The marshes of Salmon River were occupied by Native Americans for at least 400 years 

before white settlers arrived in 1851. White settlers came to the Willamette Valley with cattle to 

graze on marshes. By 1855, the Siletz Reservation had been established on what is now 

recognized as the Cascade Head Scenic Research Area. In 1875, the Siletz reservation was 

reduced in size to allow for further exploitation of marshlands by white settlers. Road 

construction and repair in the 1920’s amplified demand for products from local dairies, which 

increased cattle grazing and mowing on the estuary (Mitchell 1981; Flitcroft et al. 2016).  

History of Land Use at Salmon River Estuary (SRE) 

There is a legacy of land use for pasture at SRE, although it wasn’t until 1962 that three 

of the four major tidal marshes of SRE were diked to promote grazing, mowing and haying. 

Simultaneously, interest in forestry and wildlife conservation research led to the establishment of 

the Cascade Head Scenic Research Area (CHSRA) in 1974. CHSRA includes a designated 3,400 

ha of Siuslaw National Forest, which includes Salmon River Estuary. Cascade Head was the first 

Scenic Research Area in the United States. Research and conservation have been the primary 

goals of management strategies associated with Salmon River Estuary, since the 1970’s. The first 

Environmental Impact Assessment (EIA) for Salmon River was completed in 1976 to evaluate 

its capacity for restoration. Today, approximately 75% of Salmon River has been restored. 

(Flitcroft et al. 2016; Frenkel and Morlan 1991; Frenkel 1995). 

Previous Vegetation Research at Salmon River Estuary 
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 Much of the restoration work at Salmon River Estuary has focused on the tidal wetlands 

(Flitcroft et al. 2016). Tideland restoration first began in 1978, on an area of the north bank of 

Salmon River, near its mouth, which is now known as Mitchell Marsh. Dr. Robert Frenkel 

(OSU) initiated research and monitoring of this project by establishing a systematic sampling 

framework at SRE for long term monitoring of site-scale characteristics. His transects have been 

revisited in all SRE restoration projects and research following.  Dr. Dianne Mitchell, under the 

direction of Dr. Robert Frenkel, completed her doctoral dissertation at OSU, documenting 

vegetation and geomorphology of the diked marsh after artificial levee removal by the USFS 

(1981). Mitchell compared her baseline data at Mitchell Marsh to an adjacent Reference Marsh 

as a control to evaluate site differences. Successive research efforts by Dr. Frenkel and Janet 

Morlan (1991) built on outcomes from Dr. Mitchell’s work and collected additional data from 

Mitchell Marsh and Y-Marsh (south and slightly west of Mitchell) for Morlan’s masters 

research. The Y-Marsh site was restored in 1985, and was sampled for the first time by Frenkel 

and Morlan. with newly established plots. Frenkel and Morlan focused on addressing ecosystem 

functionality using vegetation, elevation, subsidence, and soil characteristic measures as proxies 

for habitat health.  In 1996, Salmon Creek Marsh (farthest east and inland) was restored via dike 

removal and Gordon Whitehead was recruited by USFS to aid in the establishment of long-term 

plots on site (Dr. Flitcroft, personal communication 2017). Frenkel (1992, 1995) continued to 

survey vegetation at Mitchell Marsh, Y-Marsh and Salmon Creek Marsh (on the plots he and 

Whitehead had set up) throughout the 1990’s and 2000’s, collecting data for long term ecological 

research on species composition and diversity (Dr. Flitcroft, personal communication 2017).  
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 Ed Buchner completed his masters in Geography at OSU, in consultation with Dr. Jon 

Kimerling and Dr. Frenkel, on statistical analysis of compositional changes in vegetation 

communities of Mitchell Marsh (2004). Buchner created a visual representation of Mitchell 

Marsh vegetation data on a broader scale beyond field sampling. Buchner spatially interpolated 

plot information to identify plant assemblages with clustering, and forecast vegetation 

communities with multivariate statistics, using PC-ORD (2004). Other research conducted at 

Salmon River Estuary around this time focused on changes in macroinvertebrate and fish 

assemblages, as well as fish distribution and foraging behaviors, to characterize salt marsh 

recovery (Gray 2002; Flitcroft et al. 2016). Since 2006, several other graduate students worked 

with USFS and other stakeholders and leaders to research and address further restoration needs 

for the SRE with public survey and outreach (Flitcroft et al. 2016). Students initiated and 

renewed restoration efforts with the Lower Salmon River Project Report (Anderson et al. 2006). 

This report identified high priority restoration areas, including Tamara Quays, a housing 

development that had been filled, diked, and leveed, and Pixieland, a failed amusement park 

within SRE that closed in the early 1970s (Flitcroft et al. 2016). Most of the restoration project 

related to Pixieland involved removal of infrastructure, parking lots, dikes and invasive species 

(Flitcroft et al. 2016). Residual Pixieland debris were removed by 2014, restoring approximately 

23 ha of marsh, and Tamara Quays, while still in progress of restoration, experienced tidal 

inundation for the first time in 2009 (Flitcroft et al. 2016; USFS 2017). Currently, the largest 

remaining levee in place at SRE is Highway 101. Salmon River is one of the few estuaries today 

that is managed in its entirety for restoration.  
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Unique Management Concerns (SRE) 

The geographic context of the SRE likely contributes to its unique status and 

management regime in comparison to other Oregon coastal wetlands. SRE is in a rural location, 

and much of the surrounding watershed is owned and managed by the U.S. Forest Service in 

conjunction with The Nature Conservancy. Salmon River has also benefited from a place-based 

restoration strategy. Since 1974, the USFS was granted authority to purchase private lands from 

willing owners (Flitcroft et al. 2016). Human and social use of Salmon River are limited to 

fishing, boating and other forms of regulated recreation: Boat ramps are open from Sept 1st to 

December 31st, angling is restricted to single point hook metal lures, fly angling, or salmon 

bobber angling, fishers are limited to 2 Chinook and 1 Steelhead per day during season and up to 

3 Steelhead and 10 Salmon a year for each individual fisherperson (ODFW 2017).  

The salt marshes of the Salmon River Estuary are among the earliest areas of the Oregon 

coastal wetlands to be federally protected and have been the subject of decades of restoration and 

research. Success of the early restoration projects in the estuary has promoted the continuation 

place-based protections and ecological sustainability for SRE. As recently as 2008, the USFS has 

restored additional Salmon River associated lands, including Tamara Quays; the mobile home 

development that is in the process of reverting to tidal marsh habitat (Flitcroft et al. 2016). 

Current management practices are designed to minimize anthropogenic disturbance of Salmon 

River and maximize the potential benefits of ecosystem restoration efforts.  

Methodological Research Approaches  
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Quantifying biological diversity in the field is a unique challenge; the quality and 

reliability of results is largely dependent on the efficacy and suitability of applied methods. 

Appropriate field techniques will vary by research question and by study area. Nested plot 

methods are particularly effective for sampling vegetation and capturing species diversity and 

richness patterns. Nested plots allow researchers to systematically sample at multiple spatial 

scales, evaluate spatial grain of study sites, address species area relationships with the increase in 

plot size, and facilitate comparisons of richness at a community level (Gleason 1922; Stohlgren 

1995).  An early example of nested plot design is the Whittaker (1977) plot, which was 

developed in part by Shmida (1984). The Whittaker plot has a (20 m x 50 m) nested layout and 

was originally conceptualized for comparison of mostly homogenous areas, to elucidate 

compatible replicate field sites (Stohlgren 1995). Concerns over use of Whittaker plots are that 

(1) species richness capture in non-homogenous areas is influenced by the rectangular plot shape, 

and (2) the prescribed location of sub-plots in the Whittaker layout is more likely to induce 

spatial autocorrelation, as smaller plots are contained within and are not independent of larger 

plots (Shmida 1984; Whittaker 1977; Stohlgren 1995).  

 

Influence of Plot Parameters on Field Research 

 Plot size and shape can have a direct impact on collection of species richness data. 

Circular or square plots are expected to collect fewer species compared to rectangular plots 

which are longer and thinner, and potentially capable of covering a more heterogenous area 

(Bormann 1953; Stohlgren 1995). Plot size and shape can influence overall richness captured in 
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field plots, specifically regarding nested plots with inconsistent dimensions (Gleason 1922; 

Stohlgren 1995). Generally, large singular plots, compared to smaller, microplots (0.01-0.1 m2) 

are better at recording infrequent or rare species, in addition to capturing greater species richness 

(McCune 1992). The consistent and rectangular proportions of Modified Whittaker plots enable 

them to capture greater diversity in the field compared to other plot shapes (Stohlgren 1995).   

Nested, Modified Whittaker (MW) Plots 

Modified Whittaker (MW) plots, also known as Stohlgren plots, were developed by 

Thomas Stohlgren to rectify design flaws in Whittaker plots related to spatial autocorrelation and 

scale inconsistencies. MW nested plots are all rectangular and proportioned on the same 

dimensions (2 x 5 m, on a scale of 10), without sub-plot overlap (Stohlgren 1995).  The total size 

of the MW plot (20 x 50 m) is optimal for balancing an accurate portrayal of site richness with 

feasible execution. In a model study, Highland et al. (2015), established MW plots in four 

remnants and four restored prairie wetlands in the Willamette Valley, to observe differences in 

species area relationships. The outcome of this study revealed steeper accumulation curves and 

significantly greater (native) species richness in the remnant sites (Highland et al. 2015). A 

valuable amount of information can be captured with fewer plots and provide insight into spatial 

patterns of vegetation in the context of restoration. In the context of Salmon River Estuary, it is 

important to address community dynamics beyond permanent transect plots, as areas outside of 

the transects that have not been sampled before. Spatial patterns of vegetation and species area 

relationships have not yet been thoroughly examined in salt marsh ecosystems, including those 

of Salmon River. 
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Spatial Patterns of Diversity for West Coast Estuaries   

 Compared to their northeastern counterparts, Oregon coastal estuaries are not as well 

represented in scientific literature as those on the Atlantic coast.  Research conducted on salt 

marshes in Oregon indicates they are structured quite differently. Tidal salt marshes on the 

Oregon Coast are considered physiognomically analogous to Scandinavian salt marshes, and 

share many species with Southern California salt marshes. Compared to New England, there is a 

prominent absence of invasive species that have taken foothold at Oregon coastal estuaries.  

In marshes of the Atlantic coast, invasive wetland plants are a widespread concern. 

Common invasive species include reed canary grass (Phragmites australis), is a cosmopolitan 

invasive species introduced from Eurasia, which has been observed to be unsupportive of native 

wetland fish species across the Atlantic. Purple loosestrife (Lythrum salicaria), is a flowering 

Eurasian forb known to colonize riverbanks and wetlands throughout the northeast. Chinese 

tallow (Triadica sebifera), an Asian tree species, has gained notoriety for establishing monotypic 

stands in the wetlands and uplands of the southeast, shading out native species (Zedler and 

Kercher 2004). Reed canary grass (Phalaris arundinacea) is problematic throughout the NA 

temperate regions, (including the PNW) from coast to coast, and is of particular concern in 

Wisconsin, where it occupies over 40,000 ha of Wisconsin wetlands (Zedler and Kercher 2004).   

Salinity is a driving factor for salt marsh vegetation communities on the Oregon coast and 

appears to influence composition and diversity (Weilhoefer et al. 2013).  However, vegetation 

varies widely across salinity gradients with high species richness and density at higher spatial 

resolutions, in contrast to the stark, monotypic zonation typical of salt marshes in the 
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northeastern U.S. (Emmett et al. 2012). A potential exception to this trend can occur in early 

stages of restoration, where dense stands of Carex lyngbyei can form extensive, homogenous 

meadows in low to mid-marsh elevation.  Carex lyngbyei is a dominant sedge and one of the 

most common species across the Oregon coast (absent from the northeast coast). C. lyngbyei is 

an opportunistic intermediary of most successional salt marsh communities and has been 

observed to thrive following ecosystem disturbance and in low marsh environments (USDA 

Plants 2017).  

Species Area & Species Accumulation Curves 

The species accumulation curve is also called the ‘effort’ or ‘discovery’ curve, as the 

species richness measured is often related to the amount of time and space sampled by a 

researcher (McCune and Grace 2002; Rosenzweig 1995; Gleason 1922). Species accumulation 

curves may be calculated from a factorial or combinatrix to account for every possible 

combination of species for ‘x’ number of plots sampled (McCune and Grace 2002). For example, 

a researcher would take the average number of species sampled in one single plot per site. Then, 

the researcher would calculate the average number of species sampled in every possible pair of 

plots sampled per site, and so on. The objective of a species accumulation curve is to 

demonstrate the average number of species one may encounter as they sample an increasing 

number of plots (all the same size) (Rosenzweig 1995).  

Species area curves are produced from sampling data to represent the relationship 

between a specified area of habitat and the number of species present. Species area curves are 

useful for comparing species richness data from sample units that differ in area, especially nested 
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sampling plots. Empirically, the larger the area, the greater the number of species you are likely 

to capture; a principle that has held mathematically true in ecology (Whittaker 1977). Species 

area curves can address the adequacy of sample size and estimate the overall diversity and spatial 

heterogeneity within a community dataset. Species area curves can also help to conceptualize 

and quantify the relationship between species richness and spatial scale in a sampled 

environment. Typically, species area curves take only species presence into account and are used 

to quantify the average number of species per plot sampled. Species area curves are a basic 

diversity measure that are helpful for describing the heterogeneity of a community sample. 

Species Area Relationship: S = cAz 

The Species Area Relationship can also be written as: log(S) = c + zlog(A); 

where S = Species Richness, A = area, and c and z are empirically determined constants from  

plotted data (Rosenzweig 1995).   

A species area curve is different from a species accumulation curve and can only be 

produced from a nested plot (like the Modified Whittaker plot). The species area curves are 

calculated by taking the average number of species found in each plot size (1 m2, 10 m2, 100 m2, 

1,000 m2) and graphing the change in average number of species present, as plot size increases 

from 1 to 1,000 square meters. A species area curve represents the exponential relationship 

between species richness and scale of area; as the scale of area (not just cumulative areas of the 

same dimension) sampled increases, you may be more likely to find new and more species. A 

steeper slope for a species area curve indicates higher richness (number of species) and a more 

shallow, flat curve indicates lower richness. One of the things that can distinguish a species area 
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curve from a species accumulation curve, is the relative ‘nestedness’ of the environment being 

sampled. ‘Nestedness’ is a measure of structure and distribution of species across a location 

(Matthews et al. 2016). An example of ‘nestedness’ would be a location that may have a few 

species overall, with subsets of locations with more species, or pockets of diversity and 

heterogeneity. When ‘nestedness’ is high, the slope of the species area curve is reduced relative 

to the species accumulation curve. The opposite occurs when nestedness is low (Matthews et al. 

2016).  

The spatial pattern of vegetation in salt marsh ecosystems is defined in part by 

environmental factors, such as elevation and soil properties, as well as interspecific relationships. 

Spatial patterns can be effectively described with species area curves and comparisons of species 

turnover. Such tools are useful as ecological processes are directly related to the increase in 

species richness per unit area captured by plot size (McCune and Grace 2002). The objective of 

examining species area relationships and species turnover is to compare how richness and 

heterogeneity differ with various sampling techniques. This is especially important as field data 

are frequently under sampled; it is virtually impossible to survey the full extent of a study site on 

foot. Comparing transect data with a nested plot sampling method in this thesis will elucidate 

patterns beyond established transects. 

Salmon River Estuary Vegetation Assemblages 

 For this thesis, Salmon River salt marsh communities may be defined as the assemblages 

of co-occurring plant species, determined by environmental variables, and species relationships. 

Seminal works by Jefferson (1974) and Eilers (1974) have described patterns of vascular plant 
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dominance throughout coastal estuaries in Oregon, and recognize recurrent themes which I have 

described here for context. Scientific plant names in this thesis are derived from Hitchcock and 

Cronquist (1973) as well as Dennis and Halse (2008), the taxonomic guide used for identification 

and confirmation of species identities.  Most salt marsh plants are known to reproduce 

vegetatively (asexual reproduction of genetically identical individuals) or via wind pollination, 

thus clustered aggregates of a species are encountered more frequently than random distributions 

(Jefferson 1974).  Pickleweed (Sarcocornia perennis, formerly Salicornia virginica), commonly 

found at SRE, has stunted, coalescent, clumpy growth, and is often found with arrowgrass 

(Triglochin maritima) along the fringes of salt pans or low elevation areas that are likely to be 

inundated (Jefferson 1974; Eilers 1974; Frenkel et al. 1981).  

Saltgrass (Distichlis spicata) is often found to grow on stolons betwixt clusters of S. 

perennis and T. maritima, at SRE, characterizing vegetation with a spatial affinity for salt. 

Eleocharis palustris is another perennial species that has been observed amongst S. perennis and 

T maritima, along a low elevation gradient. Tufted hairgrass (Deschampsia cespitosa) is a 

prominent marsh species of tall grass, known for rapidly accruing sediment and is frequently 

associated with high marsh conditions. Deschampsia grow in tussocks (thick clumps) and 

congregate in large groups at higher elevations or along SRE tidal channels, implying moisture 

gradients may be important for their colonization. Slough sedge (Carex obnupta) is another high 

marsh species found to associate with ditches, and can be indicative of brackish or diluted, high 

elevation conditions. Saltbrush (Atriplex patula), sea milkwort (Glaux maritima), Pacific 

silverweed (Argentina egedii), and gumweed (Grindelia stricta) are also known as high marsh 
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species that occur near Deschampsia closer to upland and at greater elevations. These species 

appear more vigorous on silty substrates compared to sandy, low elevation conditions in salt 

marshes. Bentgrass (Agrostis stolonifera), reed canary grass (Phalaris arundinacea), and meadow 

barley (Hordeum brachyantherum) are introduced species found in mature high marsh/salt marsh 

environments at higher elevations and in more moderate conditions (siltier, brackish substrate). 

A. stolonifera and H. brachyantherum have been observed to invade marshes after grazing 

(Jefferson 1974; Eilers 1974; Frenkel et al. 1981).  

Tidal Marsh Dominance of Carex lyngbyei  

Carex lyngbyei is one of the most common and persistent species found within Oregon 

coastal estuaries. C. lyngbyei is a strong competitor, known to monopolize salt marshes and 

leave room for little else (though Deschampsia is an occasional and notable exception) (Eilers 

1974). There are two recognized C. lyngbyei ecotypes distinguishable by size and described by 

Eilers (1974). The ‘tall type’ is thick and vigorous, often occurring in lower intertidal marshes on 

saturated soil with diluted, less salty conditions. The ‘small type’ is slimmer, less vigorous, and 

can be found on more saline soils (due to drier conditions caused by evaporation in the summer) 

(Eilers 1974). Eilers has hypothesized that these ecotypes are not directly or exclusively 

influenced by environmental conditions, as they have been observed to occur in patches next to 

each other (Jefferson 1974; Eilers 1974). C. lyngbyei is a secondary and adaptive colonizer, 

capable of driving strong patterns of change within disturbed estuarine communities.  

Ecosystems and Alternate Stable States  
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 The non-linear dynamics of ecological response to anthropogenic disturbance are 

exceptionally challenging to predict, as transitions between ecosystem states are informed by 

complex factors (Fukami and Morin 2003; Van de Koppel et al. 2005). If ecosystem dynamics 

depend on ‘keystone species’, then ‘keystone structures’ may be defined as assemblages of plant 

species that direct ecosystem function and persist in equilibrium, i.e. a stable state. Instability 

brought on by disturbance can cause change that results in different ecosystem behavior, 

implying that multiple equilibria are possible for one environment (Gunderson 2000). For 

wetland ecosystems, plant assemblages represent keystone structures that change rapidly in 

response environmental conditions; vegetation can have a reinforcing influence on how wetland 

ecosystems function (Gunderson 2000).  

 Ecosystem structure shifts can be asymmetric due to an imbalance in feedback between 

abiotic (soil, elevation) and biotic (plant species) factors (Harmsen and Jefferies 2002). Large 

disturbances within coastal systems can lead to prevalent dispersal and domination of certain 

species (Bertness et al. 2002). Alternatively, past wetland research has shown that increases in 

vegetation diversity overall (with decreases in single species populations) can lead to more 

robust and stable wetland ecosystem states (Harmsen and Jeffereies 2002; Gunderson 2000; 

Bertness et al. 2002). In coastal wetlands, there is a positive feedback loop between soil 

conditions and vegetation; vegetation growth stabilizes soil and ameliorates salinity levels in salt 

marshes, which encourages further colonization and tidal accretion (Van de Koppel et al. 2005; 

Harmsen and Jefferies 2002; Gunderson 2000). Therefore, the propagation and expansion of a 

plant species is more likely to occur within its optimal edaphic conditions, in the absence of large 
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disturbance (Harmsen and Jefferies 2002). Ultimately, environmental conditions inform 

ecosystem structure, and disturbances can shape environments and thus, restructure ecosystems.  

Restoration Ecology 

Restoration Ecology is the scientific study of ecological restoration practices. Monitoring 

and preserving ecosystems as they are influenced by natural and man-made change is essential to 

understanding the impact these changes have on ecosystems. Restoration ecology has often 

focused on recovering and reinstating pre-disturbance conditions as part of the restoration 

process, to achieve a ‘less compromised’ ecosystem that supports native flora and fauna 

(Simenstad et al. 2006). Ecological restoration is a time-consuming process that involves active 

and or passive strategies to diminish pollutive impacts that may prevent or impair ecosystem 

function. Salmon River estuary is an excellent case study for restoration ecology because it 

already has a history of ‘Long term ecological research’ over the last 40 years (Flitcroft et al. 

2016; Gray et al. 2002). Monitoring Salmon River will provide opportunities for anticipating and 

managing ecosystem change in estuaries and serve as an important model for land managers and 

conservationists who are tasked with coastal wetland mitigation. More importantly, long term 

research will also help us to define wetland functionality in the context of habitat, resources, and 

ecosystem services (Gray et al. 2002; Simenstad et al. 2006). 

Research from Dr. Frenkel, his students and others have already demonstrated that 

Salmon River is a functioning estuary; Frenkel and his student’s work have shown that native 

plant marsh species have returned to and recolonized all marsh sites, and previous works by Dr. 

Ayesha Gray and Dr. Charles Simenstad (2002) have demonstrated significant changes in fish 
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and macroinvertebrate response post dike removal that are suggestive of early functional 

conditions. Salmon River has been conceptualized in the literature by many as a successful 

restoration project because it has achieved some level of functionality over time and it has 

returned to a ‘natural’ state with minimal anthropogenic disturbance (Flitcroft et al. 2016). 

However, it is challenging to assume or expect that pre-disturbance conditions will be achieved 

at Salmon River throughout restoration, especially on a human time scale, given the trajectory 

and differences (both natural and man-made) between SRE tidal marshes.  

Over the past 40 years of restoration, monitoring, and documentation, the tidal marshes of 

Salmon River Estuary are still different, and it’s possible they were different to begin with, based 

on their unique geographies (Flitcroft et al. 2016). Soil salinity, elevation, and inundation 

patterns (channels) vary by location among these salt marsh sites in the SRE, and have likely 

played a role in determining species composition by site. Extensive stands dominated by dense 

cover of C. lyngbyei are indicative of the low marsh environments present at Salmon River, 

which may be related to the natural history and human management of these sites. 

Research Questions and Hypotheses 

Vegetation community and assemblage patterns for Pacific Coast wetlands are highly 

correlated with environmental conditions, specifically the gradient from ocean to upland, 

according to Weilhoefer et al. (2013). For wetlands that have been disturbed via pollution, 

compaction, or compositional change in vegetation, little is understood yet about the trajectory of 

recovery in the context of reference conditions. Therefore, most monitoring of coastal restoration 

efforts to survey vegetation as well as soil and water systems, were completed to investigate and 
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improve our understanding of how past conditions (pre-disturbance), disturbance history, and 

recent management actions, may influence salt marsh ecosystems today (Mitchell 1981, Frenkel 

and Morlan 1991, Frenkel 1995). 

Factors influencing the properties of Salmon River salt marshes are expected to be 

associated with the distribution patterns of Salmon River salt marsh vegetation, influencing both 

richness and composition. I expect that different durations of tidal exclusion through dike 

establishment will reveal differences between sites in the context of distribution patterns. I also 

anticipate that Salmon River has likely experienced changes in plant spatial diversity patterns 

over time, particularly after initial disturbance and subsequently after almost 40 years of 

continuous, passive restoration. This master’s thesis research will contribute to an existing body 

of knowledge on Salmon River and introduce nested plots in site fieldwork methodology.  This 

work marks the first academic investigation of vegetation assemblages and plant species 

diversity at all four SRE tidal marshes (Mitchell, Reference, Y, Salmon) since sampling first 

began. In this work, I will (1) investigate the restoration of biodiversity provisions and (2) 

explore methods for restoration monitoring at SRE. The following sections include an outline of 

my specific research questions for this thesis. 

Investigating Vegetation Assemblage Composition  

 Few studies to date have examined the variable soil properties or vegetation communities 

of restored and reference tidal marshes on Pacific Northwest estuaries, especially in comparison 

to the extensive research explaining properties of northeastern coastal wetlands. Even fewer 

studies have been published on the soil and vegetation of Salmon River Estuary through the 
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processes of restoration and dike removal. Researchers at SRE infer that previously diked 

marshes have not reverted to reference equivalent conditions in the context of pre-development 

vegetation diversity, salmon, and macroinvertebrate presence (Flitcroft et al. 2016; Gray et al. 

2002; Buchner 2005). Sustaining long term ecological research is necessary to characterize these 

restoration patterns and processes overtime, especially as they are marked by changes in 

vegetation and soil.   

I hypothesize that management of previously diked marshes will result in differences in 

species and environment between restored sites over time since history of diking and differences 

in hydrology exist between restored and diked sites. Diked marshes often experience subsidence 

or loss of elevation, due to the oxidation of organic matter, drying and compression of soils, and 

erosion from human activity (Mitchell 1981, Frenkel 1995). As a result, previously diked 

marshes often have lower elevation, different soil conditions, and thus different plant species 

assemblages from Reference Marshes. If this hypothesis is correct, I would expect that plots 

from previously diked sites will have soils with higher bulk density, salinity and 

Carbon:Nitrogen ratios, due to nutrient pollution and compaction from past land use and grazing, 

compared to plots from marshes that were never diked. I also expect that plots from previously 

diked marshes would be less diverse and have different plant species composition compared to 

plots from reference (reference) marshes.  

Research Question(s): 

a) Are SRE marshes that were restored earlier, more similar to the Reference Marsh in 

terms of species richness, environmental conditions (soil-pH, conductivity, salinity, bulk 
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density, carbon to nitrogen ratios, elevation), species composition, and time since dike 

removal, compared to those restored more recently? 

Hypotheses:  

a) It is expected that more recently restored sites will be more homogenous and have less 

richness with similar plant species assemblages, when compared to Reference Marshes. It 

is also possible that plant species assemblages on restored marshes will differ from those 

of restored marshes.  

Null Hypothesis: There is no detectable difference between plant species assemblages of restored 

and reference tidal marshes.  

Measuring Species Richness and Spatial Patterns of Diversity 

 In the four decades since vegetation sampling first began at Salmon River Estuary, only 

one field method has been used-transect plots (from shore to upland; indirectly associated with 

environmental gradients) (Mitchell 1981, Frenkel and Morlan 1991, Frenkel 1995, Flitcroft et al. 

2016). My research seeks to revisit and repeat transect sampling, while comparing it to nested 

MW plot sampling. MW plot sampling sacrifices the spatial extent and species turnover captured 

by transects for a greater amount of total area sampled, and depending on spatial pattern of 

vegetation, can sample greater spatial heterogeneity. When comparing scattered transect plots to 

nested MW plots, I expect the nested plots will either perform in a similar or better way in 

describing species richness and species area relationships. This will be evident from examination 
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of species area curves, which were produced from MW plots on each tidal marsh, and from 

comparing results of each field method type (Rosenzweig 1995).   

The increase in richness over increase in area sampled is one of the most common 

patterns in ecological research (Rosenzweig 1995). Species area curves capture the relationship 

between species and space by illustrating how diversity changes (defined by number of unique 

species encountered) as sampled area is incrementally added—eventually the species area curve 

will plateau, indicating the point at which no new species are detected with increased area 

sampled (Rosenzweig 1995). Spatially homogenous environments or sites with low species 

turnover are expected to have less steep species area curves that flatten out more quickly than 

diverse, spatially heterogenous environments with high species turnover. For this study, I expect 

restored sites to be more spatially homogenous with fewer species and thus have species area 

trends with less steep slopes compared to restored sites. I also expect species area curves for sites 

that have been restored more recently, to have the lowest slopes among species area curves, 

when compared to those for other restored sites.  

Research Questions: 

a) Does species richness captured differ between restored and reference salt marshes? 

b) Do field methods, specifically nested-rectangular (Modified Whittaker) plots and non-

nested-square (Transect) plots capture species richness differently? 

c) Do species area relationships differ between the Restored and Reference Marshes? 
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Hypotheses: 

a) Sampled plots in Reference Marshes will have greater cumulative species richness and 

different species area relationships compared to sampled plots in restored marshes for 

both Transect and MW plot data. 

b) Nested MW plots are expected to capture more richness overall compared to transect 

plots.  Species area curves from reference sites will represent greater diversity over area 

sampled than restored sites based on richness captured.  

c) Species area relationships differ between restored and reference sites. Greater species 

diversity and spatial heterogeneity is anticipated for reference sites. Thus, the slope of the 

species area curve will be steeper and the y-intercept higher in reference compared to 

restored marshes. 

Null Hypothesis (a,b): There are no differences between the vegetation communities of restored 

and reference tidal marshes at SRE when considering transect or nested MW plot data. 

Null Hypothesis (c): There is no difference between the species area relationships of restored and 

reference sites.  

Materials & Methods 

Study Area: Salmon River Tidal Marsh Descriptions 



26 
 

 
 

 Salmon River estuary (45° 01’ N, 123° 58’ W) is one of the smallest estuaries on the 

Oregon coast. Salmon River is 800 hectares in size, with approximately 400 ha of emergent 

marsh. The estuary is located within the Cascade Head Scenic Research Area making land 

ownership predominantly federal (USDA Forest Service). It borders Tillamook and Lincoln 

counties. The area has been designated as an Important Bird Area by The National Audubon 

Society and as a UNESCO reserve (Adamus et al. 2005). The watershed drains fresh water from 

about 194 square km of Sitka Spruce (Picea sitchensis) and Hemlock (Tsuga spp.) forest in the 

Coast Range of Central Oregon. This provides a supply of 12,700 metric tons of sediment and 

550 million cubic meters of freshwater to the estuary (Adamus et al. 2005; Gray 2002; Mitchell 

1981). The town of Otis and a USFS weather station are located along the head of the tide.  

Dikes were installed on the estuary beginning in 1962 to promote pasture grazing (Boule 

and Bierly 1987). Of the 337 hectares of historic converted marshes along the Lower Salmon 

river, 75.4% were altered through dike installation in the early to mid-20th century (Frenkel and 

Morlan 1991). A special management designation from the U.S. Forest Service facilitated dike 

removal from three sites: Mitchell Marsh (1978), Y Marsh (1987) and Salmon Creek Marsh 

(1996), creating what has been referred to as a ‘space-for-time’ chronosequence in previous 

research (Gray 2002). Salmon River Estuary consists of public and protected wetlands where 

tidal flow to the ocean is currently unobstructed. One tidal marsh on the estuary was never diked 

and is used as a Reference Marsh for ecological research on biodiversity (Adamus et al. 2005; 

Gray 2002; Mitchell 1981). 

Reference Marsh (Transect C) 
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 The Reference Marsh (37.5 ha) is a remnant ecosystem that experienced haying and 

limited cattle grazing, but was not diked (Frenkel and Morlan 1990). The vegetation of the 

Reference Marsh, is characterized by a set of plant species that are indicative of a high marsh 

ecosystem; most common species include Juncus arcticus ssp. littoralis, Argentina egedii, 

Triglochin maritima, Agrostis stolonifera, and Deschampsia cespitosa. Therefore, in this study, 

the Reference Marsh serves as a control area (Figure 1). Tidal channels at this marsh form a 

dense, dendritic network and are not connected to a freshwater source upland. Some tidal 

channels that traverse this marsh are over 1.5 meters deep, with steep sides up to 2 meters 

(Frenkel and Moran, 1991). The Reference Marsh was separated from the adjoining Y-Marsh by 

a dike, and there is a ditch that runs along the permanent transect (C) (Figure 1). 

Mitchell Marsh 

 Mitchell Marsh is a 22 ha marsh that was diked for 15 years and used as pasture (Figure 

1). The marsh was named for Dr. Diane Mitchell, who completed the inaugural restoration study 

and helped establish permanent transect plots at Salmon River on her namesake marsh. It is 

estimated that the Mitchel Marsh surface subsided 30-35 cm during the time when it was diked 

(Mitchell 1981; Frenkel 1995). The dike was breached on site in 1978 and studied for two 

subsequent years by Mitchell. The vegetation plots were revisited in the 1990’s by Janet Morlan 

and Dr. Robert Frenkel. In the late 1990’s Mitchell Marsh was characterized by extensive stands 

of nearly 100% C. lyngbyei cover, in addition to areas of Argentina egedii and Agrostis 

stolonifera communities. It has some freshwater input, as well as steep sided channels. Absence 

of high marsh species at Mitchell Marsh in the 1990’s was speculated to be influenced by marsh 
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surface subsidence at the site (Frenkel 1995). Soil compaction and oxidation of salt marsh soils 

are often the result of diking and grazing. Furthermore, tractors and bulldozers were used for 

dike removal, which may have increased compaction in some areas as well (Frenkel Moran 

1991; Mitchell 1981). Alternatively, pre-settlement and disturbance conditions are not well 

known, and it is possible that the diked areas were naturally low marsh, thus excluding certain 

high marsh species. LiDAR data as recent as 2007 infer that Mitchell Marsh surface levels are 

approaching those of reference conditions, suggesting tidal accretion and recovery/buildup are 

happening slowly over time (Flitcroft et al. 2016).   

 

Y-Marsh 

 Y-Marsh is approximately 25 ha in area, was managed as pasture pre-diking, and 

experienced dike breach in 1987 (Flitcroft et al. 2016). The Y-Marsh site is adjacent to the 

Reference Marsh, separated by a ditch (Figure 1). Y-Marsh is more comparable to the Reference 

Marsh than the other restored marshes, in terms of species composition and channel morphology. 

Pre-dike vegetation composition consisted mostly of high marsh dominant species (including 

Juncus spp., Argentina egedii, and Deschampsia cespitosa). Anthropomorphic surface 

degradation, at YMarsh occurred post diking with subsidence levels of approximately 30-40 cm 

(Frenkel and Moran 1990; Frenkel 1995). Poor drainage during diking and use as pastureland led 

to frequent anaerobic ponding, which exacerbated elevation loss. In 1987 dike removal was 

completed by an excavator and two dump trucks under the supervision of Dr. Robert Frenkel. 

There was observed surface damage to soil east of Rowdy Creek due to compression and 
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compaction of soil by the trucks (Figure 1). Subsequently more anaerobic ponds formed in 

depressions created by this disturbance, which impacted subsidence levels. Y-Marsh was found 

to be approximately 20 cm lower than Mitchell Marsh after initial dike removal (Flitcroft et al. 

2016). With dike removal and restoration, there was initial mortality of high marsh pasture 

species from salt intrusion. Initial recolonization of this marsh post dike break was slow. Bare 

ground and litter also persisted for 4-5 years on Y-Marsh surface after dike removal. By 1993, 

Deschampsia cespitosa, Sarcocornia perennis, and Distichlis spicata became prevalent. By 1995, 

a more complex salt marsh community had returned, with C. lyngbyei found in brackish, silty 

conditions and S. perennis and Distichlis associated with sandy salty marine conditions (Frenkel 

1995). Vegetation in this ecosystem is patchy, with intermittent tidal channels that are steep and 

deep. There is some freshwater input from upland, which leads to wider channels (Frenkel and 

Moran 1990).  

Salmon Creek Marsh 

 The Salmon Creek Marsh (dike breached in 1996) is approximately 31 ha (in the sampled 

portion) and the most recently restored marsh in this study (Figure 1). Previously this site was 

used for pasture by cattle, sheep and was hayed several times. While Y-Marsh and Mitchell 

Marsh were only diked, Salmon Creek was diked and managed heavily for human use. Salmon 

Creek was also artificially separated from Salmon River via the construction of Highway 101 in 

1961.  Highway 101 divided the upper portion of the tidal marsh (oligohaline, low salt) from the 

lower portion of the tidal marsh (mesohaline, moderate salt). The portion of Salmon Creek below 

Highway 101 was plowed, reseeded, and subjected to weed control before dike removal. The 
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portion above 101 was also managed heavily for pasture, with open drainage ditches. When the 

land was purchased by the Forest Service in 1996, tidal flow was restored by dike breach north 

of the Highway 101 bridge to the lower most portion of the western half of the marsh. A North-

South oriented sampling system was developed (1996-1999), with transect plots spaced 50 

meters apart. In 1998, intermittent bare areas were common throughout the tidal marsh with 

stands of decomposed Phalaris arundinacea (Reed canary grass) and Rubus armeniacus 

(Himalayan blackberry, syn. Rubus discolor) (Gray 2002). By 1999 C. lyngbyei, Argentina 

egedii, Poa spp., and Juncus spp. were recruited to the site, shifting the vegetation community 

without disrupting C. lyngbyei dominance. Salmon Creek has less surface complexity compared 

to the other marshes in this study, with one main channel that is wide and shallow (likely the 

former channel of the Salmon River) (Frenkel 2006, unpublished).  

 

Field Sampling Methods 

Field work was conducted during the month of July in 2016, within the one Reference Marsh 

and three restored (Y-Marsh, Mitchell Marsh, Salmon Creek Marsh) salt marshes of Salmon 

River Estuary. Data on percent cover and abundance of plant species were collected from 1 m2 

(or 1m x 1m) vegetation plots at established transects to characterize species richness. Two to 

four of the pre-established transects of various lengths were selected at random from restored 

marsh sites to obtain data for a minimum of 20 1m x 1m plots at each site in the field. At each 

site, transects were re-located with a GPS. All species in each 1m x 1m plot were identified in 

the field and specimens were collected for a reference collection. Two soil samples were 
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collected with a PVC cylinder coring device at each meter square plot for subsequent lab 

analysis (bulk density, salinity, conductivity). The coring device was pounded into the soil at a 

depth of 10 cm with a rubber mallet and excavated with a trowel. According to the National Soil 

Survey Center Protocol (2009), 10 cm is an appropriate fixed depth for measuring characteristics 

of wet soil.  

Stohlgren plots, or Modified Whittaker plots (MW; Appendix Figure 1), were established at 

each marsh site. Ten 0.5m x 2m, two 2m x 5m, and one 5m x 20 m plots were sampled within 

each 20m x 50m plot (Stohlgren 1995; Whittaker 1977). There were 3 MW plots for each 

restored and reference site. The MW plots were placed at a random distance 50 m along and 20 

m offset from the sampled transects at each marsh. All the 0.5 x 2 m and 2 x 10 m plots within 

the larger MW plot were sampled for percent cover. The 5 x 20 m plot as well as the interior of 

the 50 x 20 m plot (not covered by other plots) were surveyed for presence/absence of species 

only. At each  0.5 x 2 m and 2 x 10 m plot, species richness, and percent cover were estimated 

(with the aid of 1 meter square grids). GPS coordinates were collected at each exterior and 

interior corner (including the 4 corners of the 5m x 20m plot). Locations were resampled if 

randomly selected coordinates fell within a riparian area that could not be physically crossed 

(such as a large tidal channel).  Samples of all species collected were identified, pressed and 

microscopically examined to confirm identification with Dennis and Halse (2008) and Hitchcock 

and Cronquist (1973), referencing taxonomic nomenclature of the USDA (2017). Identifications 

were confirmed by Dr. Richard Halse (OSU).  

Addressing Methodological Hypotheses 
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 Data collected and analyzed in the field were used to address the biological and 

methodological hypotheses proposed.  Species area curves and ranked abundance curves were 

produced from vegetation percent cover, and calculated using plant species richness data, with 

PC-ORD and Microsoft Excel software. Curves were produced for all transect data, and each 

MW nested plot size. Species Area curves, along with species accumulation curves, and ranked 

abundance curves, were interpreted in the context of how the two different sampling methods 

applied in the field capture and characterize species area relationships in restored and reference 

salt marshes.  

Addressing Biological Hypotheses 

Plant and soil data collected in the field and analyzed in the lab, were used to produce 

statistical relationships with PC-ORD for examination of biological hypotheses proposed, related 

to between site differences. Log species area curves were also determined for each tidal marsh 

and regressions were applied to examine differences in diversity by site. Percent cover of plant 

species and measured soil characteristics were used to explain tidal marsh community structure 

through analysis of ordinations. Non-parametric statistical procedures, including Multi-Response 

Permutation Procedure (MRPP), Mantel tests, and Indicator Species Analysis (ISA) were applied 

to test for between site differences, and relative frequency and abundance of particular species by 

site, respectively. Mantel tests with Monte Carlo randomizations were used to examine spatial 

autocorrelation of plots in the context of species associations and underlying gradients. 

Lab Methods1 

                                                           
1 Soil samples were collected and analyzed by REU student Sally Cai, from Brown University, class 2018. 
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Drying Sieving, and Bulk Density Measurements 

 Lab analysis elucidated soil characteristics used to analyze between site differences. 

Initial fresh weights of soil samples were obtained within a week of collection. Samples were set 

out on the laboratory bench to air dry at approximately 20° C. Final air-dry weights were 

recorded when there was less than a 2% difference in weights between weights on subsequent 

days. The weighed, air-dry samples were sieved through 2 mm mesh brass sieve No 10. 

Subsamples (10 g) were placed in VWR Aluminum weighing tins and oven dried for 48-72 

hours at 60° C. The subsamples were returned to room temperature in a vacuumed desiccator for 

1-3 hours and then weighed again for an oven to air dried mass correction factor. The correction 

factor was used for oven-dried bulk density calculations (Sally Cai, 2016 unpublished; Dr. Mary 

Santelmann, personal communication 2016; National Soil Survey 2009). 

Soil, pH, Conductivity and Salinity 

 The air dried, sieved soil samples were prepared in 1:10 solution of 10 g air dried soil and 

100 mL distilled H2O (10 g air-dried mass to 100mL). The 1:10 dilution was used to obtain a 

sufficiently liquid sample for obtaining readings with the probes. Measurements and analyses of 

the soil solutions were conducted in concordance with National Soil Survey Center protocol 

(2009). A 1:10 ratio was used because a 1:1 ratio failed to produce results, those samples were 

exceptionally ‘peaty.’ Individual samples were mixed for 1 minute every 10 minutes for a total 

of 30 minutes of mixing. Temperature adjusted conductivity and pH were then measured with a 

VWR Symphony multi-probe. Salinity and temperature-adjusted conductivity were also 

measured with a YSI meter.  Both instruments were calibrated to 4.0, 7.0, 10.0 pH, and KCI 
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conductivity standard of 1431 μS. To obtain a sample pH and conductivity, three pH and 

conductivity measurements were recorded and averaged, as the VWR multiprobe generated pH 

readings with large standard deviations between measurements. Furthermore, the 10:1 dilution, 

mixing, and VWR measurements were repeated for two additional sets of separate subsamples 

(weighed and dried) from the Reference Marsh to estimated intra-sample standard deviations 

(Sally Cai and Dr. Mary Santelmann, personal communication 2016; National Soil Survey 

2009).  

Carbon:Nitrogen (C:N) Analyses 

 Approximately 150 mg subsamples of oven-dried soil were folded into aluminum casing 

to measure relative nutrient concentrations (carbon to nitrogen ratio, C:N). An Elementar C:N 

analyzer was calibrated with 4 O2 exposed blanks and 3-4 Phenylalanyl standards (Phenyl3). A 

North American soil standard sample was weighted and included in between every 20 marsh soil 

samples and compared to known values, for calibration. The soil samples were were combusted 

to create a surface-area metric for carbon and nitrogen concentrations, as well as the ratio of 

carbon to nitrogen (Sally Cai and Dr. Mary Santelmann, personal communication 2016; National 

Soil Survey 2009).  

 

 

Dataset Structure and Preparation for Statistical Analysis 
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All data were statistically analyzed using PC-ORD software. Four separate matrices were 

examined; transect plot data (1), MW 1 m2 plot data (2), MW 10 m2 plot data (3), and MW 1,000 

m2 plot data (4). The MW plots, are nested, with each 1,000 m2 containing ten 1 m2 subplots, one 

100 m2 subplot, and two 10 m2 subplots each (Appendix Figure 1). Each plot was represented 

with a separate dataset, as the plot sizes are different. For all statistical analyses in this project, a 

plot is considered a sample unit (SU). While all environmental explanatory matrices had 

elevation data as well as categorical data, indicating date of dike removal, restoration status 

(yes/no), only the transect data had corresponding soil sample data. Multi-Response Permutation 

Procedures (MRPP) were used to test for differences in communities between dates of dike 

removal (4 groups). Mantel tests were used to examine plot data for spatial autocorrelation. 

Sorensen distance was utilized to generate the fundamental distance matrix used for all tests, as it 

is useful for community data and is less sensitive to outliers than other distance measures. 

Indicator Analyses were also applied to data from each set of plots with percent cover data, to 

examine if species were associated with a specific site. Data profiles demonstrated a high ‘dust 

bunny index’ for all matrices (non-normal distributions of samples in multivariate species 

spaces), suggesting that non-metric, multidimensional scaling (NMS) would be most appropriate 

for examining these community datasets (McCune and Grace 2002). Pearson and Kendall 

correlation coefficients were used to examine relationships between NMS ordination axes and 

species scores.  

Statistical Analysis Procedure and Dataset Refinement 
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Transformations and relativizations were performed but ultimately not used as the 

patterns represented by these data were robust to such manipulations. One transect plot contained 

no vegetation and was eliminated from the study (plot A0 in Y Marsh). Sample units that were 

greater than or approximately equal to 1.5 standard deviations from the sample unit distance 

grand mean were removed. Removal of three plots with close to 1.5 standard deviations different 

from the grand mean reduced average and final stress for NMS solutions compared to 

ordinations that maintained those plots (this included plots S73 and S74 from transect data, as 

well as plot S7374B from MW 10 m2 dataset). The NMS ordinations of individual MW 1 m2 plot 

data identified no meaningful solutions as a result of a very large number of plots with zero 

values for a large number of species. To resolve this problem, we combined data for MW 1 m2 

plots and averaged percent cover to reduce the number of zero values. This yielded twelve 

averaged values, one for each of the MW plots completed (three per marsh). From original plot 

design (Appendix Figure 1) there are ten 1 m2 MW subplots in each of the 1,000 m2 MW plot 

and twelve 1,000 m2 plots overall, resulting in one hundred and twenty 1 m2 MW subplots. The 

percent cover estimates for the ten 1 m2 MW subplots were averaged for each of the 12 MW 

plots to generate a single percent cover estimate for an entire MW plot. Thus a total of 12 

estimates of vegetation composition, in an area of 10 m2, were used in ordinations for all 12 MW 

plots across all sites. The percent cover estimates for the 24 (2 per 1000 m2 MW plot) were also 

averaged (24/2) to a single percent cover estimate per MW plot, for a total of 12 estimates for all 

12 MW plots. The averaging of 1 m2 and 10 m2, MW subplot values, reduced the number of 

zeros in the dataset. The two datasets of averaged 1 m2  (10 averaged 1 m2  plots, thus analogous 

to 10 m2 area represented) and 10 m2 MW subplots were combined and compared to the separate 
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ordinations with Monte-Carlo randomizations. The NMS 1 m2 and 10 m2 combination is easier to 

interpret than each individual1 m2 NMS and 10 m2 NMS (with more, robust sample units 

represented) and consistent with each individual NMS output, thus the combination was used for 

interpretation.  

All the MW datasets have 12 entries, which may be considered small for an NMS, 

however, the patterns demonstrated by the tests are consistent with each other and the Transect 

results. The MW plots are not independent; therefore, all MW plot data analysis will be 

interpreted collectively. Transect plots could not be averaged, as they are independent. All NMS’ 

performed on all datasets employed tie penalties, as there were a large percentage of ties and 

many zeros. The tie penalty was employed to avoid the production of many empty sample units 

in randomizations that are incompatible with distance measures or randomizations that have 

higher stress values.  

Results 

 Data on species richness and composition revealed distinct differences between the 

reference marsh and restored tidal marshes at Salmon River Estuary. Differences were robust 

across the two different methods; transect and MW field plots.  

Results: Investigating Vegetation Assemblage Composition 

Research Question(s): Are SRE marshes that were restored earlier more similar to the Reference 

Marsh in terms of species richness, environmental conditions (soil-pH, conductivity, salinity, 

bulk density, carbon to nitrogen ratios, elevation), species composition, and time since dike 

removal, compared to those restored more recently? 
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MRPP Analysis and Mantel tests 

An MRPP analysis of plant communities determined by percent cover in transect and 

MW plots was completed to establish differences in reference and restored sites by vegetation. 

Vegetation differed by site characteristics (date of dike removal) and reference versus restored 

site status. Effect sizes were large (0.12-0.51) for both Transect and MW plots, indicating strong 

significant differences between sites in terms of species composition. The effect size for the 

transect and smaller MW plot datasets (Transect n = 74, MW 1 m2 n = 120, MW 10 m2 n = 24) is 

larger than the 1000 m2 MW plots, which is likely due to the smaller sample size of the 1,000 m2 

data set (Table 4; Table 5).  

Mantel tests found spatial autocorrelation only for the three whole Modified Whittaker 

plots within each site (twelve 1,000 m2 plots total). Spatial autocorrelation was not found with 

smaller plot sizes (1 m2, 10 m2). The significant results may be due to sample size (n = 12), 

however they suggest that patchiness of vegetation in plots occurs at finer scales, and spatial 

autocorrelation occurs at a larger scale. Distance between plots (of all sizes) sampled is likely 

longer than significant vegetation change on the environmental gradients at SRE. The 1,000 m2 

MW plots are large, and may have captured some autocorrelation due to their size; other plots 

sampled may have been small in size relative to underlying gradients. If the smaller nested or 

transect plots were placed closer together, it is possible stronger autocorrelation would be 

observed (Appendix Table 54; Legendre 1993; Mancera et al. 2005) 

Species Indicator Analyses 
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 Indicator analyses were conducted on all datasets to examine plant species associations 

with tidal marsh sites. Carex lyngbyei, an aggressive generalist native, demonstrated dominance 

and strong prevalence throughout restored sites and was observed to be essentially absent from 

reference sites. C. lyngbyei is a strong significant indicator of restored sites, occurring in 35% of 

Salmon Creek transect plots, 34% of Mitchell plots, and 19% of Y marsh plots. C. lyngbyei was 

not found in any reference site transect plots, was not a significant indicator for 1 m2 MW plots, 

and was found in only 11% of 10 m2 MW plots. Juncus arcticus var. littoralis is mid to high 

marsh species that was found to be indicative of historic salt marsh conditions at Salmon River, 

and a near perfect indicator for Reference Marsh sites throughout all reference site plots, with 

frequent occurrence. J. arcticus had only one incidence of non-fidelity with Reference Marsh 

sites, occurring in the 1 m2 MW plots at Mitchell Marsh where 2% of plots in Mitchell recorded 

its presence. Deschampsia cespitosa and Argentina egedii, were also more frequently 

encountered in the Reference Marsh. For the transect plots, D. cespitosa is a significant indicator 

of pre-disturbance conditions. It occurred in 62% of reference plots, and only 2% of Y marsh 

plots, implying it is relatively exclusive and faithful to pre-development conditions. A. egedii, 

also suggests pre-disturbance conditions and occurred predominantly in reference plots though 

infrequently at restored sites (Appendix Table 7, Table 3, Table 4).  

Glaux maritima is a residual, near-perfect indicator species for reference conditions based 

on these data and was exclusively faithful to non-diked sites (Table 4). Residuals are species that 

can tolerate fresh and saltwater conditions and can persist on the landscape after disturbance via 

dike removal (Jefferson 1974; Mitchell 1981).  Hordeum brachyantherum is another residual salt 
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marsh plant that is a significant indicator found in 20% of transect reference plots and 1% of 

Salmon Creek plots. This suggests it may be more mildly indicative of conditions prior to dike 

development. Salt tolerant species like S. perennis and T. maritima tended to indicate restored 

conditions more often than reference conditions. S. perennis and T. maritima are recognized as 

colonizer salt marsh species. Both tend to appear at low elevations, and can re-establish on a salt 

marsh site following dike breaching and saltwater intrusion, and are not often present in 

pastureland (Table 3, Table 4; Mitchell 1981, Jefferson 1974).                                                                                                                                

 

NMS Transect Plot Data  

NMS ordinations were conducted using PC-ORD (Mather 1976; McCune and Mefford 

2015) to explore patterns in the transect data with random starting configurations and Sorensen 

distance. Auto-pilot ‘medium’ settings (maximum 200 iterations, 50 real and 50 randomized 

runs, 4 starting axes, instability criterion of 0.00001) and tie penalization were utilized 

consistently for all data to facilitate comparison. The NMS ordinations found a significant 2D 

solution with low to moderate stress for all solutions (Appendix Table 8; Figure 2). Tables 7 and 

8 describe all species and environmental factor correlations with each axis for each NMS. Axes 1 

and 2 explained approximately 90% of cumulative variance for all datasets subjected to NMS. 

Environmental variables such as Elevation and Soil C/N ratios were strongly related to Axis 1 as 

pictured in Figure 2. Restoration treatment was strongly positively correlated with Axis 1 and 

weakly, negatively correlated with Axis 2. Elevation was positively strongly related to Axis 2. 
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Average Conductivity and Salinity have a strong negative relationship with Axis 2 (Appendix 

Table 8, Table 1).  

Bulk density of soil (represented by bulk density post air dry and post oven dry) are 

weakly negatively correlated with Axis 1. Carex lyngbyei, a ubiquitous high marsh species in 

this study, has a near strong positive correlation with Axis 1 for this and all other datasets. All 

other species have negative relationships with Axis 1. Phalaris arundinacea, an invasive species, 

was weakly, negatively correlated with Axis 1 and strongly positively correlated with Axis 2.  

Agrostis stolonifera, Argentina egedii, Juncus arcticus and Dechampsia cespitosa, were all 

strongly, negatively associated with Axis 1 and moderately to strongly positively associated with 

Axis 2. Halophytic species such as Sarcocornia perennis, native species Jaumea carnosa, 

Triglochin maritima and Distichlis spicata are negatively related to both axes. High and mid 

marsh species associated with reference conditions such as Juncus arcticus, native Achillea 

millefolium, and native Glaux maritima, have a strong negative relationship with Axis 1 and a 

weak, positive relationship to Axis 2 (Figure 2; Table 2).  

NMS ordinations were also produced for the MW plot data. The MW NMS results are all 

consistent with those from the transect data (Figure 3). Separate ordinations were conducted for 

the 1 m2, 10 m2, and 1,000 m2 plots; the 1 m2 and 10 m2 were subsequently combined into one 

NMS ordination. Axis characterizations (Axis 1- “Restoration”, Axis 2- “Elevation”) are 

consistent with Transect NMS patterns, for all NMS of MW plots including the MW 10 m2, 1 m2 

combination. One visible difference is the association between the Mitchell Marsh and Y-Marsh 

convex hulls. Mitchell Marsh was found to be more like Y-Marsh than Salmon in this NMS 
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ordination, due to species composition for 1 m2 and 10 m2 of both marshes. Both 1 m2 and 10 m2 

plots at Mitchell were dominated by C. lyngbyei (10 m2) and had a strong presence of salt 

tolerant species (1 m2) which is consistent with Y-Marsh species patterns. This shift may also be 

related to the absence of soil data (salinity/conductivity) to distinguish Mitchell Marsh from Y-

Marsh, as Mitchell Marsh has a larger freshwater influence. Species correlations with Axes 1 and 

2 for the MW combination are the comparable to all other NMS tests. MW datasets included 

measurements for percent cover of tidal channels in plots, which showed weak correlations with 

Axis 1 and strong, positive correlations with Axis 2 for MW plots. This suggests sites with 

higher elevation had more complex surfaces, and coverage of tidal channels, which is concurrent 

with reference conditions. 

Transect NMS Axis Summary 

Axis 1 is best described as a ‘restoration axis’ when considering its relationship to 

environmental variables and species. Species indicative of high marsh-reference conditions 

predominantly have strong negative associations with Axis 1. Elevation is strongly negatively 

related to Axis 1 and the Restoration variable is strongly positively related to Axis 1, suggesting 

that sites which are less recently restored or are references typically have higher elevation and 

more high marsh species. A. stolonifera, A. egedii, and D. cespitosa were all historically 

associated with reference high marsh conditions, are related to higher elevation and well as 

reference or less recently restored conditions.  J. arcticus and G. maritima were also strongly 

associated with high marsh reference conditions and higher elevations, an inverse of the C. 

lyngbyei pattern.  
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Concurrently, salt tolerant colonizer species most commonly have negative relationships 

with both axes, implying an affinity for saltier, low elevation conditions (in addition to less 

recently restored, reference conditions). Reference and established restoration sites, such as 

Mitchell Marsh are also connected to higher carbon-nitrogen ratios and lower bulk density for 

soil samples. Axis 2 may be conceptualized as an ‘elevation’ axis, for which strong positive 

correlations often indicate higher elevation and lower soil salinity/conductivity. Strong negative 

correlations for Axis 2 suggest lower elevation and higher soil salinity/conductivity (Figure 2).  

Halophytic D. spicata, S. perennis, and T. maritima are associated with lower elevations 

and saltier conditions, and have a strong to moderate negative relationships with both axes. Salt 

tolerant species were associated with saline conditions, though salinity did not always relate 

perfectly to low elevation conditions. This analysis implies a strong ‘restoration gradient’ where 

species characteristic of high marsh and low marsh are associated with reference conditions, and 

species like C. lyngbyei, P. arundinacea, and B. maritimus, are linked to more recent restoration 

conditions. There is a clear salinity gradient as expected, with high marsh species allied to higher 

elevation-low salinity conditions, and low marsh species tending to occur in to saltier conditions 

and low elevation.  

Convex hulls on ordination plots show sample units (plots) grouped by tidal marsh (site) 

(Figure 2, Figure 3). There is a clear separation between sites that were never diked and sites that 

have experienced dike removal from the transect data. The non-diked reference site is affiliated 

with higher elevation, and lower salinity/conductivity. There is also distinct overlap between 

diked sites on Axis 1 (Restoration axis), and further separation on Axis 2. There is greater 
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variation (indicated by convex hull size, shape, and sample unit location) for diked and restored 

sites compared to the reference sites along Axis 2, referring to differences in elevation and salt 

content within sites. There is more overlap between Salmon Creek (1996) and Mitchell Marsh 

(1978) than either have with Y-Marsh (1987), implying similarity between the transects at these 

sites, in terms of species composition, elevation, and soil conditions. Y-Marsh has the largest, 

‘longest,’ hull of any site, and is distinguished from the reference site, which is of interest 

because they are directly adjacent to each other. YMarsh has the highest salinity-conductivity 

values and is associated with the most salt tolerant species, based on its NMS orientation. The 

Reference Marsh is associated with the greatest number 

 high marsh species, and Mitchell and Salmon are most closely connected to C. lyngbyei 

and P. arundinacea (Figure 2).  

Comparison of MW Plot and Transect NMS Data (1 m2/10 m2, 1000 m2) 

Plant associations (low marsh, high marsh) with gradients observed in the transect data 

are also upheld in MW data. Presence of high marsh species was correlated with the axis 

representing high elevation, and reference conditions. The strong relationship between channel 

coverage and Axis 2 suggests that presence of channels may represent inundation and thus saltier 

conditions in certain plots, which would be consistent with the strong negative relationship of 

salt tolerant species to Axis 2 for MW 1 m2. The mid-high marsh dominant species C. lyngbyei 

represents the inverse of the high marsh species patterns, associating with more recently 

disturbed areas, though not necessarily correlating with lower elevations. For MW plots, the high 
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marsh species identified are more often connected to reference conditions and higher elevations, 

while salt tolerant species are correlated with lower elevations. 

MW plots captured more species that were indicative of reference conditions, with a 

greater total area surveyed: species like Eleocharis spicata, Festuca sp., Trifolium chilense., 

Symphotrichum sp., Rumex occidentalis, and Carex obnupta, are all high marsh indicator species 

that were not found in transects. These species are all weakly to strongly negatively correlated 

with Axis 1 and weakly to strongly correlated with Axis 2. This suggests these species are more 

likely to be found in reference conditions, at higher elevations, with more fresh conditions (lower 

soil salinity/conductivity).  C. lyngbyei was strongly positively associated with Axis 1 and 

negatively associated with Axis 2. This species frequently occurred in recently restored, mid to 

high elevation conditions, with lower salt content, throughout the entire estuary. Other 

colonizing salt tolerant species such as S. perennis and T. maritima are also related to low 

elevation conditions, though not as strongly to reference conditions. MW plots sampled 12,000 

m2 of salt marsh habitat, 3,000 m2 at each site, and captured greater diversity across more 

recently restored sites that were somewhat homogenous like Salmon Creek or Y-Marsh (Figure 

2, Appendix Table 8, Table 1, Table 2).  

Research at SRE has demonstrated that while restored sites have not yet returned to 

reference conditions, vegetation cover has changed dramatically since initial restoration. From 

the first dike removal, upland pasture species that were prevalent since installation, were wiped 

out owing to inundation, and generalist, perennial colonizers, like Carex lyngbyei (as well as D. 

spicata, A. egedii, and halophytes like S. perennis and T. maritima) have colonized intertidal and 
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upper marsh ranges of habitat at SRE. These patterns were observed in the initial 20 years since 

dike removal and are consistent with more recent data detailed in this thesis (Frenkel 1992; 

Frenkel and Morlan 1991; Frenkel 1995). From this and previous SRE work, I cannot reject my 

hypothesis that proposes alternative stable states, with the premise that generalist species like 

Lyngbye’s sedge have achieved and maintained domination since dike removal.  

Results: Measuring Species Richness and Spatial Pattern of Diversity 

Research Questions:  

Does species richness captured differ between restored and reference salt marshes?  

Do field methods, specifically nested-rectangular (Modified Whittaker) plots and non-nested-

square (Transect) plots capture species richness differently? 

Do species area relationships differ between restored and Reference Marshes? 

Species Area Curves  

Species area curves and species accumulation curves were examined to compare spatial 

patterns of plant diversity in the context of sample size and site treatment, respectively (Figure 

4a, Figure 4b, Figure 5, Appendix Table 4). Cumulative species diversity calculated using the 

species area curve command in PC-ORD (McCune and Grace 2002). Total and cumulative area 

surveyed for all transects in 2016 for all four sites, is 74 m2 (74 plots, 1 x 1 m) and total 

cumulative area surveyed for all MW plots is 12,000 m2 (12 x 1,000 m2).  

Considering 1 m2 plot sizes only, the species area curve for transect data appears to rise 

and plateau quickly, whereas the MW species area curve rises more steadily and plateaus later 
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(Figure 4a, Figure 4b, Figure 5). MW plots had higher overall species richness (21) and lower 

species turnover (1.7) compared to transect data species richness (17) and species turnover (4.5). 

Greater species richness from MW plots is an expected result, as there were fewer, larger 

(nested) MW plots that sampled more area compared to transect plots. Furthermore, both plot 

types exist on environmental gradients related to salinity and elevation, suggesting greater 

species turnover on transects, since transect plots traverse a greater spatial extent of sampled 

units (McCune and Grace 2002; Rosenzweig 1995). Average species accumulation for transects 

is similar (16.3) to average species accumulation for MW plots (17.9), suggesting that both 

represent adequate sample size and appropriate spatial grain for this study site (Figure 5, 

Appendix Table 4).  

The Reference Marsh has the highest richness of all marshes sampled, though YMarsh is 

a close second as plot size dimension increases (Figure 5). Mitchell Marsh and Salmon Creek 

marsh are both comparably low, suggesting that as scale of area increases, species richness does 

not increase by much. This is also a slight deviation from the species accumulation curves, which 

suggested Mitchell Marsh may be more diverse than YMarsh at the 1 meter scale on transect 

plots. Also, all the slopes of the species area curves I sampled are significantly lower or less than 

the slopes of the species accumulation curves, for all sites, indicating ‘nestedness’ or patchiness 

(p < 0.05, Appendix Table 9). This inference is consistent with what I observed in the field on 

the ground. While diversity and richness seem to vary within restored marshes by scale, the 

Reference Marsh has consistently higher richness, and Salmon Creek has consistently low 

richness.  
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Species Accumulation Curves 

As noted in the introduction, a species accumulation plot, also known as species ‘effort’ 

or species discovery plot, is produced from the accumulated species richness compared to 

cumulative plot area, to address the rate at which diversity changes over area sampled. Diversity 

tends to increase at a faster rate in scattered plots than in nested plots, implying that scattered 

plots can be more effective in capturing species in the field with fewer plots (Rosenzweig 1995, 

McCune and Grace 2002, Highland et al. 2015). However, sampling using larger plots within 

nested designs, such as MW plots, allows us to explore species area relationships for these sites, 

in addition to the patterns illustrated by species accumulation curves.  

Appendix Figure 4 shows the trend for species accumulation average number of species 

encountered per meter squared plot over cumulative plots sampled on the transects. These data 

are the result of a combinatrix from PC-Ord that accounts for every possible combination of x 

number of plots sampled. You can see from this graph, that the square meter plots on the 

reference marsh have a significantly higher number of cumulative species, compared to all other 

reference marshes. Salmon Creek has the lowest, and Mitchell and YMarsh are intermediate. I 

also compared species accumulation on the square meter plots from the MW plots I sampled and 

found that species accumulation patterns were overall consistent. The only difference here is that 

Mitchell Marsh was found to have higher species accumulation over area than YMarsh, which in 

this case was comparable to Salmon Creek’s low diversity. The difference in YMarsh diversity 

could be from the placement of MW plots or patch variation, both Salmon Creek and YMarsh 
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have large patches of C. lyngbyei. Ultimately this shows that there is variability in species 

richness within Restored Marshes, but consistently high richness on the reference marsh.  

 

Species Ranked Abundance 

Ranked abundance of species shows similar profiles for tidal marshes across all datasets 

(Appendix Figure 5). C. lyngbyei exerts strong dominance as the singularly most abundant 

species in any given dataset. The disproportionate prevalence of C. lyngbyei and steep 

abundance gradient (denoted by the ‘stepwise’ shape of rated species) imply un-evenness of 

species within datasets.  More infrequent or comparatively ‘rare’ species like A. millefolium or 

Festuca sp. rank very low in abundance, and more common colonizer and high marsh species 

rank high in abundance. There are clear distinctions, or ‘steps’ in between C. lyngbyei, common 

high marsh species and salt tolerant colonizers, and less common high marsh species, 

demonstrating that there is heterogeneity and patchiness in species abundance (Appendix Figure 

5; McCune and Grace 2002). 
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Tables and Figures 

Figure 1. Map of Salmon River Survey Plots showing elevation based on Lidar data for each marsh. The transect plots and MW plot 

corners are coded by plant assemblage type most common at that plot. ‘Salt’ plots have a majority of D. spicata, S. perennis, and or T. 

maritima. ‘High marsh’ plots are dominated by high marsh species (including but not limited to D. cespitosa, J. arcticus var. littoralis, 

A. egedii, and pasture grasses such as A. stolonifera and H. brachyantherum). The C. lyngbyei type represents plots with greater than 

75% cover of C. lyngbyei and little to nothing else. MW plots represent some combination types, as those plots covered larger surface 

areas, and had subplots dominated by different types.  
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Figure 2. NMS Ordination for permanent transect plots, with convex hull overlays, sample units 

(plots) shown as triangles, and species shown as points. Elevation, (soil) Salinity/Conductivity 

and ‘Restored’ are the three major joint plot vectors (red lines) shown in this NMS. The 

Reference Marsh is the most diverse in this ordination, with several species closely associated 

with reference plots and high elevation. Some Salmon Creek plots were at low elevations and 

dominated by C. lyngbyei, while others contained G. aparine and P. arundinacea. Several plots 

from Mitchell Marsh directly overlap with several of the plots from Salmon Creek Marsh, 

showing similarity in elevation range, low salinity conditions and species indicative of restored 

conditions. Y-Marsh has a notably low elevation based on the placement and length of its hull, 

and has strong relationship with salt tolerant species (T. maritima, S. perennis, D. spicata). 
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Figure 3. NMS Ordination for MW 1 m2 and 10 m2 plots combined. Each plot (a sample unit 

symbolized by a triangle) represents an area of 10 m2. Each tidal marsh has convex hull 

overlays, SU’s, and species symbolized as points. Elevation and ‘Restored’ are the two major 

joint plot vectors represented in this NMS; soil data were not measured on MW plots. The 

patterns observed in species associations with environmental characteristics on MW plots were 

consistent and robust across sampling methods (for transects and all MW plot sizes). There is 

one small exception, where the Mitchel Marsh convex hull overlaps with the YMarsh convex 

hull; YMarsh and Mitchell Marsh both had a large presence of C. lyngbyei. and Mitchell Marsh 

also had instances of salt tolerant species within the MW plots. Despite differences in shape, all 

the restored marshes’ convex hulls converge over Carex lyngbyei, which is the species mostly 

strongly correlated with disturbed and restored conditions.   
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Table 1.  NMS Joint Plot Results: Environmental Variable Correlations with Ordination Axes. 

The correlations for each environmental variable to ordination axes. N/A indicates that variable 

was not measured for the dataset or did not correlate to any ordination axis.  

AXIS 1  Transect MW 1m2 MW 10m2 MW 1000 m2 

MW 1m2, 

10m2 combo 

Elevation 0.278 0.509 0.286 0.263 -0.639 

Restored (status) 0.544 0.776 0.554 0.215 0.801 

Bare  N/A 0.069 N/A N/A -0.219 

Channel N/A 0.003 N/A 0.023 -0.108 

Carbon:Nitrogen 0.153 N/A N/A N/A N/A 

 

AXIS 2  Transect MW 1m2 MW 10m2 MW 1000 m2 

MW 1m2, 

10m2 combo 

Elevation 0.278 0.005 0.196 0.195 0.435 

Restored (status) 0.054 0.001 0.007 0.175 -0.320 

Bare  N/A 0.101 0.122 N/A -0.281 

Channel N/A 0.537 N/A 0.024 -0.108 

Salinity 0.252 N/A N/A N/A N/A 

Conductivity 0.26 N/A N/A N/A N/A 
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Table 2.  NMS species correlations with Ordination Axes: Species correlations with Ordination 

Axes. The correlations for each environmental variable to ordination axes. N/A indicates that 

species did not appear in that dataset or did not correlate to any ordination axis for that dataset. 

Axis 1 R Values  
Transect MW 1m2 MW 10 m2 MW 1000 m2 

MW 10 m2, 10 m2 

combo 

Agrostis stolonifera -0.443 -0.906 -0.797 -0.287 -0.826 

Argentina egedii -0.437 -0.965 -0.661 -0.759 -0.747 

Atriplex sp. -0.115 -0.563 -0.313 -0.749 -0.370 

Carex lyngbyei 0.936 0.816 0.982 0.301 0.964 

Deschampsia cespitosa -0.335 -0.52 -0.577 -0.791 -0.511 

Distichllis spicata -0.48 0.007 -0.373 -0.503 -0.400 

Grindellia stricta -0.121 N/A -0.073 -0.253 -0.100 

Hordeum brachynantherum -0.153 -0.556 -0.495 -0.747 

 

-0.489 

Juncus arcticus -0.674 -0.879 -0.655 -0.722 -0.767 

Phalaris arundinacea -0.121 -0.25 -0.271 -0.016 -0.124 

Sarcocornia perennis -0.35 0.251 -0.308 -0.622 -0.254 

Triglochin maritima -0.378 0.234 -0.346 -0.8 -0.280 

Bolboschoenus maritimus 0.088 -0.044 -0.271 -0.016 

 

-0.120 

Glaux maritima -0.542 -0.842 -0.687 -0.558 -0.750 

Eleocharis spicata N/A - -0.271 -0.016 -0.120 

Trifolium chilense N/A -0.416 N/A N/A -0.240 

Rumex occidentalis N/A -0.25 N/A -0.016 N/A 

Symphotrichum sp. N/A -0.515 N/A -0.301 -0.307 

Galium aparine -0.07 -0.25 N/A -0.016 -0.044 

Festuca sp. N/A N/A N/A -0.301 N/A 

Carex obnupta N/A N/A N/A -0.016 N/A 

Jaumea carnosa -0.206 N/A N/A -0.286 N/A 

Achillea millefolium -0.193 N/A N/A N/A N/A 

Axis 2 R Values  
Transect MW 1m2 MW 10 m2 MW 1000 m2 

MW 10 m2, 10 m2 

combo 

Agrostis stolonifera 0.268 0.421 0.229 0.673 0.421 

Argentina egedii 0.539 0.34 0.124 0.298 0.430 

Atriplex sp. 0.217 0.23 0.203 -0.406 0.311 

Carex lyngbyei -0.092 -0.796 0.062 -0.121 -0.110 

Deschampsia cespitosa 0.229 0.313 0.355 0.244 0.420 

Distichllis spicata -0.509 0.782 -0.664 -0.488 -0.642 

Grindelia stricta -0.008 N/A -0.39 -0.206 -0.303 

Hordeum brachyantherum 0.001 -0.291 -0.044 -0.251 

 

0.056 

Juncus arcticus 0.18 0.418 0.027 -0.409 0.268 

Phalaris arundinacea 0.553 0.517 0.7 0.863 0.630 

Sarcocornia perennis -0.644 -0.291 -0.742 -0.479 -0.741 

Triglochin maritima -0.636 -0.291 -0.702 -0.418 -0.703 

Bolboschoenus maritimus 0.246 0.663 0.7 0.863 

 

0.544 

Glaux maritima 0.055 0.198 0.071 0.004 0.325 

Eleocharis spicata N/A N/A 0.7 0.863 0.546 

Trifolium chilense N/A 0.674 N/A N/A 0.202 

Rumex occidentalis N/A 0.09 N/A 0.863 N/A 

Symphyotrichum sp. N/A 0.427 N/A 0.121 0.156 

Galium aparine 0.291 0.202 N/A 0.863 0.305 

Festuca sp. N/A N/A N/A 0.121 N/A 

Carex obnupta N/A N/A N/A 0.863 N/A 

Jaumea carnosa -0.304 N/A N/A -0.251 N/A 

Achillea millefolium 0.102 N/A N/A N/A N/A 
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Table 3. Indicator Analysis: Indicator Species per Dataset. The indicator values and p values for 

each significant indicator species per dataset. The transect dataset is the largest and has the 

greatest number of indicator species; not all transect indicator species were considered indicator 

species for MW plots. Higher indicator values indicate a stronger association with a species 

respective site.  

Species Code 

Transect 

Dataset 

Indicator 

Value 

Transect 

Dataset xp 

value 

MW 1 

m^2 

Indicator 

Value 

MW 1 

m^2 xp 

value 

MW 10 

m^2 

Indicator 

Value 

MW 10 

m^2 xp 

value 

Agrostis 

stolonifera AGST2 47.9 0.0002x 87.9 0.018x 62.6 0.004x 

Argentina egedii ARGE 47.3 0.0002x 76 0.018x 84 0.002x 

Atriplex sp. 

 ATPA4 33.8 0.008x 59.5 0.9 43.9 0.045x 

Carex lyngbyei CALY3 34.9 0.006x 47.7 0.16 45.7 0.02x 

Deschampsia 

cespitosa DECE 61.9 0.0002x 71.7 0.09 43.6 0.08 

Distichllis 

spicata DISP 36.6 0.0014x 76.9 0.021x 30.6 0.2096 

Juncus arcticus JUARL 92.9 0.0002x 93.4 0.018x 74.5 0.002x 

Sarcocornia 

perennis SAPE 36.3 0.0018x 100 0.021x 31 0.16 

Triglochin 

maritima TRMA20 45.1 0.0006x 88.4 0.08 60.8 0.023x 

Glaux maritima GLAUX 57.1 0.0002x 100 0.018x 62.5 0.003x 

Hordeum 

brachyantherum  HOBR 20.1 0.014x 43.1 0.51 37.5 0.093 
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Table 4. Species Indicator Analysis Results: Percentage of plots with species presence by site for 

Transect, MW 1 m2 plots, and MW 10 m2 plots. MW 100 m2 and MW 1000 m2 plots were not 

included as they only include presence-absence data, which are not applicable. Only significant 

indicator species from the SIA were included in this table. A score of 100 signifies a ‘perfect’ 

species relationship to site.   

Species 

Reference 

(never diked) 
Y Marsh (1987) Mitchell (1978) Salmon Creek (1996) 

Transect SU's 14 21 21 20 

Agrostis stolonifera 48 0 0 12 

Argentina egedii 47 0 0 14 

Atriplex patula 13 0 0 34 

Carex lyngbyei 0 19 35 34 

Deschampsia cespitosa 62 2 0 0 

Distichllis spicata 13 37 0 0 

Juncus arcticus ssp.. 

littoralis 93 0 0 0 

Sarcocornia perennis 5 36 0 0 

Triglochin maritima 10 45 0 0 

Glaux maritima 57 0 0 0 

Hordeum 

brachyantherum 20 0 0 1 

MW 1 sq m SU's: 30 30 30 30 

Species         

Agrostis stolonifera 88 0 0 4 

Argentina egedii 76 0 2 6 

Distichllis spicata 15 0 77 0 

Juncus arcticus 93 0 2 0 

Sarcocornia perennis 0 0 100 0 

Triglochin maritima 10 1 88 0 

Glaux maritima 100 0 0 0 

MW 10 sq m SU's: 6 6 6 6 

Species         

Agrostis stolonifera 63 0 0 3 

Argentina egedii 84 2 0 0 

Atriplex patula 30 0 44 0 

Carex lyngbyei 1 11 46 20 

Distichllis spicata 22 31 0 0 

Juncus arcticus 74 0 0 0 

Sarcocornia perennis 19 31 0 0 

Triglochin maritima 14 61 0 0 

Glaux maritima 63 0 0 0 



57 
 

57 
 

Appendix Figure 4 Species Accumulation Curves for all transect plots (a) showing average species accumulation at each tidal marsh. 

The following are log-log plots of cumulative species richness over log10 area of 1 m2 plots surveyed for Transects and MW 1 m2 

plots. The Reference Marsh has the highest number of cumulative species over area, followed by, Mitchell Marsh, YMarsh, and 

Salmon Marsh. Transect plots across sites have higher species accumulation on average, compared to MW 1 m2 plots for the 

Reference Marsh and Y-Marsh.  
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Figure 4b. Species Accumulation Curves for all MW 1 m2 (120) plots (b) showing average species accumulation at each tidal marsh. 

The following are log-log plots of cumulative species richness over log10 area of 1 m2 plots surveyed for Transects and MW 1 m2 

plots. The Reference Marsh has the highest number of cumulative species over area, followed by Y-Marsh, Mitchell Marsh, and 

Salmon Marsh. MW 1 m2 plots have marginally more species accumulation for Mitchell Marsh and Salmon Creek Marsh, and fewer 

species for YMarsh compared to transects.   
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Figure 5. MW plots (1 m2 - 1000 m2) species area curves, showing average species found in plots of a given area.  
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Table 5 a, b, c. Output of one-way ANOVA for Transect Species Accumulation Curves. These 

tests demonstrate strong significant differences between the semilog curves for transects at each 

site: F(3, 71) = 99.4063, p = 2.3e^-25. The post-hoc t-test (5c) shows strong significant 

differences between each site pairing for transect data.  

Transect Groups (5a) Count Sum Average Variance 

Reference Marsh 13 147.41 11.33923 3.584708 

Mitchell Marsh 20 139.15 6.9575 2.798936 

Y-Marsh 22 149.59 6.799545 2.341519 

Salmon Creek Marsh 19 71.58 3.767368 1.359209 

 

Transect Source of Variation (5b) SS df MS F P-value F crit 

Between Groups 442.8191 3 147.6064 60.83852 1.82E-19 2.735541 

Within Groups 169.8339 70 2.426199    

Total 612.653 73         

 

Transect Post Hoc T Test (5c) p value 

Reference v. Y-Marsh  1.36562E-07 

Reference v. Mitchell Marsh  5.62583E-07 

Reference v. Salmon Marsh 1.42278E-10 

Y-Marsh v. Mitchell Marsh 0.431273411 

Y-Marsh v. Salmon Marsh 2.79516E-07 

Mitchell Marsh v. Salmon Marsh 5.36611E-08 
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Table 6 a, b, c. Output of one-way ANOVA for MW Species Accumulation. There is a strong 

significant differences between the slope of the semilog curves for each site: F(3, 116) = 

209.9961, p = 1.05e^-46. The post-hoc t-test (6c) shows strong significant differences between 

all site pairings, except for Salmon Creek and Y-Marsh. Salmon and Y-Marsh are not different in 

terms of species accumulation for the MW 1 m2 plots.  

 MW Groups (6a) Count Sum Average Variance 

Reference Marsh 30 322.24 10.74133 1.622157 

Mitchell Marsh 30 245.32 8.177333 2.113027 

Y-Marsh 30 131.99 4.399667 1.084038 

Salmon Creek Marsh 30 124.34 4.144667 0.938267 

 

MW Source of Variation (6b) SS df MS F P-value F crit 

Between Groups 906.7878 3 302.2626 209.9961 1.05E-46 2.682809 

Within Groups 166.9672 116 1.439372    

Total 1073.755 119         

 

 

MW 1 m2 Post Hoc T Test 

6c) p value 

Ref v. Y-Marsh  5.04696E-27 

Ref v. Mitchell Marsh  3.41123E-09 

Ref v. Salmon Marsh 6.32666E-28 

Y-Marsh v. Mitchell 

Marsh 2.68925E-15 

Y-Marsh v. Salmon 

Marsh 0.353946478 

Mitchell Marsh v. 

Salmon 1.94836E-16 
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Table 7 a, b, c. Output of one way ANOVA: Species Area Curves. Tables 7 a-c describe the 

significant difference between Species Area curves by site (based on MW nested plots). Tables 

7a and 7b include the output of a one-way ANOVA, which demonstrates strong significant 

differences between the slope of the semilog curves for each site: F(3, 12) = 4.98, p = 0.02. The 

post-hoc t-test (7c) shows strong significant differences between the reference and Mitchell 

Marsh, as well as the Reference and Salmon Creek Marsh. The Reference Marsh has 

significantly higher richness over plot area compared Mitchell and Salmon. Y-Marsh is not 

significantly different from the Reference marsh in terms of species richness over area sampled, 

and Mitchell and Salmon are not different in terms of their low richness.  

 MW Groups (7a) Count Sum Average Variance 

Reference Marsh 4 33 8.25 3.976666667 

Mitchell Marsh 4 12.8 3.2 1.326666667 

Y-Marsh 4 24.6 6.15 14.97666667 

Salmon Creek Marsh 4 11 2.75 1.296666667 

 

MW Source 

of Variation 

(7b) SS df MS F P-value F crit 

Between 

Groups 80.6275 3 26.87583333 4.982388383 0.017966084 3.490294819 

Within 

Groups 64.73 12 5.394166667    

Total 145.3575 15         

 

MW Post Hoc T Test 

(7c) p value 

Ref v. Y-Marsh  0.125932134 

Ref v. Mitchell Marsh  0.007173124 

Ref v. Salmon Marsh 0.001215371 

Y-Marsh v. Mitchell 

Marsh 0.191591526 

Y-Marsh v. Salmon 

Marsh 0.089553868 

Mitchell Marsh v. 

Salmon 0.498886328 
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Discussion 

Sites that were diked, farmed, and then restored at SRE have experienced persistent 

changes in plant diversity in response to disturbance, potentially leading to vegetation 

assemblages resembling an alternative stable state. This thesis investigates: (1) the extent to 

which salt marsh restoration has enhanced native plant biodiversity, (2) characterization of 

spatial relationships for salt marsh vegetation in restored and reference salt marshes of Salmon 

River and (3) the effectiveness and limitations of two different methods (permanent transects and 

Modified Whittaker plots) for vegetation monitoring.   

Investigating Vegetation Assemblage Composition 

Research Question: Have marshes restored earlier, become more similar to the Reference Marsh 

compared with marshes restored more recently, with respect to vegetation, environmental 

conditions (soil, elevation) and plant assemblages? 

Vegetation at the Reference Marsh has greater species richness, diversity, and spatial 

complexity (heterogenous). The number and variety of species (high marsh/low marsh) is greater 

for vegetation in the Reference Marsh than for restored salt marsh vegetation at Salmon River 

Estuary. This result is robust across the two different field methods used (Transect and MW 

plots) (Appendix Table 2).  

Spatial patterns of vegetation at the restored SRE salt marshes are not direct analogs for 

those of reference sites; plots at restored sites were more often homogenous or monotypic, and 

had less species turnover, as indicated by lower Shannon and Simpson index values (Appendix 

Table 2). Sites that were restored earlier, are more similar to the Reference Marsh in terms of 

vegetation richness and evenness (captured by Shannon index, H’) as well as heterogeneity 
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(captured by Simpson index, 1-D). Higher H’ index values indicate greater diversity and 

evenness, and higher values for Simpson index indicate greater heterogeneity. Mitchell Marsh 

had the highest H’ and (1-D) values of all the restored marshes, followed by Y-Marsh, and then 

Salmon Creek Marsh with the lowest (Appendix Table 2). The restored marshes are clearly 

distinguishable from the Reference Marshes in terms of species composition (as shown in NMS 

ordinations), as well as in species richness, diversity, and complexity (based on species present). 

They are also more similar to each other, compared to the Reference Marsh with respect to 

environmental factors, including elevation, and salinity/conductivity; they are representative of 

low marsh environments (Appendix Table 4, Figure 2).  

Patterns of species associations with elevation and salinity conditions were consistent 

throughout reference and restored sites. Three predominant groups of strong indicator species 

have emerged from ISA and NMS (Table 3, Table 4, Table 5, Table 6, Figure 1) that can be used 

describe assemblages from low, mid to high marsh at SRE.   S. perennis, T. maritima, and D. 

spicata tend to occur at the lowest elevations in proximity to tidal channels. Species such as D. 

cespitosa, J. arcticus, and A. egedii were observed to occur more frequently in the high marsh at 

greater elevations. Mid-marsh elevations were populated primarily by C. lyngbyei (Lyngbye’s 

sedge).  These findings are also consistent with those from other studies of salt marsh vegetation; 

salinity and elevation frequently explain the most variance in coastal marsh vegetation patterns 

(Janouseck et al. 2014; Emmett et al. 2012). The inference that elevation gradients and salinity 

gradients strongly influence salt marsh vegetation is further supported by the alignment with 

these explanatory variables along the first major axes of the NMS ordinations of high marsh and 

salt tolerant species. When restored marshes are compared to the Reference Marsh, many high 
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marsh species were diminished in abundance or simply absent from restored marshes, likely 

related to the lower surface elevations in the restored marsh sites.  

Different rates of restoration and recovery defined by change in vegetation and 

environment post disturbance, have been observed at each marsh. Y-Marsh, was observed to 

have subsided by 35 cm since initial diking (Frenkel 1995), and plots surveyed in Y-Marsh have 

the lowest average surface elevation out of all plots sampled (2.2 meters).  Soil samples collected 

from those plots exhibited the highest salinity and conductivity levels (Appendix Table 3).  

These levels of subsidence and soil alterations may be due to diking, which has likely influenced 

organic matter decomposition, soil oxidation, and compaction from grazing at Y-Marsh (Frenkel 

1995).  C. lyngbyei was much less abundant in the permanent transect plots in the Reference 

Marsh (average of 0.21% cover), compared to permanent plots in the restored marshes (Y-

Marsh- 51% average cover, Mitchell Marsh-74% average cover, Salmon Creek Marsh- 80% 

average cover).  This pattern is consistent in the MW 1m2 plots as well (Reference Marsh- 

average 2.03% cover, Y-Marsh- 99.7% average cover, Mitchell Marsh- 33.8% average cover, 

Salmon Creek Marsh- 73.54% average cover). The plots sampled in the Reference Marsh 

consistently exhibited historical species patterns that reflected known salinity and elevation 

trends for SRE (Frenkel 1995, Frenkel and Morlan 1991). Reference plots also included several 

of the less common native species such as Achillea millefolium, Festuca sp, and 

Symphyotrichum sp. which were not found at any of the restored salt marsh sites. 

Diked sites were associated with homogenous vegetation, often characterized by a plant 

species assemblage dominated by C. lyngbyei (i.e., species assemblages in which C. lyngbyei 

represents more than 75% cover on transects, MW plots or both).  Dense stands of C. lyngbyei 

were far more common in sites that were restored compared to the reference site.  Vegetation 
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sampled at the reference site exhibited greater species richness and patchiness, as indicated by 

species area curves (Figure 4a, Figure 4b, Figure 5). The Salmon Creek Marsh was nearly a C. 

lyngbyei monoculture, interspersed with invasive species (P. arundinacea, A. stolonifera), and 

some patches of other species (B. maritimus) along the site margin. The restored portions of Y 

Marsh had large, dense stands dominated by C. lyngbyei as well. Species assemblages including 

low marsh species such as S. perennis, T. maritima, and D. spicata were more common on 

transects (average cover of 15%, 12%, 13%, respectively) than within MW plots (3%, 0%, 4%, 

respectively).     

At Mitchell Marsh, C. lyngbyei dominated almost every plot surveyed, with less frequent 

recordings of high marsh species such as A. egedii, Atriplex sp., D. cespitosa, and H. 

brachyantherum, or pasture grasses such as A. stolonifera, and P. arundinacea. C. lyngbyei is 

found more frequently in areas that were more recently restored; on average 68% of plots at all 

restored sites (Y-Marsh 67%, Mitchell Marsh 50%, Salmon Creek Marsh 67%) had Lyngbye’s 

sedge present, compared to 2% of all plots at the Reference Marsh site. However, it should be 

noted that only a subset of transect plots at Mitchell Marsh were re-sampled in this study, so 

these patterns may differ on other transects presently or in the future. It appears that previous 

disturbance (diking and draining, cropping and pasturing, dike removal and restored tidal 

connectivity) may have provided C. lyngbyei with the conditions that allow this species to 

become established at the restored salt marsh sites and maintain/develop a strong presence in the 

most recently restored sites.  

Extensive areas within the restored salt marshes of the Salmon River Estuary appear to 

have followed different trajectories in response to past disturbance and conditions during 

restoration, characterized by plant assemblages that differ dramatically from those found in the 
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Reference Marsh. Diking and dike removal have reformed tidal marsh environments and 

diversity dominance relationships in the plant assemblages are structured differently because of 

altered environmental conditions (Appendix Table 2). Previous research has demonstrated that 

the sequence of plant recolonization post disturbance can direct the formation of community 

structure (Gunderson 2000; Jefferson 1974; Mitchell 1981). Bertness et al. (2012) found 

alternations between stable states of seaweed and mussel communities in the Rocky intertidal 

ecosystems of Maine, where size of disturbance and subsequent recruitment availability 

informed community structures, and whether seaweed or mussel assemblages would dominate. 

Harmsen and Jefferies (2002) found that recovery potential of salt marsh in the Hudson Bay was 

diminished by goose grazing intensity, which directly impacted vegetation cover loss and soil 

degradation. Late successional salt marsh species were unsuccessful when transplanted into areas 

of high herbivory and unsuitable edaphic conditions (hypersaline, eroded soils) (Harmsen and 

Jefferies 2002).  Thus, species composition in coastal ecosystems can reflect alternate stable 

states as a result of species interactions and environmental feedback, leading to states that persist 

over time, and are different from reference conditions.  

Results of the research presented here are consistent with the second alternative 

hypothesis. Restored sites have different species assemblages and may represent alternative 

stable states (for this period of restoration), when compared to those at the Reference Marsh. 

Reference Marshes have more diverse environments (greater range of salinity and elevation 

within the site) and correspondingly diverse species assemblages, i.e. greater species richness 

and higher diversity (Appendix Table 2) in the vegetation found at the site. In addition, these 

findings indicate that even with tidal connectivity restored, salt marshes in the SRE have not 

returned to reference conditions from dike breaching, even in sites that have been restored for 
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over 38 years. From his extensive work at SRE, Frenkel proposed that a return to or 

establishment of reference conditions may not even occur within 100 years (1995). Even since 

processes of sediment accretion were blocked and reinstated, it may take longer for significant 

change in surface elevation to occur. Factors that may have influenced surface elevation and soil 

compaction require further research. While no strong trends emerged from examination of three 

of the edaphic factors in this study (bulk density, carbon/nitrogen ratios, pH), salinity and 

elevation gradients emerged as two of the explanatory variables most strongly associated with 

the major axes of the NMS ordination, characterizing the SRE plant assemblages. The sites, and 

plots within the sites vary widely by site characteristics (due to marsh size and shape, transect 

path, location upstream, Appendix Table 3).  

Salinity and inundation patterns vary by geography among these salt marsh sites in the 

SRE, and have likely played a role in determining species composition by site. Surface elevation 

has a direct impact on marsh hydrology and vegetation; elevation directly affects flooding, and 

thus soil accumulation and plant succession (Frenkel 1995). Salmon Creek Marsh has a relatively 

low surface elevation, the lowest average salinity measured and is located farthest upstream with 

the most freshwater influence (Appendix Table 2). The Salmon River once flowed through 

Salmon Creek Marsh prior to the time it was diked and converted to pasture, so the low salinities 

at the site may reflect greater freshwater influence at the site, both at present and in the past. 

Mitchell Marsh is located farthest east and further from the ocean than Y Marsh, and Y Marsh 

(adjacent to the reference site) is the western-most marsh with the highest salinity readings and 

lowest marsh surface elevation (Appendix Table 1, Figure 1). The reference site had the most 

observable channels, indicating high elevation and surface complexity, which are features of 

mature marsh ecosystems. Geography and land use have had important influence on the patterns 
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and cycles of SRE vegetation. The salt marshes of Salmon River each have distinct and 

potentially unique geographic identities and restoration trajectories that have interacted with 

important biophysical factors (salinity/conductivity, elevation) to influence salt marsh plant 

assemblages.  

Measuring Species Richness and Spatial Patterns of Diversity 

Research Question: Does species richness captured differ between restored and reference salt 

marshes? 

The results of this study describe salt marsh vegetation patterns that are relatively 

consistent with previous ecological surveys of the salt marshes of the Salmon River Estuary, in 

terms of species present (Mitchell 1981; Morlan 1991, Frenkel 1995; Buchner 2004). The results 

of multivariate analyses of species composition in vegetation across salt marsh sites indicate 

vegetation assemblages of the restored sites, are similar to each other but substantially different 

from the Reference Marsh (Figure 2).   These results also indicate differences among the salt 

marsh species assemblages that occur across sites, along estuarine gradients 

(salinity/conductivity, elevation) and by the intensity of past disturbances (Figure 2, Appendix 

Table 5, Appendix Table 4). The vegetation of the individual salt marsh sites surveyed in this 

study varied significantly by salt marsh site, and were grouped by restoration status and 

treatment for the purposes of discussion and interpretation (Appendix Table 5, Table 3, Table 4, 

Table 5).  

Site treatment and time since dike removal and restoration are strongly related to 

vegetation species composition; sites that were more diverse experienced disturbance less 

recently, consistent with the a priori hypothesis that species richness would increase at restored 
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sites over time and that the most diverse vegetation would be found at the Reference Marsh. The 

restored sites were also expected to have more homogenous vegetation and to be less diverse 

than the Reference Marsh site in terms of plant species assemblages. Consistent with this 

expectation, the reference site surveyed for this study exhibited greater species richness than any 

of the restored sites regardless of the sampling techniques used (Figure 4a, Figure 4b, Figure 5). 

The dense stands of C. lyngbyei that dominate large areas within the restored sites have persisted 

over time.  Plots with 90-100% cover of C. lyngbyei occur frequently and consistently across all 

restored sites (Appendix Figure 5; Mitchell 1981, Morlan 1991, Frenkel 1995; Emmett 2012). 

These outcomes suggest that the likelihood of restored marshes replicating pre-disturbance 

reference conditions within 30 to 40 years of restoration are low (Aronson and Galatowitsch 

2008; Highland et al. 2015). Though sedimentation rates for restored sites (5 cm/decade) are 

higher than reference sites (1-2 cm/decade), it may still take as long as a century or more to 

recover surface elevation that would support high marsh communities (Frenkel 1995). Highland 

et al. (2015) found a higher proportion of non-native species at restored prairie wetlands (in the 

Willamette Valley, Oregon) compared to higher proportions of native species at reference sites. 

While the author’s analysis of trends over time was indicative of recovery, species accumulation 

curves signified strong differences between restored and reference sites in terms of vegetation 

composition, at the time of data collection (Highland et al. 2015).  

Aronson and Galatowitsch (2008) have found that over long term ecological surveys of 

pothole prairie wetlands in the Midwestern U.S., the overwhelming challenge of invasive species 

(such as P. arundinacea) and the slow accumulation of less common natives have created 

contrast between reference and restored conditions. The trajectory of wetland recovery potential 

from disturbance is still challenged with uncertainty. This is due to problems including invasive 
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species, and alternate, persistent plant assemblages that differ from those of reference sites, and 

may support natural ecosystems differently.  

Research Question: Do field methods, specifically nested, rectangular (Modified Whittaker) plots 

and non-nested, square plots sampled along Transects, capture site specific diversity and species 

area relationships differently? 

Species accumulation curves compared data from the transects (square plots 1 m2   in 

area) plots and MW plots (rectangular plots (0.5 m x 2.0 m and 1 m2 in area) across all sites, 

were not significantly different (p = 0.886954), validating the efficacy of methods used in 

previous transect surveys and supporting the inference that patterns illustrated in the species 

accumulation curves are consistent and robust across the two different sampling methods. It is 

evident when comparing transect plots and MW plots, spatial extent is more important than total 

area sampled in capturing a variety of salt marsh species (Appendix Table 2). The 1 m2 plot size 

is closer appears to be closer to the operational grain size of the marsh, as transect plots 

consistently captured greater or equivalent richness when compared to nested MW plots 

(Appendix Table 2). 

Gleason (1922) an originator of the species area curve, found with his seminal work that 

species are more likely to be captured over increasing area sampled (in a nested or contiguous 

form). Gleason posited that field ecologists will find greater species richness over area with a 

nested design than with scattered quadrats of a uniform size, due to the patchy occurrence of 

plants via dispersal and reproduction (1922). He found that the greater the uniformity or 

homogeneity of a site, the sooner the species area maximum value is reached. The results from 

this thesis show there is no difference in species captured over area sampled between nested and 
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scattered designs, indicating that spatial patterns of plants are effectively captured by transects 

and that patchiness may occur at finer scales. 

Diversity and heterogeneity within the marsh has been well represented by transect plot 

surveys over the last 38 years of sampling.  Based on these results, we cannot reject the null 

hypothesis that the curves from either method are not significantly different. Regardless of field 

survey method, the Reference Marsh was the most diverse, and Salmon Marsh was the least; Y-

Marsh and Mitchell Marsh were intermediate. Transect plots were much faster to survey 

compared to MW plots and on occasion, transect plots captured more species than MW plots 

(Appendix Table 2). The similarity between transect and MW results suggests that the spatial 

grain (1 m2) and extent of plots used in the transects and the length of the transects are 

appropriate and sufficient for describing the species richness of these salt marsh communities.  

Research Question: How do spatial patterns of species richness and species area relationships 

differ between restored and reference salt marshes? 

Spatial pattern in vegetation was explored through the examination of species 

accumulation curves and species area curves for restored and reference sites. Species 

accumulation curves illustrate the rate of increase in the cumulative number of species 

encountered as the number of sample units surveyed increases. Species area curves describe the 

relationship or trend between the area sampled and the number of species found within that 

sample. (Gleason 1922; Whittaker 1977; Rosenzweig 1995).  Species richness was higher in the 

Reference Marsh (S = 14 from transects, and 12 from MW plots) compared to all other salt 

marshes across all datasets. Of the restored marshes, Salmon Creek Marsh had the lowest overall 

richness (S = 6 from transects, and 6 from MW plots). Y Marsh species richness was similar to 

Salmon Creek Marsh species richness from MW plot data (S = 10 from transects, and 6 from 



73 
 

73 
 

MW plots), and similar to Mitchell Marsh species richness from transect plot data (S = 10 from 

transects, and 10 from MW plots) (Figure 4, Figure 5). This thesis suggests that in terms of the 

spatial patterns of diversity at Salmon River, there may be nesting or patchiness occurring, 

within tidal marshes, where there may be fewer species overall, especially at restored sites, with 

smaller pockets of diversity (Appendix Table 9, Figure 4a, Figure 4b, Figure 5, Mathews et al. 

2016). This is a result of the comparison of species area and species accumulation curves, which 

can demonstrate differences in spatial patterns for sites, as found by Matthews et al. (2016). 

Overall, the results are consistent with the hypothesis that the Reference Marsh has greater 

cumulative richness.  

The species area relationships attributed to each marsh are consistent with established 

biogeographical characteristics. The Reference Marsh is significantly more diverse over all 

scales of area sampled, with the largest intercept, and a gentle trend sloping upwards that 

climaxes not far beyond the intercept (Figure 5, Table 7 a-c). For the Reference Marsh and 

Mitchell Marsh, most species are captured within the first 1 m2, suggesting again that the spatial 

grain over which vegetation is homogenous at the site is on the order of 1 m2. Y Marsh is the 

next most diverse over scales of area sampled, with a steady incline and the same maximum as 

the Reference Marsh (Figure 5). Mitchell Marsh has a high intercept, followed by a steep decline 

(due to homogeneity of the two 10 m2 plots within each of the three MW plots). The Mitchell 

Marsh species area curve has a low slope that reaches a maximum below its intercept; This result 

is related to the low richness in the 10 m2 MW nested plots, which were found to be homogenous 

in many cases. The anomalies of this trend for Mitchell Marsh may be due to patch size or 

random placement of plots; most of the 10 m2 plots at Mitchell Marsh were homogenous clusters 

of C. lyngbyei (Figure 5). Increasing the number of MW plots per site could have captured more 
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variety of species over area. Salmon Creek Marsh is the most homogenous (Table 7 a-c, 12), and 

has the least cumulative richness over MW plot area (1,000 m2) (Figure 5, Appendix Table 2).  

Species area curve results from this thesis are consistent Highland et al. (2015), for the 

difference of species richness between restored and reference sites; more native species were 

found at restored sites as well, and could be attributed to environmental conditions. I cannot 

reject the hypothesis that species area relationships differ among sites, and that the plots at the 

reference site represent greater diversity and richness over area sampled, compared to those of 

the restored sites (Stohlgren 1995).  

Limitations of Research and Future Directions 

 There are some constraints and limitations to the work accomplished within this thesis 

that require consideration for future research. The data described by this thesis only capture a 

snapshot of Salmon River at one point in time (July 2016). The dataset for this thesis also 

includes a subset of transect plots that were originally sampled, and a small number of MW plots 

(12 total, 3 per marsh). Furthermore, it is impossible to ensure that the reference site functions as 

a pristine control. It is also difficult to distinguish if assemblage changes are directly related to 

man-made or natural site differences (low marsh vs. high marsh environments), especially since 

there is not much historical information available about Salmon River, pre-disturbance. There is 

a ditch on the left side (facing north) of the Reference Marsh transect, and it borders Y-Marsh, 

thus it is difficult to prevent or manage undue influence or edge effects. Furthermore, one of the 

primary statistical methods employed in analysis, NMS, lacks a single analytical solution; NMS 

can be interpreted in multiple ways and is not guaranteed to achieve the optimal solution (global 

minimum stress) (McCune and Grace 2002).   
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 Future research at Salmon River Estuary may take this work into consideration for 

characterizing long term ecological change. The methodological aspect of this study indicates 

that the transect plots are an effective method for capturing species richness and describing SRE 

vegetation. Intensive sampling along obvious gradients designed to investigate environmental 

gradients (salinity, conductivity, elevation) more explicitly could reveal species assemblage 

patterns at different scales. Use of remote sensing and GIS technology could broaden the scale of 

plant assemblage conceptualization, possibly through evaluation of spectral signatures for plants 

or prediction of species assemblages based on field knowledge. This may involve quantifying 

soil and inundation patterns per plot along all transects repeatedly, or in multiple areas of the 

marsh, to capture spatial and temporal variation. Accessing and systematically organizing data 

from previous years of vegetation surveys could further address spatial temporal variation over 

larger time scales. The statistical methods laid out in this thesis could be applied to investigate 

marsh ecosystem processes driven by edaphic factors, elevation change and species assemblages 

over a longer period. Comparing successional datasets would allow for stronger conclusions on 

the presence of alternate stable states in plant assemblages. Doing so could distinguish patterns 

of seral change in vegetation and if there are multiple scales of patterns or cycles for salt marsh 

plant species, post disturbance.  

Conclusion 

In summary, there is no evidence that time since restoration is a major or primary driver 

of current patterns of vegetation, soil attributes, or surface elevation of the sites for restored salt 

marshes of the SRE.  There may also be a false association between restoration and reference 

conditions, in the case of Salmon River. Though Salmon River Estuary is an example of 

successful restoration project, restored sites do not mirror pre-disturbance ecosystem structure; 
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restoration has not enhanced biodiversity to a comparable level as defined by the Reference 

Marsh. The plant species assemblages of all the surveyed salt marsh restorations appear to 

remain distinctly different from those of the Reference Marsh regardless of time since dike 

removal, and do not suggest sequence of recovery towards reference conditions for vegetation.  

Species area curves developed using data from MW plots demonstrated that spatial 

patterns of species richness in restored salt marsh sites were significantly different from that of 

the reference site in terms of species richness per unit area. In addition, the plots in the Reference 

Marsh exhibited greater overall species diversity and spatial heterogeneity as suggested by 

species area curves, species richness, and diversity metrics (Figure 4, Figure 5, Appendix Table 

2). The work presented here also provides insights on methodology and effectiveness of the two 

difference methods used in capturing species richness patterns at these sites. Transects of 

approximately 30 plots per site were relatively effective in capturing diversity patterns among 

sites; there was little difference in total species richness captured per site between transect and 

MW plots, implying that patterns of diversity are replicable and robust across methodology.  

Patterns of plant species richness illustrated by comparison of the species accumulation 

curves using vegetation plots from restored sites with those from the Reference Marsh were 

robust across methods. C lyngbyei has been recognized and reaffirmed as an aggressive 

colonizer of restored sites, and a species that can dominate restored sites with respect to height 

and vigor, cover abundance, and frequency of occurrence. This sedge species has greatly 

influenced SRE plant assemblage dynamics. C. lyngbyei dominance is also likely facilitated by 

the environmental features of Salmon Creek, such as mid-range elevations, uniform topography, 

and moderate freshwater influence. The presence of B. maritimus and E. palustris at Salmon 

Creek Marsh are also indicative of the freshwater inputs. Salmon Creek Marsh also has the 
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largest number of non-native species with extensive patches of A. stolonifera and presence of P. 

arundinacea, a site trait likely influenced from anthropogenic disturbance related to restoration, 

and ecosystem edges (like Highway 101). At all sites with lower elevations along the bayside, 

low marsh salt tolerant species were more common, while plots farthest from the bayside were 

populated by high marsh species more frequently. In the field, we observed that D. cespitosa 

tussocks are often clustered parallel to tidal channels at higher elevations and high marsh species 

like A. egedii, J. arcticus ssp. littoralis, and Grindelia stricta also tended to occur at higher 

elevation plots on the marsh. Geography (i.e., marsh location in the estuary, topographic context 

and relative importance of freshwater inputs) and land management and disturbance history also 

appear to have important influences over vegetation in the salt marshes of the SRE. 

SRE salt marshes appear to have responded to and developed from disturbance 

differently; each has followed a different restoration pathway. Salmon River Estuary can serve as 

a progressive model for comprehensive restoration management and as a ‘living laboratory’ for 

long term ecological research (Flitcroft et al. 2016). Continued monitoring of these salt marsh 

restorations at the Salmon River is necessary to describe factors influencing the persistent and 

residual impacts of land use legacies and to understand cycles of ecological change, especially 

for Pacific Northwest coastal estuaries. The variance in development and recovery of SRE salt 

marshes post disturbance should be considered when evaluating estuarine ecosystems; current, 

ongoing, and future research must anticipate how native flora and fauna will respond to 

ecosystem change, and how well adapted coastal wetlands may be to SLR, exotic species or 

further habitat loss and degradation.  

Extensive, dense cover of C. lyngbyei suggest the presence of an alternate stable state for 

vegetation of SRE salt marshes, and would warrant further investigation over time, to understand 
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novel community functions, as they relate to restoration and future SLR scenarios. SRE was not 

originally slated for mitigation under CWA, and has thus far provided an unusual and productive 

opportunity for studying long term salt marsh restoration that is relevant to managers restoring 

sites under these CWA requirements (Frenkel 1995). The probability of achieving original 

conditions at SRE or other salt marshes is especially challenging when (1) pre-disturbance 

conditions are not well known, (2) the impacts of disturbance may persist over long periods of 

time, and (3) intact and disturbed wetlands are changing constantly (Zedler 1984; Frenkel 1995). 

Therefore, it is challenging to manage for pristine environments and it’s critical to understand 

and redefine coastal wetlands as they change and respond to disturbance.  This will enable land 

managers to compare current from past patterns of be and manage the impacts of disturbance 

may persist over long periods of time (like C. lyngbyei). Conservationists can continue to define 

and promote functionality in ecosystems as function may change with structure. It is important to 

restore for function and monitor structural changes so land managers can understand and infer 

novel function in ecosystem so ecosystem services and stability may be maintained for wetlands 

on the coast.  
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Appendix Tables and Figures  

Appendix Table 1. Species List. The following includes species found on transect (T) and on MW plots of each tidal marsh.  

Species Code 

Reference 

Marsh 

(T) 

Reference 

Marsh 

(MW) 

Mitchell 

Marsh 

(T) 

Mitchell 

Marsh 

(MW) 

YMarsh 

(T) 

YMarsh 

(MW) 

Salmon 

Creek 

Marsh 

(T) 

Salmon 

Creek 

Marsh 

(MW) 

Agrostis 

stolonifera AGST2 P P P P P P P P 

Argentina egedii AREGE P P P P A A P P 

Atriplex sp. ATPA4 P P P P P P A A 

Carex lyngbyei CALY3 P P P P P P P P 

Deschampsia 

cespitosa DECE P P P P P P P P 

Distichlis 

spicata DISP P P A A P P A A 

Galium aparine GAAP2 A A P P A A A A 

Grindelia stricta GRIN P A P P A A A A 

Hordeum 

brachyantherum HOBR2 P P P P P P A A 

Juncus arcticus 

var. littoralis JUARL P P P P P A A A 

Sarcocornia 

perennis 

pacifica SAPA30 P P A A P P A A 
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Triglochin 

maritima TRMA20 P  A A P P A A 

Jaumea carnosa JACA4 P A A A P P A A 

Bolboschoenus 

maritimus BOLB A A A A P P P P 

Glaux maritima GLAUX P P A A A A A A 

Eleocharis 

palustris Eleocharis A A A A A A A A 

Achillea 

millefolium ACHILLEA P A A A A A A A 

Symphiotrichum 

sp. SYMP A P A A A A A A 

Phalaris 

arundinacea PHAR A A P P A A P P 

Rumex 

occidentalis RUOC A A A A A A A A 

Festuca sp. FESTUCA A P A A A A A A 
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Appendix Table 2. Diversity Metrics by Marsh.  Output of row summaries from PC-Ord that 

describe richness by plot type (transect, MW), richness overall, Shannon index (H’) and Simpson 

index (1-D).  

Marsh Richness 

(Transect) 

Richness 

(MW plot) 

Richness 

(overall) 

Shannon 

Index (H’) 

Simpson 

Index (1-D) 

Reference  15 13 16 1.159 0.6046 

Mitchell 10 10 13 0.441 0.2518 

Y-Marsh 10 12 11 0.262 0.1483 

Salmon 

Creek 

6 10 9 0.114 0.0662 

 

Appendix Table 3. Tidal Marsh Descriptive Data. Site characteristics for each marsh based on 

data measured and observed. 

Marsh Size (ha) Shape Av. 

Salinity 

(ppt) 

Av. 

Conductivity 

(mS/cm) 

Av. bulk 

density 

(g/mL) 

Av. 

Carbon: 

Nitrogen 

ratio 

Geodesic 

Distance from 

Estuary mouth 

(km) 

Reference  37.5 square 4.23 7.80 0.34 14.03 ~2.6-3.3 

Mitchell 22 Rectangle 4.39 7.79 0.32 15.59 ~1.8-2.9 

Y-Marsh 25.5 square  7.22 12.45 0.31 13.82 ~1.8-2.8  

Salmon 

Creek 

60 trapezoid 3.42 6.37 0.30 14.85 ~3.3-3.9 

Marsh Minimum 

Elevation 

(m) 

Maximum 

Elevation 

(m) 

Elevation 

Range (m) 

Mean 

Elevation (m) 

Av. Plot elevation (m) 

Reference  0.74  6.13 5.39 2.6 2.6 

Mitchell 1.17 3.86 2.69 2.46 2.5 

Y-Marsh 0.71 2.98 2.16 2.2 2.2 

Salmon 

Creek 

0.89 4.5 3.96 2.3 2.3 
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Appendix Table 4. Summary Statistics for Datasets evaluated with PC-ORD. Each dataset has a 

different number of plots, some with different plot sizes. Transect plots exist on an 

environmental gradient and have higher species turnover and a larger amount of species turnover 

compared to all MW plots. All plots had a high percentage of zeroes, due to the heterogeneity of 

each dataset. Plots with ‘x’ were combined and averaged for percent cover of each species to 

achieve ordination results.   

Dataset Sample 

Units 

# of 

Plots 

Contents Species % 

Zeros 

Average 

Distance 

(Sorensen) 

Species 

turnover 

Average 

Skewness 

of 

Column 

totals 

CV % 

Column 

Totals  

Transect 74 
74  

Percent 

cover 17 81.7 62.36 4.5 4.5 230.08 

MW 1 

m2 120 
12x 

Percent 

cover 16 63.6 62.559 1.7 2.1 212.45 

MW 10 

m2 24 
12x 

Percent 

cover 19 72.1 67.801 2.2 2.6 188.09 

MW 

1000 m2 12 
12x 

Presence-

Absence  21 63.4 46.358 1.7 1.3 81.45 

MW m2, 

10 m2 

combo 24xx 

24xx 
Percent 

Cover 
19 43.2% - - - - 

 

Appendix Table 5. MRPP Results for each Restoration treatment grouping. There are significant 

differences between tidal marshes for each dataset, with strong effect sizes, as indicated by the 

large A values.  

Dataset A value P value  

Transect 0.28 <0.001 

MW 1 m^2 0.51 <0.001 

MW 10 m^2 0.29 <0.001 

MW 1000 m^2 0.12 <0.05 

 

Appendix Table 6. Mantel test results for plots surveyed. Mantel’s tests were used to detect 

spatial autocorrelation across sites.  

Plot Mantel’s R statistic p value 

Transect R = 0.037797 P = 0.182182 

MW 1 m2, 10 m2 R = 0.027994 P = 0.164164 

MW 1,000 m2 R = 0.634482 P = 0.001001 
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Appendix Table 7. Significant vs. Expected Indicator Species per Dataset for Indicator Analysis. 

The number of significant indicator species compared to the number expected by chance, based 

on an alpha significance level of 0.05. 

Dataset 

Significant Indicator 

species 

Expected Indicator 

species Alpha level  

Transect 11 0.85 0.05 

MW 1 m^2 7 0.95 0.05 

MW 10 m^2 6 0.8 0.05 

 

Appendix Table 8. NMS results with low to moderate stress for Transect and MW Datasets. All 

solutions were 2D with stress significantly lower than expected by chance. Though final 

instability for Transect and MW 1000 m2 exceed the final instability threshold for the settings, 

the final stress of the chosen run is comparable to the lowest final stress obtained for 2D 

dimensionality with each data set, making the instability acceptable. 

Dataset 

 

Percentage 

of ties 

Best 

Solution 

Stress 

p 

value 

Final 

Stress 

Final 

Instability 

Number 

of 

Iterations 

Nonmetric 

fit 

Cumulative 

Variance 

Explained  

Transect 
 

83.5% 
2D 0.0196 12.57 0.013 200 0.9823 90.6% 

MW 1m2  

30% 
2D 0.0196 3.91 <0.000001 200 0.9989 90.49% 

MW 10 

m2 

 

53% 
2D 0.0196 4.0 <0.000001 200 0.9984 90.94% 

MW 

1000 m2 

 

71% 
2D 0.004 7.54 0.02 200 0.9943 92.85% 

MW m2, 

10 m2 

combo 

 

42.4% 2D 0.0196 7.20161 0.07551 200 0.9948 0.9586% 

 

Appendix Table 9. Statistical comparison of species area curve and species accumulation curve 

slopes to elucidate ‘nestedness.’ Species accumulation slopes for MW 1 m2 plots and species 

accumulation slopes for Transect 1 m2 plots were compared to species area slopes (produced 

from total MW plots). All species area curve slopes for all sites were significantly lower 

compared to species accumulation curve slopes for all sites.  

Tidal Marsh 

Species Accumulation 

Curve Slope (Transect) 

Species Area Curve 

Slope (MW total) p value (T-test) 

Reference 5.5118 1.52 0.015527066 

Ymarsh 4.6335 2.94  

Mitchell 4.6335 0.46  

Salmon 3.2203 0.88  

Tidal Marsh 

Species Accumulation 

Curve Slope (MW 1 sq-m) 

Species Area Curve 

Slope (MW total) p value (T-test) 

Reference 3.3783 1.52 0.008959275 

Ymarsh 3.9001 2.94  

Mitchell 2.8086 0.46  

Salmon 2.8086 0.88  
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Appendix Figure 1. Diagram of a Modified Whittaker (Stohlgren) plot with subplots and 

dimensions labeled. (Stohlgren 1995).  
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Appendix Figure 2. MW Plot NMS for 1 m2 plots only. NMS has convex hull overlays, SU’s, 

and species. NMS has convex hull overlays, SU’s, species. Elevation and ‘Restored’ are the two 

major joint plot axes represented in this NMS; soil data were not measured on MW plots. The 

Reference Marsh is the most diverse in this ordination, with a variety of species associated with 

reference plots as well as high elevation. Some Salmon Creek plots were at low elevations and 

dominated by C. lynbgyei, while others contained R. occidentalis, G. aparine, P. arundinacea. Y-

Marsh has a notably low elevation based on the placement of it’s hull (small blue shape in the 

bottom right corner). Mitchell Marsh has strong relationship with salt tolerant species (T. 

maritima, S. perennis, D. spicata), high elevation, and tidal channels. 
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Appendix Figure 3. MW Plot NMS for 10 m2 plots only. NMS has convex hull overlays, SU’s, 

species. Elevation and ‘Restored’ are the two major joint plot vectors represented in this NMS; 

soil data were not measured on MW plots. The Reference Marsh is the most diverse in this 

ordination, with a variety of species associated with reference plots. Some Salmon Creek plots 

were at low elevations and dominated by C. lynbgyei, while others contained B. maritimus, E. 

palustris, and P. arundinacea. Y-Marsh has a notably low elevation based on the placement and 

length of it’s hull, and has strong relationship with salt tolerant species (T. maritima, S. perennis, 

D. spicata).  
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Appendix Figure 4. MW (Stohlgren) Plot NMS for whole 1000 m2 plots with presence-absence 

data. NMS has convex hull overlays, SU’s, species. Elevation and ‘Restored’ are the two major 

joint plot vectors represented in this NMS; soil data were not measured on MW plots. From this 

ordination, Y-Marsh and the Reference Marsh are most similar in terms of species composition 

for total MW plots. Mitchell Marsh MW plots were somewhat homogenous, and are closely 

associated with C. lyngbyei. Salmon Creek Marsh plots have a ‘long’ hull, that describe some 

plots as monotypic (C. lyngbyei) and others with a wider variety of pasture species and (non-

native grasses).  
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Appendix Figure 5. Dominance Curves from Transect and MW (Stohlgren) datasets, showing 

prevalence of species throughout sample units (Stohlgren 1995). See species list for code 

translations. Carex lyngbyei has the highest ranked abundance for Transect plots and MW plots. 

High marsh species like J. arcticus, A. egedii, and D. cespitosa are often the next most common, 

among introduced species like A. stolonifera or P. arundinacea. Halophytic species are common 

after high marsh and introduced species (D. spicata, S. perennis, T. maritima).  
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