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Figure 3. Wetland vegetation distribution around Great Salt Lake wetlands based on 

classified 1-m multispectral imagery.  
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We determined that there were 9.55 km
2
 of habitat that were identified as suitable 

for Phragmites but not yet invaded (Figure 5).  Unoccupied but suitable areas were 

predominately centered on two regions: (1) around the central portion of GSL, relatively 

close to where the Salt Lake and Davis County sewer inflows are located and (2) south of 

Willard Bay, which is near another wastewater treatment plant (Figure 6, 7).  Several of 

the larger wetland complexes, such as the federal Bear River Migratory Bird Refuge 

(Figure 8), did not contain much suitable but currently unoccupied Phragmites habitat. 

 

 
Figure 4. Variable importance plot for variables selected for final model. Variable 

importance plots show a  comparison of classification accuracy with the variable of 

interest compared to the classification accuracy if that variable is randomly permuted 

(Cutler et al. 2007).  Higher variable importance values mean the variable is more 

important in determining classification accuracy in the model.   
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Table 5. Predictor variable relationships with direction of effect and associated 

mechanisms for final Phragmites habitat suitability model.  Direction of effect is 

illustrated by partial dependence plots, which show the marginal effect of a predictor 

variable on the response variable probability. Variables are listed in order of importance. 

Predictor Variable Direction of effect Interpretation 

Distance to open water 

(m) 

 

Phragmites is a facultative wetland 

plant and grows best in moist soil 

conditions (USDA Plants), so areas 

closer to open water are better 

habitat.   

Elevation (m) 

 

Lower elevation wetland areas hold 

water for longer, and therefore are 

more hospitable for Phragmites. 

Hoffman et al 2008 also found 

elevation to be an important 

predictor for Phragmites 

distribution.  

Distance to point 

sources of pollution (m) 

 

Distance from point source discharges 

such as stormwater and treated 

wastewater. Point sources 

contribute additional nutrients to 

wetlands. Elevated nitrogen often 

correlates with Phragmites 

presence and abundance (King et al 

2007).  

Distance to freshwater 

inflow (m) 

 

Measure of relative salinity around 

GSL wetlands. Areas closer to 

freshwater inflows are less saline. 

Phragmites is more likely to be 

found closer to freshwater inflows 

in less saline water. These findings 

are consistent with Vasquez et al. 

2005, 2006, Medeiros et al. 2013.   

Distance to nearest road 

(m) 

 

Measure of disturbance.  Roads have 

been correlated with invasive 

species presence and abundance in 

other studies (e.g., Menuz et al 

2013), but this variable was not a 

strong predictor in our model.  
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Distance to water 

control structure (m) 

 

Measure of hydrologic alteration, as 

water control structure indicates 

areas that have modified hydrology 

due to levees and diking.  

Aspect 

 

Low on the list of variable importance, 

and no clear relationship.  

Dominant Land Cover 

Type within buffer 

 

Developed and agricultural land have 

been associated with Phragmites in 

other studies (King et al 2007, 

Chambers et al 2008). Low on the 

list of variable importance. 

Level 8 watershed 

 

Lower Weber watershed most 

associated with Phragmites 

presence. The Lower Weber 

watershed contains large areas of 

rangeland.  

Slope 

 

Very low on the list of variable 

importance. Areas with less slope 

may hold water for longer, creating 

more hospitable wetland conditions 

for Phragmites although this 

relationship does not appear to be 

strong in our study sites.  

 

 

 



21 

 

 
Figure 5. Predicted Phragmites habitat suitability based on random forest model. Areas 

shaded in reddish orange (probability of presence closer to 1) indicate more suitable 

habitat for Phragmites; areas shaded with greener colors (probability or presence closer 

to 0) are less suitable habitat for Phragmites. 
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We determined that there were 9.55 km
2
 of habitat that were identified as suitable 

for Phragmites but not yet invaded (Figure 5).  Unoccupied but suitable areas were 

predominately centered on two regions: (1) around the central portion of GSL, relatively 

close to where the Salt Lake and Davis County sewer inflows are located and (2) south of 

Willard Bay, which is near another wastewater treatment plant (Figure 6, 7).  Several of 

the larger wetland complexes, such as the federal Bear River Migratory Bird Refuge 

(Figure 8), did not contain much suitable but currently unoccupied Phragmites habitat. 
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CHAPTER 4 

 

DISCUSSION 

 

 

Improved management of widespread invasions in wetlands requires an approach 

that integrates: (1) distribution mapping to describe the scale of the problem; (2) efforts to 

understand the drivers of the invasion, which can focus future management; and (3) 

predictions on where the species may spread to guide early detection and rapid response 

of new invasions.  We applied this framework to the widespread invasion of Phragmites 

in wetlands along the largest saline lake in North America, the Great Salt Lake.  We 

demonstrate that high resolution remote sensing proved to be an effective tool for 

mapping wetland vegetation.  Phragmites occupies large areas (more than 93.1 km
2
) and 

impacts virtually all of the wetland areas around GSL.  By using SDM to identify 

environmental factors that correspond with Phragmites distribution we are able to 

highlight areas vulnerable to future invasion.  This framework can be applied to other 

regions in North America, particularly in the Intermountain West, where this species has 

been largely unstudied and management needs are great.  

The factors that were associated with Phragmites distribution around GSL do, in 

some cases, mirror results from Phragmites studies in other regions of North America. 

For example, hydrology and salinity are often closely linked with Phragmites 

distribution, which was reflected in our results as well.  However, key differences 

between our findings and those of other regions exist. For example, Phragmites presence 

has often been correlated with land use such as in highly developed or agricultural 

watersheds (Silliman and Bertness 2004, King et al. 2007, Chambers et al. 2008).  
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However, we found distance from point sources of pollution to be a stronger predictor of 

Phragmites presence than surrounding land use.  These differences underscore the need 

for regional wetland invader research to understand continental-scale invasions 

(Kettenring et al. 2012). 

 

Hydrology   

 

The two most important factors for explaining Phragmites presence were related 

to hydrology; distance to open water was by far the most important.  Phragmites was 

more likely to be found closer to open water, which is not surprising as Phragmites is a 

facultative wetland plant (USDA 2014), and its ideal habitat is anywhere with moist soil 

conditions.  Elevation was also an important hydrologic variable that correlated with 

Phragmites presence.  Phragmites was more likely to be found in lower elevations 

around GSL. Elevation is often associated with or used as a proxy for hydrology in 

wetland studies because it correlates with differences in water levels and flooding 

frequency (Welch et al. 2006, Hoffman et al 2008, Andrew and Ustin 2009).  Due to the 

arid environment of Utah, GSL wetlands dry up substantially during the summer months 

(Carling et al. 2013), such that lower elevations are the only remaining hospitable habitat 

for wetland vegetation, and therefore provide more favorable moisture conditions for 

Phragmites.   

 

Salinity   

 

Salinity levels vary greatly in wetlands around GSL (1-28%) largely due to 

anthropogenic physical barriers that prevent water flow such as the Southern Pacific 
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Railroad and Antelope Island causeways, and inputs from freshwater rivers and streams 

feeding GSL wetlands (Bear, Weber, and Jordan Rivers) that result in lower salinities 

near inflows (Gwynn 1980,  Belovsky et al. 2011) (Figure 1).  We found there was a 

greater likelihood of Phragmites presence in areas closer to freshwater inputs, meaning 

areas that are less saline.  These findings are consistent with other studies that have 

shown that while Phragmites can tolerate a range of salinity conditions, it is often found 

to have higher biomass and survival at low to medium salinity levels (0-5%) (Chambers 

et al. 2003, Vasquez et al. 2005, 2006, Medeiros et al. 2013).  When salinity is too high 

(>20%), Phragmites can have decreased germination, survival, and growth, and is not as 

competitive when compared with true halophytic plants (Chambers et al. 2003, Brisson et 

al. 2010).   

We used distance to freshwater inputs as a proxy for differences in salinity around 

the lake, as this was the best available measure of salinity given the scale and resolution 

of our project.  Current GSL salinity models show how river inflows and evaporation 

change the salinity levels in each arm of the lake (north vs. south), but these models do 

not show changes in relative salinity on a finer scale (Mohammed and Tarboton 2012, 

White et al. 2014).  More precise salinity measurements on a lake-wide scale could 

improve the model and further clarify the effects of salinity on Phragmites in brackish 

wetlands.  

 

Nutrient levels   

 

Phragmites invasion has often been correlated with elevated nutrient levels in 

other regions of North America (Silliman and Bertness 2004, King et al. 2007, Chambers 
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et al. 2008, Brisson et al. 2010).  Phragmites is a high-nutrient specialist and has 

increased abundance, reproduction, growth, and biomass production with elevated 

nutrient levels than native Phragmites or other native wetland plants (Saltonstall and 

Stevenson 2007, King et al. 2007, Chambers et al. 2008, Mozdzer and Zieman 2010, 

Kettenring et al. 2011).  For example, King et al 2007 found that in watersheds with 

higher anthropogenic development, nitrogen levels were higher in the water and 

Phragmites was more abundant and had elevated foliar nitrogen levels than in less-

developed watersheds.  They also concluded that direct sources of nutrients such as point 

source discharges had a greater influence on Phragmites abundance than areas with non-

point sources of pollution such as agricultural lands (King et al. 2007).  Similarly, we 

found that Phragmites was more common closer to point sources of pollution around 

GSL.  Previous research found that Phragmites cover in Farmington Bay of GSL was 

positively correlated with several water quality metrics, including total phosphorous, pH, 

and dissolved oxygen (Madon 2005) .  GSL wetlands receive nutrient inputs from a 

number of point sources, such as treated wastewater effluent from sewage treatment 

plants, discharge of water from industrial uses, and stormwater discharge points (Utah 

Division of Water Quality 2012).  Treated wastewater effluent often still contains high 

levels of nitrogen and phosphorous (Utah Department of Natural Resources 2011).  

Stormwater runoff and treated wastewater effluent is projected to increase with growing 

development and urbanization in GSL watershed (projected 2% between 2005 and 2020; 

Sumner et al. 2010, Carling et al. 2013).  Based on the results of our study, we expect 

these changes to further benefit Phragmites invasion in GSL wetlands.   
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While distance to point sources of pollution was found to be important to 

explaining Phragmites distribution, agricultural land or percent of developed land within 

a 500 m buffer were less important for predicting Phragmites presence around GSL.  

Consistent with our results, previous water quality monitoring in Farmington Bay of the 

GSL found wetlands with higher nutrient content often dominated by Phragmites (CH2M 

Hill 2005).  However, our findings contrast with previous work on the Atlantic coast that 

shows that the amount of agricultural land and suburban and urban development within a 

buffer were associated with higher Phragmites presence and abundance (Silliman and 

Bertness 2004, King et al. 2007, Chambers et al. 2008).  In our work, percent of 

agriculture within a buffer was minimally important for Phragmites presence, and percent 

of development within a buffer was not important at all.  However, levels of development 

and land cover do not vary as much around GSL compared with other Phragmites 

research done at larger spatial scales.  Additionally, much of the heavily developed or 

agricultural areas are further upstream in GSL watershed than our buffer distance, 

therefore allowing capture and integration of nutrients across multiple land use types 

before discharging into GSL wetlands as point sources.  In GSL wetlands point sources 

of pollution discharge may carry a greater amount of nutrients than is captured by the 

amount of agricultural or developed land within a buffer, which could explain why we 

saw differences in nutrient variable importance in our study and differing results from 

previous Phragmites research. Given the scale and resolution of our study, distance to 

point sources where nutrient loads are discharging into the GSL was the best available 

relative nutrient input measure. Relatively little research has been done on GSL nutrient 
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dynamics (Belovsky et al. 2011), and additional research on influence of nutrient inputs 

and Phragmites presence around the GSL would be beneficial (Downard et al. 2013).   

 

Disturbance and propagule dispersal pathways   

 

Proximity to or density of roads are often used as a measure of disturbance and 

propagule sources in SDM because roads can serve as introduction pathways or corridors 

for invasive species (e.g., Menuz and Kettenring 2012).  However, we did not find roads 

to be a strong predictor of Phragmites presence even though proximity to roads has been 

an important predictor of Phragmites distribution in other studies (Brisson et al. 2010).  

Roads were one of the factors that facilitated the spread of Phragmites along the St. 

Lawrence River in Quebec (LeBlanc et al. 2010).  In GSL, many wetland areas are 

accessible by roads or gravel dikes, and in general, there is little variation in distance to 

roads around the lake, which could be why road proximity had lower importance values 

than initially expected.   

Disturbances such as shoreline alteration and dredging and diking of wetlands 

have been suggested as factors that could potentially facilitate spread and growth of 

Phragmites by opening up additional habitat (Chambers et al. 1999, 2003 Hudon et al. 

2005, Welch et al. 2006) and have been associated with the presence of other invasive 

species such as reed canary grass, Phalaris arundinacea (Kercher and Zedler 2004).  

Many GSL wetlands are impounded, and we expected that areas with these hydrologic 

modifications might be more likely to have Phragmites as the dikes could have served as 

invasion pathways.  However, impoundment status and distance to water control structure 

(our measures of hydrologic disturbance) were very low on the list of important variables 



29 

 

for Phragmites presence.  Many of these hydrologic modifications have been in place for 

decades, and their role as invasion pathways may be less important currently than other 

environmental conditions such as moisture and salinity.  

While our model provided useful information on factors associated with 

Phragmites, it is important to note that SDMs are a purely correlative technique.  

Distributions of invasive species are also influenced by factors such as propagule 

pressure and residence time (Wilson and Richardson 2007, Broennimann and Guisan 

2008), which we were not able to account for in our model.  We used the best predictor 

variables that were available to us, and we believe they described the environmental 

conditions around GSL fairly well.  For variables such as salinity and distance to point 

sources of pollution, we used the best available data for the scale of study, but finer scale 

environmental monitoring data could provide a more detailed and nuanced picture of 

factors driving Phragmites invasion.  Environmental and disturbance data of this quality 

at the large scale of our study are rarely available, so there is a tradeoff between spatial 

extent of the study and resolution of data sets of predictor variables.   
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CHAPTER 5 

 

CONCLUSIONS 

 

 

To effectively manage invasive species in wetlands it is important to map, 

monitor, and understand factors driving invasion, particularly at the landscape scale.  

While, a number of other studies have used remote sensing to map invasive Phragmites 

distribution (Maheu-Giroux and Blois 2005, Pengra et al. 2007, Ghioca-Robrecht et al. 

2008, Laba et al. 2008, Torbick et al. 2010, Bourgeau-Chavez et al. 2012), previous 

mapping was often done at lower resolutions (such as with Landsat imagery).  Our high 

resolution imagery allowed us to map Phragmites and other wetland vegetation to the 

species level, and capture smaller stands of Phragmites that may be newer invasions and 

require immediate management attention.  Making such data available to relevant 

stakeholders is essential to improving management.  In our case, we created an 

interactive online website that displays the classified imagery and allows managers to 

further evaluate Phragmites on their management areas 

(http://maps.gis.usu.edu/gslw/index.html).  

By using SDM to identify factors that correlate with Phragmites presence, we 

were able to pinpoint some of the potential root causes that may be facilitating 

Phragmites expansion, and identify areas that may be vulnerable to Phragmites invasion.  

When managing Phragmites, it will be necessary to also address factors that promote 

Phragmites expansion such as elevated nutrient levels.  In particular, around GSL 

wetlands, this might mean reducing the amount of pollution that is being discharged into 

GSL from point sources by more widespread use of best management practices for 

http://maps.gis.usu.edu/gslw/index.html
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stormwater and wastewater effluent (Utah Division of Water Quality 2012).  Areas that 

are not currently occupied by Phragmites, but were identified as suitable habitat will be 

important areas to monitor for Phragmites expansion and subsequent EDRR efforts.  

More specifically, areas with elevated nutrient levels, lower elevations with prolonged 

inundation, and moderate salinities are prime habitat for Phragmites and should be 

monitored closely for expansion.  

SDM can be useful to management of invasive species, and could be incorporated 

more commonly into invasive species management planning by wetland scientists and 

managers.  While SDMs have become more popular in ecology in recent years, often the 

results from models are not used to make management decisions (Addison et al. 2013).  

There is a clear need to take the general recommendations provided by SDM results and 

translate these recommendations into more specific management actions for how to best 

prevent new invasions and prioritize management of invasive species (Papeş et al. 2011).  

Results from our model can be used to prioritize areas for Phragmites control, 

restoration, and monitoring across our study region.  Additionally, our integrated remote 

sensing and SDM approaches, combined with the interactive website, provide an example 

for others to emulate for management of wetland invaders in other regions. 
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APPENDIX 

Site specific Phragmites habitat suitability maps 
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Figure 6. Predicted Phragmites habitat suitability for Farmington Bay Waterfowl 

Management Area in Farmington, UT. 
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Figure 7. Predicted Phragmites habitat suitability for The Nature Conservancy’s Great 

Salt Lake Shorelands Preserve. 
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Figure 8. Predicted Phragmites habitat suitability for Bear River Migratory Bird Refuge, 

a U.S. Fish and Wildlife Service refuge located on the north end of the Great Salt Lake.  


