University Libraries
Unlversity af Nevads, Las Végas

UNLV

UNLV Theses, Dissertations, Professional Papers, and Capstones

5-1-2012

Natural and constructed wetlands for ecosystem and engineering
services in the arid and semi-arid regions

Achyut Raj Adhikari
University of Nevada, Las Vegas, adhikar7 @gmail.com

Follow this and additional works at: https://digitalscholarship.unlv.edu/thesesdissertations

b Part of the Biogeochemistry Commons, Desert Ecology Commons, Environmental Health and
Protection Commons, Environmental Indicators and Impact Assessment Commons, Natural Resources
and Conservation Commons, Plant Sciences Commons, and the Terrestrial and Aquatic Ecology

Commons

Repository Citation

Adhikari, Achyut Raj, "Natural and constructed wetlands for ecosystem and engineering services in the
arid and semi-arid regions" (2012). UNLV Theses, Dissertations, Professional Papers, and Capstones.
1528.

https://digitalscholarship.unlv.edu/thesesdissertations/1528

This Dissertation is protected by copyright and/or related rights. It has been brought to you by Digital
Scholarship@UNLV with permission from the rights-holder(s). You are free to use this Dissertation in any way that
is permitted by the copyright and related rights legislation that applies to your use. For other uses you need to
obtain permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons
license in the record and/or on the work itself.

This Dissertation has been accepted for inclusion in UNLV Theses, Dissertations, Professional Papers, and
Capstones by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.


http://library.unlv.edu/
http://library.unlv.edu/
https://digitalscholarship.unlv.edu/thesesdissertations
https://digitalscholarship.unlv.edu/thesesdissertations?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/154?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1261?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/172?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/172?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1015?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/168?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/168?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/102?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/20?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/20?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalscholarship.unlv.edu/thesesdissertations/1528?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F1528&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalscholarship@unlv.edu

NATURAL AND CONSTRUCTED WETLANDS FOR ECOSYSTEM AND

ENGINEERING SERVICES IN THE ARID AND SEMI-ARID REGIONS

By

Achyut Adhikari

Bachelor of Science in Biology
Tribhuwan University, Kathmandu, Nepal
1999

Masters of Science in Agriculture
Humboldt University of Berlin, Germany
2006

A dissertation submitted in partial fulfillment

of the requirements for the

Doctor of Philosophy in Geoscience

Department of Geoscience

College of Sciences
Graduate College

University of Nevada, Las Vegas
May 2012



HWHIVEREITY OF NEVADA LAE YEGAS

THE GRADUATE COLLEGE

We recommend the dissertation prepared under our supervision by

Achuyt Adhikari

entitled

Natural and Constructed Wetlands for Ecosystem and &gineering
Services in the Arid and Semi-Arid Regions

be accepted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Geoscience
Department of Geoscience

Zhongbo Yu, Committee Co-Chair

Kumud Acharya, Committee Co-Chair

Matthew Lachniet, Committee Member

Gangqing Jiang, Committee Member

Thomas Piechota, Graduate College Representative

Ronald Smith, Ph. D., Vice President for Research and Graduate Studies

and Dean of the Graduate College

May 2012



ABSTRACT
Natural and Constructed Wetlands for Ecosystem and Engineering Services the
Arid and Semi-Arid Regions
By: Achyut Adhikari

Dr. Zhongbo Yu, Examination Committee Chair
Professor of Hydrology and Hydrogeology

University of Nevada, Las Vegas

Dr. Kumud Acharya, Examination Committee Co-Chair
Associate Professor at Division of Hydrologic Sciences

Desert Research Institute, Las Vegas

The Las Vegas Wash (LVW) has undergone significant wetlands degradation and
soil erosion over the past thirty years due to increasing flow resulting from zabani
and large rainfall events in the Las Vegas Valley Watershed. Thesedréaw and
associated pollution load in the LVW and its adverse impact in Lake Mead haed aler
stakeholders to pay a greater attention to explore alternative measusdsafolitation of
wetland ecosystems. This dissertation, using the case of changes irabhseWzes and
describes ecological and engineering services provided by wetlandd andrsemi-arid
regions and provides a knowledge base that can be used to improve water quality and
enhance stream restoration respectively. The dissertation includesihmestes studies
that are organized into three independent chapters.

In the first study, constructed and naturally created wetlands in the IndWsa
tributaries were studied to characterize and understand their potential roipfoving

ecosystem services (i.e., water purification). Excess nutrients and haretalloids



removal was assessed at four wetlands, including Flamingo Wash WetlamanPi
Wash Pilot Wetland, Demonstration wetlands at the city of Henderson watenagion
facility, and Las Vegas Wash Wetland. The study showed that the nutrestale
capacity of wetland vegetation in the four wetland sites correlated wklbwibient
nutrient concentrations in the sediments and water columns, irrespective qfelod ty
plant present. For example, cattail and bulrush plant species have differemit nutrie
uptake capacities, with these capacities mostly determined by thenamitieent and
hydrologic conditions. Both species were equally efficient for nutrienkaptéth high
phosphorus concentration in below-ground and high nitrogen in above-ground plant
parts. The below-ground parts of both species were capable of storing ansenic a
selenium more efficiently than above-ground parts. However, bulrush species seem
particularly efficient for removing metalloids as compared to catthgsé findings have
important implications for improving our ability to engineer ecologioaltsons to the
problem associated with common pollutants in the Las Vegas Valley.

The second project analyzed the structural and functional attributes of ingreasi
common reedsRhragmites australis (Cav.) Trin. ex Steud.) and native cattailggha
domingensis Pers.) for the best ecosystem services from large scale wetlandsgbeh
one in LVW. The entire LVW vegetation was analyzed through mapping and ground
truthing to estimate areal coverageéPofwstralis Vs. T. domingensis. The results from
this study compared with the previously published data showeB.thastralis
population is increasing in most of the pladesaustralisin comparision td'.
domingensis, appears to thrive better in areas with altered hydrology and high nutrient

inputs. In addition to its structural dominance, our data showe@thastralis plays a



significant role in nutrient storage in wetlands. The net above-ground standikg@fstoc
nutrients in LVW wetlands was estimated to be approximately 26418.7 kg TN and
1264.1 kg total phosphorus (TP) féraustralis and 5183.8 kg total nitrogen (TN) and
272.8 kg TP foiT. domingensis. Despite management concerns dveaustralis

dominance and growth, they fared quite well in nutrient storage in LVW wetlands
compared td. domingensis. The study concluded that in LVW, bofhdomingensis and

P. australis could be utilized for water quality improvement. It should be noted, however,
plant uptake alone is not enough to improve water quality below regulatory thresholds
from large scale wetlands, and managing dominant vegetation may be requirgtefor be
nutrient removal efficiency.

The third project studied the riparian wetlands function for their engineering
services on streambank stabilization. The mechanical properties of natives specie
(Artiplex lentiformis, Lycium ander sonii, Larrea tridentata, andAllenrolfea occidentalis)
were studied to understand their suitability in revegetation purpose on banks that are
easily erodible. Field experiments were conducted to estimate root levgtlength
density, root area ratio, and root tensile strength. Finally, the root cohesios wahge
assessed using a simple perpendicular model and Fiber Bundle Model. The maximum
root cohesion in the present study was estimateA. fientiformis (97.6kPa) followed by
L. andersonii (89.3kPa)L. tridentata (35.6 kPa), and. occidentalis (34.8 kPa). These
values were estimated to rank the native species for their potential use in bank
stabilization. The results showed that these native and most prevalent sgeeiasone
suitable for shallow bank slope stabilization, since their root distributions were

significantly higher in topsoil depth (0-0.5 m) in comparison to subsoil depths (>0.5 m).



This information could be utilized for revegetation and restoration purposes in the arid

and semi-arid regions where these plants are abundant.

Vi
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CHAPTER 1

INTRODUCTION

1.1 Background/Problem Statement

Artificially constructed wetlands that mimic natural marshes have bsed as
low-cost alternatives to treat urban wastewater. Such practices lsaixetemuch
attention in recent years, where various aquatic plants are used formuutifgiwater
and wastewater (Kadlec and Knight, 1996; Greenway, 2005; Thullen et al., 2005;
Vymazal, 2007). The Las Vegas Valley (LVV) watershed, located in Southeradd,
supports many ecologically significant wetlands, whereas often regadedes in the
desert (LVWCC, 2010). As a result of increased urbanization, LVV wetlands now
experience perennial surface water flows primarily comprisingetleaastewater
effluents with excess nutrient inputs, typical of urban influence. An importaniquest
concern for the public and researchers is whether wetlands in the LVV haaehéal
to function as natural filters by improving water quality from treatedemaster effluents
and urban runoff. Effluent discharges in the Las Vegas Wash (LVW) dilute watity qua
parameters, such as TDS, major ions, and some trace metals from urban runoffrhoweve
effluent discharge increases nutrients, including total nitrogen (TN) anghatsphorus
(TP), due to the cost associated with the wastewater treatment ptocadition, LVV
is known for its elevated level of naturally occurring Selenium (Se) and Ar&&s)i in
soils in some locations. The focus of the first part of the study is to compare arastcont
the key characteristics of various types of wetlands to determine how welutiation

to remove major nutrients and toxic metals.



Like wetlands in many other rapidly growing urban areas, the LVW wetlands
receive high amounts of nutrients load from treated wastewd#iezrés and a relatively
less pollutant from nonpoint sources (LVWCC, 2009). Excessive erosion along the Wash
has resulted in loss of wetlands and wildlife habitat, loss of property, damage to
infrastructure, excessive sediment transport to Lake Mead, and watey qaatierns in
Lake Mead (LVWCC, 2000; SNWA, 2010). Restoration efforts in recent yeanes
created more acreage of wetlands in the LVW, which is dominatBtriagmites
australis andTypha domingensis species. The impact of nutrient enrichment in the
wetland ecosystem may depend on how dominant wetland vegetation influences biomass
production and nutrient retention (Schlesinger, 1991; Bridgham et al., 1996; Pollock et
al., 1998; Grace, 1999; U.S.EPA, 2002). Very little information exists on structural and
functional attributes of aquatic vegetation in response to nutrient enrichment and new
management approaches in arid and semi-arid wetlands. The focus of this stud
analyze whether thig. australis and T. domingensis species can be utilized for the best

ecosystem services in large scale wetlands.

Along with its broader ecological benefits, wetland vegetation has long been
recognized by river managers for their engineering services fangienk stabilization
(Thorne, 1990; Simon and Darby, 1999; Kadlec and Wallace, 2009). There is a growing
recognition for important influence exerted by stream flows and channel pesaas
vegetation structure and composition (Pollen-Bankhead et al., 2009). Yet, these is ver
little information available on mechanical characteristics of xeaapapecies for bank
stabilization (Simon and Collison, 2002; Simon et al., 2006; Pollen-Bankhead et al.,

2009). The focus is to estimate the root cohesion values of native xewrippécies for



their possible utilization in revegetation and restoration purposes in thedregmi-arid

regions where these plants are abundant.

1.2 Research Objectives and Research Questions

To characterize the wetland types and quantify their function for pollutants
removal potential with emphasis on nutrients (TN and TP) and metals (As and
Se).

Research Question 1. How different types of wetlands in Las Vegas Valley
function in removing nutrients and metals pollution? Can the wetland vegetation
be managed for increasing their effectiveness?

Hypothesis 1. Wetlands perform as a pollutant sink, where vegetationusfosef
pollutant removal on both constructed and naturally created wetlands.

To understand the structural and functional attributes of the entire Las Vegas
Wash wetlands for water quality improvement in arid and semi-arid regions and
compare ecosystem services between native and non-native species

Research Question 2. Is increasing acreage of wetlands vegetatem\Viedas
Wash providing increased ecosystem services?

Hypothesis 2. The larger the wetlands vegetation acreage the more efffieient
ecosystem services are, despite vegetation types (natives or non-raato/es)
climatic regions (arid or humid).

To estimate the mechanical function of native xeoriparian species to understand

their suitability in revegetation for streambank stabilization.



Research Question 3. Can the xeoriparian species be utilized for restofation
stream banks and riparian ecosystems in arid and semi arid environment?
Hypothesis 3Soil is generally strong in compression, but weak in tension. The
root system is strong in tension but weak in compression. Root-permeated soil

makes up a composite material that will enhance the soil strength.

This dissertation is organized in an introduction, and three manuscripts followed by a
conclusion. Chapter 1 includes background, objectives, study area, and previous work.
Chapter 2 contains the first manuscript describing the characteristicsanfsveypes of
wetlands for pollutants removal potential. Chapter 3 is the second manuscrigtidgscri
the investigation of wetland vegetation to analyze their structural anddoalkttributes
for the best ecosystem services from large scale wetlands. Chapter thigdthe
manuscript presenting the mechanical function of riparian vegetation imbaek
stabilization. Chapter 5 summarizes the conclusions from the study and outlines futur

work.

1.3 Study Area
The Las Vegas Valley Watershed located in Southern Nevada, an arid region of
the U.S., supports many ecologically significant wetlands, which are efjanded as
oases in the desert (SNWA, 2010). There are several wetlands in the LVV, some
naturally formed and some constructed in various landscape positions, with acfariety
hydrologic, vegetation, and soil conditions. These wetlands includes a) a cauakstruct
wastewater effluent wetland (Demonstration Wetlands at the City of Hemdéfater

Reclamation Facility), b) a constructed urban runoff wetlands (Pitman Wash P



Wetland), c¢) a naturally occurring urban runoff wetland (Flamingo Wast)qdpa
wetlands created by backwater behind the Pabco Road Weir in the mairisiesliegas
Wash (LVW).

The LVW is a primary drainage channel for the 1,600 square-miles of the Las
Vegas watershed that supports a substantial riparian area (Eckberg aakda®h2009).

In the early 1970s, the LVW channel used to be an excellent wetland habitat asitihe dese
soil was transformed into wet marshy wetland séilswever recentlythe LVW has
experienced considerable change as a result of rapid urban development in thgagéalley
20 years). The wetland areas have decreased significantly, from about 30 d®75

to about 300 acres in 1999 (LVWCC, 2000). Excessive erosion along the channel has
resulted in loss of wetlands and wildlife habitat, loss of property, damage to
infrastructure, excessive sediment transport and water quality concéaisiMead, an
artificial reservoir formed by the Colorado River (LVWCC, 2010). As a rastor

initiative, many erosion controls structures are being built to stabilize theeh&ands

that are adjacent to these structures are being revegetated withi@aate tnative to
Mojave Desert riparian ecosystems. As of March 2008, 181 acres of land have been
revegetated in the LVW. Also, construction of 2400 acre Nature Preserve aladd¥et
Park has been initiated (Cizdziel and Zhou, 2005).

There are several wetlands along the downstream of LVW, either hatural
formed as a result of flood control structures, or purposely constructed to provide
ecosystem services. Wetlands along the riparian corridor of downstreavieas Wash
were created after the construction of erosion control structures elxeapfetlands

Park, which is separated from the main channel.
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Figure 1.1Map showing wetlands in tributaries and mainstrWashin the Las Vega
Valley watershe(FW: Flamingo Wash, PW: Pitman Wash Pilot Wetlal
HD: Demonstration Wetland at the City of Hender¥dater Reclamatio

Facility and LVW: La Vegas Mainstream Wash) (adapted from Reginatc
Piechota, 2004

The wetland determination in this study was madaemting to the U.S. Arm
Corps of Engineers (Corps) wetland delineation mb(luSCOE, 1987), and tt
procedure was adapted from the etation study of Eckberg and Shanahan (2009). |

experiment to study the mechanical function of yEoian vegetation was carried oul



the Virgin River corridor, an analog site for the Lower Colorado RivemBasiRB).
Because the Wash was not historically a riverine system, it does not hawendarece
of source plants native to these conditions, and plants native to Lower Colorado River

Basin are being utilized for revegetation purposes in LVW wetlands.

1.4 Previous Work

1.4.1 Wetlands type and treatment function

Wetlands have been recognized for providing a higher rate of biologicalyactivit
than any other ecosystems (Toet, 2003). They can transform many of the common
pollutants that occur in conventional wastewater into harmless byproductsrdraésse
nutrients that can be used for additional biological productivity (Kadlec, 1998). These
biological transformations can provide an effective means to convert, redehse
atmosphere, or sequester unwanted and excess chemicals from the systanus\Wéth
a variety of hydrologic, vegetation, and soil conditions can occur naturally orwciestr
in many landscape positions (Kadlec and Wallace, 2009).

Constructed wetlands are manmade systems that have been designed to emphasize
specific characteristics of wetland ecosystems for improved treatapacity. At the
current stage of technology development, three types of wetlands (free wkstee-sur
FWS, horizontal subsurface flow-HHSF, and vertical flow-VF) are in widasjuse
(Kadlec and Wallace, 2009). Free water surface wetlands closely mimralnaétlands
and support a wide variety of aquatic life. They are areas of open wagzgesin
vegetation, and designed for flow control or infiltration by the process of seditioant

filtration, oxidation, reduction, and adsorption. The most common application for FWS



wetlands is for advanced treatment of effluent from secondary or tdreatynent
processes (Vymazal, 2006). Horizontal sub surface flow wetlands consist dfayrawi
beds planted with wetland vegetation where the wastewater is kept below-grouwnd. The
are generally used of secondary treatment for small cluster systéarssmall
communities (Wallace and Knight, 2006). Vertical flow wetlands are designed for
producing nitrified effluent and are popular in Europe. They are found to be incompatible
with North American regulatory standards, which prohibit the surface expos@eadf f
material (Copper et al., 1996).

The use of constructed wetlands for wastewater treatment has been tdsted w
in recent years, especially to reduce nitrogen (N) and phosphorus (P) |gatsz@V,
2006). Phosphorus in wetlands occurs as phosphate in organic and inorganic compounds.
Free orthophosphate is the only form of P believed to be utilized directlgég ahd
macrophytes, thus represents a major link between organic and inorganic g icyclin
wetlands (Toet, 2003; Reddy et al., 2005). Phosphorus transformations in wetlands
include adsorption, desorption, precipitation, dissolution, plant and microbial uptake,
fragmentation, leaching, mineralization, sedimentation, and burial (Kadlec, 1999, 2005)
Phosphorus storage in vegetation can range from short to long-term, depending on the
type of vegetation, litter decomposition rate, leaching of P from detritugetiand
translocation of P from above to below-ground biomass (Reddy et al., 2005). Phosphorus
storage in above-ground biomass of emergent macrophytes is usually shovtiteran
large amount of P being released during the decomposition of litter. Thus, the above-
ground portions of macrophyte return P to the water, while a below-ground portion

returns P to the soil (Tanner, 2001).



Similarly, N compounds are among the principal constituents of concern in
wastewater because of their role in eutrophication, and their toxicity taabjfigat
(Kadlec and Wallace, 2009). These compounds also augment plant growth, which in turn
stimulates the biogeochemical cycles of the wetlands. The processaf$dtiatemoval
and retention of N during wastewater treatment in wetlands includevdlgtilization,
nitrification, denitrification, N fixation, plant and microbial uptake (asstioh)

(Vymazal, 2007). Nitrogen assimilation is one of the major transformations fansl t@

a variety of biological processes that convert inorganic N forms into eargamipounds

and serve as building blocks for cells and tissues. The potential rate of nutri&etlupta

a plant is limited by its net productivity (growth rate), the concentration aentgrin the
plant tissue (Wetzel, 2001), and on the ultimate potential for biomass accumulation
(Richardson and Vymazal, 2000). Therefore, desirable traits of a plant used fortnutrie
assimilation and storage would include rapid growth, high tissue nutrient conteritgeand t
capability to attain a high standing crop (Reddy and DeBusk, 1987).

Research findings from wetland bioassessment suggest that trace aofiounts
metals have been reported in plants growing in natural and constructed wetlands for
wastewater treatment (Lesage et al., 2007; Vymazal and Krasa, 2005; Vythazal e
2009). Wetlands are found to be effective at retaining significant loads of@tals
primarily in wetland sediments. There is also a greater concern towarngntiéative
loading of some trace metals, which might have reverse impact on the aquatic biot
(Hamilton, 2004; Lin and Terry, 2003).

Several attempts have been made to develop and adopt advance technologies for

treatment wetlands (McBride and Tanner, 2000; Langergraber, 2005; Rousseau et al.,



2005; Wu and Huang, 2006; Vymazal et al., 2007; Kadlec and Wallace, 2009). Treatment
performance is represented by two components, the central treatment teiod@ncy
wetland (or a group of wetland) and the anticipated variability away fromeht&tat
tendency. Central tendencies are driven by flows and concentrations, in cotitert wi
environmental factors. Treatment performance of wetland systems agesheired by
several comparative studies including inflow and outflow concentration of armder
sediments, hydrological setting, retention time, and seasonal differeéac@d@ore et

al., 1994; Kadlec, 1999; U.S. EPA, 2000; Mitsch et al., 2004). There have been several
comparative studies to elucidate possible effects of vegetation type, maed@nsl
physiochemical parameters (Theis and Young, 2000). The result showed thahtaghreg
data sets on those variables can be used to best define the central tendency mt treatme
performance of each wetland system. The graphical representatiorntroitnea
performance essentially extends the idea of percent removal to a grougaofsebut it

is more realistic once the information on the detention time or hydraulic loading is
included (Hammer and Knight, 1994; Vymazal, 2001; Knight et al., 2004).

Like wetlands in many other rapidly growing urban areas, the LVV wetlands
receive relatively high amounts of nutrients from wastewater effla@mtpotential
pollutants from nonpoint sources. Water quality in the LVV wetlands is mainly
determined by the effluents from three wastewater treatment &ilEifluent
discharges dilute water quality parameters, such as TDS, major ions, andasmme t
metals (including Se) from urban runoff; however, effluent discharge increasesnts,
including N and P, as a result of the wastewater treatment process. Amoénging

issue is naturally occurring trace metals, for e.g. higher concentrat@manid As is
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reported in some locations of Las Vegas Valley. Flows from the tributae¢keamajor
sources of contaminants and have particular concern to the LVV wetlands; Asemd
Se. With the historically observed wetland area, there is a growimgem over

bioaccumulation of these trace metals and pollutants.

1.4.2 Wetland vegetation: structure and function

Vegetation-based indicators can be utilized to determine whether ecological
integrity has been impaired by nutrient enrichment in naturally creatéahast
(USEPA, 2002). The growth and reproduction of vegetation as well as large scale
primary production are frequently limited by supplies of N or P in a fretgineaosystem
(Elser et al., 2007). These nutrients are also responsible for changes inemgosys
function and structure that occur when wetland assimilative capacity isdexte
(Carpenter et al., 1998). The structural attributes include charactevisticss community
or of individual species, where the changes occur through shifts in plant species
composition (Craft et al., 1995; Bridgham et al., 1996). It includes the replacement
nutrient intolerant native species by exotic species usually adapted taulvigimin
conditions. The functional attributes related to energy flow and nutrient cyclivegew
the changes occur in response to nutrients include increased N and P uptake, NPP, and
decomposition (Davis, 1991; USEPA, 2002). The understanding of wetland structure and
function for water purification and pollutant removal has been of a great irtteres
researchers since 2000 (Pu et al., 1998; Hu et al., 1998; Mitsch et al., 2001, 2005; Jiang et

al., 2007; Mander and Mitsch, 2009; Wang et al., 2009; Zhang et al., 2009), as aquatic
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vegetation has a great ability for assimilating large amounts of nstfremt sediment
and overlying water during the growing season.

There is considerable information on N and P concentration in plant tissud as wel
as standing stocks for plants found in natural and constructed wetlands (Vymazal et al
1998, 2009; Tanner, 1996, 2001; Mitsch and Gosselink, 2000; Greenway, 2005; and
Kadlec, 1999). Researchers argue that nutrient removal can be optimized tiygselec
suitable species with higher capacity for N and P absorption and conversion into plant
biomass (Mitsch and Gosselink, 2000; Greenway, 2003; Vymazal, 2007). However, large
difference in effluent improvement exists between different plant sp@@eser, 1996;
Karathanasis et al., 2003; lamchaturapatr et al., 2007).

An understanding of plant biomass and nutrient uptake is essential to characterize
the ecosystem function (Mayer and Edwards, 1990). It has been found that the
performance efficiencies of constructed or natural wetlands depend onl sevietzes,
such as the quality and quantity of effluent to be treated, biological, physical, and
chemical activities in that particular wetland system (Greenway andl&ypa001;
Greenway, 2003). The TN and TP content of living biomass in wetland vegetatian varie
considerably among species, among plant parts, and among wetland siteseffreatm
wetlands are often nutrient-enriched and display higher values of tissue nutrient
concentrations than naturally occurring wetlands. Large differencesnd R aontent
among different plant parts is found to be the result of translocation, seasondlity, a
genotypical habit (Cronk and Fennessy, 2001). Emergent aquatic plant species such as
cattails Typha), bulrushes$choenoplectus), and reedRhragmites) have been widely

used in the U.S. and elsewhere around the world for nutrient removal in constructed
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wetlands ( Kadlec and Wallace, 2009; Tanner, 2001) . The compartments analyzed in
plant tissues are centered within live above-ground plant tissues, wherdaktihe
ground parts are usually not considered or often omitted. In treatment wettahds
naturally existing wetlands that are lightly loaded and coveredtvedyy small surface
area, below-ground storage may be an important factor in the nutrient dgr{@nmantki
etal., 1978).

Wetlands may also release large amounts of nutrients during decomposition and
water treatment function shift toward the carbon cycling and denitrdicarocess
(Thullen et al., 2005; Chimney and Pietro, 2006). It has been reported that system
functioning benefits from higher plant diversity and improvements in plant iselectd
cultivation may facilitate nutrient removal from wastewater (Engdthend Ritchie,
2001). Most constructed wetlands are low in plant diversity or even monocultures, and
one attempt to improve the role of plants in constructed wetlands was to increase the
plant diversity (Zhang et al., 2007; Brisson and Chazarenc, 2008). Karatheinalsi
(2003) and Amon et al. (2007) have reported the higher efficiency of mixed wetlands for
effective root distribution, less susceptible to seasonal variations, and had mse dive
microbial populations than monoculture wetlands. According to Engelhardt andeRitchi
(2001), management practices that maintain the diversity of aquatic mae®phyt
wetlands, by sustaining or restoring a natural disturbance regime to petaloision of
less competitive species, may sustain ecosystem function and servicelsuod wet
Changes in species composition, loss of overall plant diversity, conversion of a unique

flora to one dominated by a few common species, and replacement of native bgecie
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exotics have been reported in connection with nutrient enrichment in wetland emssyste
(Koerselman et al., 1990; Ehrenfeld and Schneider, 1991; Thullen et al., 2005).

The LVW supported around 2000 acres of wetlands until 1975, when the base flow
discharge was small (Alcorn, 1988). After the rapid urbanization in Las W&y, the
increasing wastewater flow resulted into extensive soil erosion anal lsd¢uration has
been reduced, thereby resulting in wetland degradation (SNWA, 2010). Restoration
efforts have been initiated since the year 2000 to protect the LVW, which includes
construction of bend weirs, bank stabilization, and revegetation of native species.
Vegetation monitoring in LVW is being conducted by Las Vegas Wash Coaoadlinat
Committee (LVWCC) in the revegetation sites basically to ensure the cocglath

the requirement set by federal and state funding agencies. Howevernthaakand
functional attributes of wetland vegetation in the LVW has not been assessed
cumulatively for the best ecosystem services from large scalengstsuch as the one in

LVW.

1.4.3 Riparian vegetation function for bank stabilization
In addition to the ecological benefits of wetlands, engineering services gdo
by root networks of riparian vegetation act to increase the apparent cohesoan of
through a combination of mechanical and hydrologic effect (Pollen and Simon, 2005).
The riparian fluvial system in the semi-arid region is charactkbyevery less
precipitation throughout the year. It often experienced the cycles offlitests causing
the substantial channel widening followed by channel scouring and soil erosion

(Osterkamp and Costa, 1987). Such flooding events might change the meandering
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channels into wide braided morphology, which creates more space for vegetatitin gro
toward the braided island and floodplain banks (Bankhead et al., 2009). Together with
bank stabilization structures, vegetation is widely believed to increaseliléysof
streambank (Simon and Collision, 2002). The stabilization effect of vegetation ®rssoil
currently the subject of field and experimental studies attempting to explainetha
stabilization, morphology and patterns in fluvial systems over a wide rangepbtal

and spatial scales (Gran and Paola, 2001; Pollen and Simon, 2005). Revegetation efforts
are well established as an effective means of restoration for erosiool coeaisure

(Baets et al., 2007). Revegetation strategies for erosion control focused ohdxath a
ground and below-ground effects of vegetation where the above-ground biomass will
help on resettling the sediments and reduce the water flow. The below-groutativage
plays an important role for root reinforcement through root tensile strength,aand m
suction through evapotranspiration (Simon and Collison, 2002). However, the
guantification of these reinforcing effects will require the detail ingason of root
systems, and the impact of environmental variability on root architecture.

Many subsequent descriptions of root systems in arid environments have been
studied by previous researchers. According to Rundel and Nobel (1991) and Gibbens and
Lenz (2001), the strong spatial and temporal heterogeneity of soil walesens has
resulted in very divergent patterns of rooting architecture. Besides the apthk&orage
of water and nutrients, another principal role of root is the provision of stabilitiie
plant itself, implying resistance against wind, water, gravitational foaresfor the soll
containing the roots (Reubens et al., 2007). The soil adjacent to the roots is affdcted bot

hydrologically and mechanically, in terms of aggregate stability, riatfittn capacity, soil
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bulk density, soil texture, organic and chemical content, and shear strengtlariiMorg

2005; Reubens et al., 2007). Detailed studies from laboratory and the field haveeekam
the effects of roots on erosion during concentrated overland flows (Gysesels and poesen,
2003; Gyssels et al., 2005; De Baets et al., 2006; De Baets et al., 2007; Hubble et al.,
2010; Pollen and Simon, 2010; Schwarz et al., 2010), and observed exponential decline
rates of soil detachment with increasing root length densities and root bidinasil
environmental characteristics have a major influence on root system developthent a
ultimately determine the effectiveness of roots for soil fixation.ofgiong to De Baets et

al. (2006) root architecture plays an important role in the reduction of soil erosilon, wi

fine roots are shown to be particularly effective at preventing soil detanthirhe

relationship between soil material movement and root structure are maiatlydrabulk

root characteristics such as root density (RD, the dry mass of the liatsgper unit soll
volume), root length density (RLD, the total length of the living roots per unit soll

volume), and root area ration (RAR, the root cross sectional area per unit s surfa

(Smit et al., 2000; Reubens et al., 2007). However, the understanding on root architecture
of xeoriparian shrubs and its application in the stabilization effect hadds=estudied.

The important mechanical feature of roots is that they are strong in tension, on the
other hand, soils are strong in compression and weak in tension (Simon and Collison,
2002; De Baets et al., 2008). A combined effect of soil roots results in a reinforced soil
and magnitude of such reinforcement depends on root distribution and root tensile
strengths (Greenway, 1987; Gray and Barker, 2004; De Baets et al., 2008). Ra®t tensil
strength (in situ root pull-out test and laboratory root tensile test) revbaleithe

number and morphology of root system influences the stress-strain relatiams$hip a

16



ultimate resistance to failure (Riestenbreg, 1994; Abernethy and Rutherford, 2001;
Schmidt et al., 2001; Bischetti et al., 2005; Norris, 2005; Pollen and Simon, 2005; Tosi,
2007; Comino and Marengo, 2010). Root tensile strength decreases with increasing root
diameter by following a power law relationship (Operstein and Frydman, 20680; T

2007; Mattia, 2005; Bischetti et al., 2005; De Baets et al., 2008; Comino and Marengo,
2010). The interspecies differences in tensile strength are lesscsignib bank stability

than the interspecies differences in root distribution (Abernethy and Ruthet@fy1).

The fine roots are also known for higher tensile strength in comparison to coarse roots
and contribute more to soil reinforcement (Operstein and Frydman, 2000; Tosi, 2007; De
Baets et al., 2008). Several authors have quantified the shear strength of $ousthot

and without roots, and found that root increases the soil shear strength, normal
components of soil resistance, and modify the shear zone width (Waldron, 1977; Wu et
al., 1979; Waldron and Dakessian, 1981; Abe and Ziemer, 1991).

The processes of soil reinforcement by roots can be considered as an example of
the recently developed ecological concept of ecological enginearitigl &ttempts to
guantify root reinforcement of soil have been dominated by the use of simple
perpendicular root models developed by Waldron (1977) and Wu et al. (1979). This
model requires the tensile strength of the roots, and the cross-sectionalraga of
system crossing the shear plane. Wu’'s model estimate maximum rdotaeinent at a
single instance of time, since all of the roots available in the soil matrexreached
their maximum tensile strength (Pollen and Simon, 2005). Also the Wu’s model
overestimates the reinforcement values because it assumes that allassitggahe

shear plane break at the same time, and they further propose a fiber bundle Bigjel (F
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The FBM assumes that roots within the soil matrix have different maximengstis,

and therefore break at different points as a load is applied to the soil. Alsopttes m

redistributes the load from the broken roots to the remaining intact roots crossing the

shear surface (Pollen and Simon, 2005). Root cohesion values are broadly estimated and

applied for soil stabilization by several researchers in the pasteléédernethy and

Rutherford, 2001; Simon and Collison, 2002; Pollen and Simon, 2005; Tosi et al., 2007;

De Baets et al., 2008; Bischetti et al., 2009; Preti and Giadrossich, 2009; Hubble et al.,

2010; Comino and Druetta, 2010; Comino and Marengo, 2010). Many studies have

estimated root cohesion for a variety of riparian tree and herbaceous spbeieethy

and Rutherfurd, 2001; Simon and Collison, 2002; Pollen and Simon, 2005; Simon et al.,

2006; Pollen-Bankhead et al., 2009), but substantially less work has been carried out to

study the root cohesion values of riparian shrub species for streambankagtabiliz
Riparian ecosystems support many critically important ecologioatifuns

within western landscapes (Brinson et al., 1981), but riparian areas have beely sever

degraded by the detrimental effects of flow regulation, overgrazing ofleauige

mining, and urbanization (Follstad Shah, 2007). Restoration of riparian ecosystem has

become a major enterprise across the U.S. Southwest since 1990 to achidwd a goa

reversing degradation (Goodwin et al., 1997; Stromberg, 20B&)modifications of

stream flow by dams and diversions in the Colorado River have significantliedfthe

riverine marshlands. As stream flows become more intermittent, wetlanctieget

reduced and species composition in the floodplain shifts from wetland pioneer trees

(Populus fremontii , Salix gooddingii) to more drought tolerant exotic shrubs including

Tamarix ramosissima andPulchea sericea (Ohmart et al., 1988). Restoration efforts are
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underway in U.S. Southwest with special focus on re-establishing hydrogeomorphic
processes through restoring appropriate flows and manipulating vegetateiarstby
planting native species (Stromberg, 2001; Stromberg et al., 2007). River managers ar
widely applying native species revegetation to increase streambanityséabong other
purposes (Simon and Collison, 2002). Although the effects of vegetation on bank
stabilization are broadly explored, native shrubs from desert ecosysterascfye

guantified for their engineering services in bank stabilization.

1.5 Summary

Several investigations have pursued treatment wetlands as a low-casthdolut
improving water quality in rapidly growing urban areas. In this study, the key
characteristics of constructed and naturally created wetlands inghéelgas Valley
watershed will be determined to understand their function to improve water quality. The
wetland vegetation (one species of cattail and three species of bulrugdhg will
investigated for their potential in nutrient (N and P) and trace metal (5&samuptake
among four different wetlands. Plant tissue concentration will be compamdour
wetland sites to understand nutrients and toxic metals storage potentiaspitictrto the
ambient concentration in the water column and sediment. By understandingitheflim
wetland function, watershed management actions can be tailored to improve etologic
services in the Las Vegas Valley.

From the previous studies, it is obvious that the structural and functional attributes
of wetland vegetation can be utilized for the optimum treatment purposes. Structura
attributes of wetland vegetation will be analyzed to estimate plant frequenar, and

species distribution, followed by vegetation mapping and ground truthing. Functional
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attributes will be analyzed through nutrient storage potential in dominant wetland
vegetation i.eT. domingensis Vs P. australis. The focus will be to understand whether
exoticP. australis and nativel. domingensis can be utilized for the best ecosystem
services from large scale wetlands in arid and semi-arid regions.

Wetlands vegetation has long been recognized for its broader engineeriogsse
including streambank stabilization. The desert native shulesitiformis (Torr.) S.
Watson (Quail bush),. andersonii A. Gray (Wolfberry) L. tridentata (DC.) Coville
(Creosote bush), arAl occidentalis (S. Watson) Kuntze (lodine bushijll be studied to
understand their suitability in revegetation for bank stabilization. Thecob@tsion
values will be estimated applying simple perpendicular model and recardibeie
model. The root cohesion values will be beneficial for ranking species in rei@geta

purpose in the Lower Colorado River Basin.

The dissertation consists of an introduction, three manuscripts including removal
of nutrients and metals by constructed and naturally created wetlandd astiflegas
Valley, vegetation assessment for the nutrient uptake potential of macmphgteni-
arid wetlands, and estimation of root cohesion for desert shrub species in riparian
ecosystem of arid and semi-arid regions and its potential for streambhitization,

followed by a general conclusion section.
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CHAPTER 2
REMOVAL OF NUTRIENTS AND METALS BY CONSTRUCTED AND

NATURALLY CREATED WETLANDS IN THE LAS VEGAS VALLEY, NEVADA

Increased water use associated with rapid growth in the Las Vadlag has
inadvertently led to the creation of unique wetland systems in Southern Nevada with an
abundance of biological diversity. Constructed and naturally created wethath@slias
Vegas Valley watershed were studied to characterize and understanbtaetral role
for improving ecosystem services (i.e., water purification). Nutrient anal meshoval
was assessed at four sites including a natural urban runoff wetland, a constrioate
runoff wetland, a constructed wastewater wetland, and a natural urban rurteii/atas
wetland. Plant nutrient uptake was dependent on ambient nutrient concentrations in
water and sediments of specific wetlands, irrespective of the type of ptesént.
Phosphorus was mostly concentrated in below-ground plant parts whereas nitrogen was
concentrated in above-ground parts. As for metalloids, bulrushes were more dffi@rent
cattails at taking up arsenic and selenium. Averaging all the wetlanéisdggant
species, total nitrogen, phosphorus, arsenic and selenium removal was 924.2, 61.5, 0.30,
and 0.38 kg/halyr, respectively. Present findings suggest that naturatatetiovetland
systems can improve water quality in the Las Vegas Valley watershezhiercommon
pollutants, however, other measures are still needed to improve water quality be

regulatory thresholds.
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2.1 Introduction

Wetlands with a variety of hydrologic, vegetation, and soil conditions can occur
naturally or be constructed in many landscape positions (Kadlec and Wallace, 2009).
Wetlands are often highly productive systems where numerous biologicabtraasbns
are taking place, driven by the natural energies of the sun, soil, wind, and by
microorganisms, plants, and animals (Thullen et al., 2005). Performance eifisiehc
constructed or natural wetlands depend on several variables, such as the quality and
guantity of effluent to be treated, and biological, physical, and chemicatiastivi that
particular wetland system (Greenway and Woolley, 2001; Greenway, 2003). Until
recently, nitrogen and phosphorus were primary constituents of concern in wetland
systems, with their concentrations varying depending on the source of wastamdithe
extent of nonpoint source pollution (Vymazal, 2006; Toet et al., 2005). However,
recently other pollutants, such as heavy metals, radioactive chemicals, and
pharmaceutical and industrial organic chemicals have also emerged asiobiita
concern.

Wetland plants mediate important processes in constructed wastewattaetre
wetlands. For example, plant metabolic activity releases oxygen into tbephéezre,
which aids in nitrification through the direct uptake of nutrients (Brix, 1997; Greenway
and Woolley, 2001). The access and availability of nutrients affects plant growth
response and resource allocation, which influences removal efficiency in wetlands
(Tanner, 2001). Emergent aquatic plant species such as cdiyphia §pp.), bulrushes

(Schoenoplectus spp.), and reedPfiragmites australis) have been widely used in the U.S.
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and elsewhere around the world for nutrient removal in constructed wetlands (&dilec
Wallace, 2009). Nutrient removal can be optimized by selecting suitablespaitie
higher capacities for absorption of inorganic nitrogen and phosphorus and conversion
into plant biomass (Greenway, 2003; Vymazal, 2007; Mitsch and Gosselink, 2000). A
basic understanding of the growth requirements and characteristics of wediarsd$l
essential for successful design and operation of wastewater treatenaaral &uthors
have studied the importance of vegetation in removing metals from natural and
constructed wetlands for wastewater treatment (Lesage et al., 2007; alyandxrasa,
2005; Vymazal, 2007). Bioaccumulation processes are found to be effective in reducing
some metals such as arsenic (As) and selenium (Se) into insoluble forms in some
constructed wetlands (Zhang and Moore, 1997; Zhang and Frankenberger, 2003; Lin and
Terry, 2003).

The Las Vegas Valley watershed located in Southern Nevada, an arid region of
the U.S., supports many ecologically significant wetlands and is often rdgesdm
oasis in the desert (LVWCC, 2009). Excessive erosion has resulted in the loss of
wetlands and wildlife habitat, loss of property, damage to infrastructure sesees
sediment transport, and water quality concerns in Lake Mead (LVWCC, 2009%nd&etl
have decreased significantly, from about 2000 acres in 1975 to about 300 acres in 1999
(Eckberg and Shanahan, 2009). The multi-stakeholder Las Vegas Wash Coordination
Committee developed a management and enhancement plan to restore theatcologi
services of the Las Vegas Valley’'s primary drainage channel abh&tgas Wash. As a
restoration initiative, many erosion control structures are being built tdiztahie

channel and lands that are adjacent to these structures are being revegttatiec s
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native to Mojave Desert riparian ecosystems. Like wetlands in many afheélyr

growing urban centers, the wetlands in Las Vegas receive relatigélyamounts of

nutrients from wastewater discharge and potential pollutants from nonpointsdurce
example, selenium concentrations in urban runoff channels in the Las Vegasavalley
above regulatory thresholds. Consequently, wetlands have been pursued as a low-cost
solution for improving water quality in various locations in the valley. Until now,
performance of these wetlands has not been cumulatively assessed.

The goal of this study was to compare and contrast the key characteristics of
various types of wetlands in the Las Vegas Valley watershed to det¢enow well they
function to improve water quality. The nutrient (nitrogen and phosphorus) and trace
metal (selenium and arsenic) uptake by wetlands plants (one speciesilcddttiaree
species of bulrushih four different wetlands was investigated. Above-ground and below-
ground plant parts were compared between each site to understand nutrient and metalloid
uptake and storage with respect to the ambient concentration in the water column and
sediment. By determining the limits of wetland function, watershed managectiensa

can be tailored to improve ecological services in the Las Vegas Valley.

2.2 Material and Methods
2.2.1 Study Area
The study was carried out in four lowland wetlands types (elevation less than
2,100 feet) in the Las Vegas Valley (Figure 2.1), including a) a construestdwater
effluent treatment wetland (Demonstration Wetlands at the City of Hendé/ater

Reclamation Facility, ‘HD’ hereatfter), b) a constructed urban runoffnrestt wetland
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(Pitman Wash Pilot Wetland, ‘PW’ hereatfter), ¢) a naturally ocogiinrsitu urban
runoff treatment wetland (Flamingo Wash, ‘FW’ hereafter), and d) a natetknd
created behind an erosion control structure in the main Las Vegas Washe(laes V

Wash, ‘LVW’ hereatfter).

Figure 2.1 Map showing different wetlands sites located within the Lags\\églley
Watershed (FW: Flamingo Wash, PW: Pitman Wash Pilot Wetlands, HD:
Demonstration Wetland at the City of Henderson Water Reclamation Facility
and LVW: Las Vegas Wash).
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The Las Vegas Valley is a low-lying alluvium-filled valley surroundgsteep
mountain ranges. Soil cover in the study area generally consists of deposit®aalds
clays from the Quaternary era. Intermittent streams continue totouhe floodplain

and deposit alluvium into the surrounding wetlands.

Las Vegas Wash Wetlands (LVW): The Las Vegas Wash (%8%'49.23" N and

115°08'53.17" W)is the major drainage for the Las Vegas Valley, which drains into Las
Vegas Bay in Lake Mead. The Las Vegas Wash currently discharges ~29€eetipier
second (cfs) providing nearly 2% of the inflow to Lake Mead (Leising, 2003; SNWA,
2010; USGS, 2010). The Las Vegas Wash wetlands site, which consists mostliedf trea
wastewater effluent from three municipal facilities, is located in tha ofennel of the

Las Vegas Wash and was created from the backwater pool behind the Pabco Road
erosion control structure (i.e., weir). The LVW meets stringent wateityjgndards set
by Nevada Division of Environmental Protection at all times for the safe retwatef

to Lake Mead and Colorado River. Land use type around the LVW wetlands are
dominated by undeveloped desert areas and mixed riparian vegetation. The wetlands a
extends nearly 220 acres and the wetland vegetation in this area is dominza#diby
(Typha domingensis) and common reedPfiragmites australis). The Las Vegas Wash also

conveys untreated urban runoff, groundwater, and stormwater (Zhou et al., 2004).

Flamingo Wash Wetlands (FW): These wetlands are located in the Flamingo Wash
(36°05'17.02" N, and 1159'10.80" W), a tributary to the Las Vegas Wash, and consist

of urban runoff with an average discharge of ~5 cfs. The adjacent lands are dominated by
dense residential, commercial, and park/golf course uses. The Flamingo Wattestr

for several miles but the wetlands are somewhat patchy and sparsely le&ahedeg).
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Dense vegetation of annual weeds mixed with cattails exists throughout the @rahnel

provides habitat to many aquatic and avian species.

Pittman Wash Pilot Wetlands (PW): The Pittman Wash (364'31.79" N and

115°00'07.07" W) is a demonstration-type pilot wetland created to study water quality
improvements in urban runoff before it enters the Las Vegas Wash. The PANdsedle
experimental (20 m by 20 m) and have both surface and sub-surface flow components
and a discharge of ~5 cfs and total area of 0.009 acres. The surrounding land use type is
similar to that of the FW. The main vegetation in the PW wetlands is three species
bulrushes $choenopl ectus acutus, S. americanus, andS. californicus).

Demonstration Wetlands at the City of Henderson Water Reclamation Facility (HD):

This is another demonstration-type wetlands located at the City of Hendersem Wa
Reclamation Facility (3©2'48.29"N and 11%93'13.06" W) This site was constructed to
show how wetlands can improve partially treated wastewater effluent. fictheda type
consists of residential and undeveloped land. The 5.75 acre wetland is a triahgpéat-s
pond with 14 loafing and emergent vegetation islands constructed with varying depths of
water coverage. Three species of buln&hagutus, S. americanus, andS. californicus)

were planted on eleven specially designed hummocks.

2.2.2 Sampling and Analyses
2.2.2.1 Water
Water samples were collected monthly from all four sites from inlets athet®
beginning in July 2008 and ending in June 2009. Various parameters, including total

nitrogen (TN, measured as MINO,+NHy,), total phosphorus (TP, measured as
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orthophosphate), dissolved oxygen (DO), pH, electrical conductance, and temperature,
were measured from the four sites. Nalgene bottles (1 liter) used damnudjrsg were

acid rinsed prior to the sampling. Water samples were then immediately stooed R i
concentration was determined using the colorimetric analysis after perglifastion

(APHA, 2005). TN was analyzed using an automated colorimetric method using & Lacha
QCB8000. Metal analysis of water samples were determined by ICP-MS usetg@im

based on USEPA Method 200.8 (USEPA, 1991).

2.2.2.2 Sediment

Sediment samples were collected from the same inlet and outlet locattbes as
water samples at all four wetlands seasonally. Vertically mixéichemt samples were
collected using a plastic scoop up to ~10 cm depth and transferred into 100 ml glass
bottles with polyvinyl caps. Samples were then dried in a convection ovefCauill
they were completely dry. Subsamples of dry sediment (~1 g) were processedafor m
digestion following USEPA Method 3050B at the Desert Research Institutegitadlo
Engineering Laboratory. Sediment samples were digested with ré@etiéion of 70%
HNO3; and 30% HO,. A low-temperature thermostat (Lauda Ecoline, U.S. version) was
used to provide uniform heating of @5 The resultant digest was diluted to 100 ml,
centrifuged, and stored at@until analysis. Samples were analyzed for trace metals
using inductively coupled plasma optical emission spectrometry (ICP-OH) at t
Goldwater Environmental Laboratory at Arizona State University. Sedineobifitent

was analyzed for 1 g dry subsamples using the colorimetric method (APHA, 2005).
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Sediment TN content was analyzed on a dry subsample (~1 g) using a PerkinElmer 2400

CHN analyzer.

2.2.2.3 Plant

Plant samples were collected seasonally between the inlet and outlenb o
all four wetlands using 0.5 m by 0.5 m quadrants. A total of 14 quadrants were selected, 5
in LVW wetlands and 3 each in HD, PW, and FW wetlands for vegetation study and
sampling purposes. The LVW wetland was sampled at five quadrants due tgeits lar
size compared to the rest. All plant material (above- and below-ground) in eachrqua
was harvested and measured for biomass, nutrients (TN and TP), and suite of metals
Plant biomass was calculated using methods described in APHA (2005) for dry plant
weight by storing for 72 hours at T or until a consistent dry weight was obtained. Dry
plant samples were separated into roots, stems, and leaves prior to sub-sampling for
nutrients and metals analyses. A Cyclone Sample Mill (UDY CorporationCietims,
Colorado) was used to grind dry plant tissue to a homogenate sample of apm@igximat
mm in size for nutrient and metal analyses. Plant TP and TN contents weremderm
using the methods used for sediment analyses. For metals, 1 g plant samples were
digested following USEPA Method 3050B. Digested samples were processeddbr met
concentration using ICP-OES. Twenty-nine trace metals were anatypéaht,
sediment, and water samples. Among the detected metals, selenium and asenic w
critically evaluated because of their higher concentrations, known prasgheevalley,
and potential adverse impact on water quality and aquatic wildlife. QA/QC pretocol

were based on standard methods and included reagent blanks, check standards, fortified
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samples, laboratory and field duplicates and certified reference ataferi water,
sediment and plant samples (APHA, 2005). All samples were analyzed at Eifédcert

laboratory.

2.2.3 Statistical Analysis

Statistical analyses were carried out using JMP software [[BAfite, Cary,
North Carolina). One-way analysis of variance (ANOVA) was usedittyshe effect of
wetlands type and plant species on the nutrient and metal concentrations in plants. Tw
way ANOVA was used to study the interactions of wetlands type and specigsitstr
with TP, TN, and metal concentrations. Differences detected in ANOVASs frem t
wetlands sites were compared using the Tukey pairwise comparison tesk.of thel
tests, p-values < 0.05 (95% confidence interval) were considered signiRtamt water,
and sediment nutrients and metals were regressed among sites toedag@mwamong

them.

2.3 Results
Water quality parameters other than nutrients and metals such as TSS, BOD, pH,
temp etc were generally consistent in all the wetlands. The tredmweéities are fitted
with tertiary treatment systems and do a good job of keeping the TSS and BOD low in
the LVW wetland similar to urban and residential runoff fed wetlands (FW, HD and PW
wetlands). On average, pH and temperature range from 7.2-8.1 and 2¢ @t 28 four
wetland sites. Similarly, average DO and TSS range between 6-10 nigdLtad 7

mg/L in all the wetlands.
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2.3.1 Plant Biomass
Most of the plants in the LVW and FW wetlands were cattails, whereas ttaméiBW
wetlands were dominated by three species of buliTish total mass of cattails and
bulrushes varied significantly among the four wetlands sites (Table 2.1)e @
cattail dominated sites, LVW had a greater average biomass production thanlgV (Ta
2.1). For the bulrush sites, all three bulrush species had higher biomass in HD than in
PW. Overall, total biomass harvested per quadrant was highest in the HD wetlands
compared to the other three wetlands (Table 2.1).

Table 2.1 Average biomass and nutrient concentrations of above-ground plant parts of
Typha domingensis andSchoenoplectus spp. at the Las Vegas Wash (LVW),
Flamingo Wash (FW), Demonstration Wetlands at the City of Henderson
Water Reclamation Facility (HD), and Pittman Wash Pilot Wetlandg) (P

Digits after + sign indicate standard errors.

Site Species Total Total Total TN TP
Culm per| Biomass | Biomass Storage | Storage
Quadrant| per Culm
(number) (kg) (kg/) (g/nT) (g/nT)
LVW | T. domingensis 14+5 | 0.27+0.05 9.69+0.21 135.7+12 6.6+0.6
HD S americanus 17+6 | 0.26+£0.04 11.37+0.17152.449.3| 16.0£1.Q
S californicus | 13+5 | 0.35+0.07] 11.20+0.29170.2+17.8 13.4+1.4
S acutus 15+6 | 0.11+0.04 4.09+0.1%5 48.3+6.9  4.7+0.7
PW S. americanus 11+4 | 0.1620.05 4.61+0.19 44.7+7.2 2.2+04
S californicus | 14+9 | 0.16+0.03] 3.79+0.183 37.5+5.4 1.5+0.2
S acutus 14+9 | 0.11+0.03 2.26+0.11 15.84¢3.0 0.5+0.1
FW | T.domingensis | 11+3 | 0.08+0.03 2.62+0.12 28.6+5.2 1.5+0.3

2.3.2 Nutrients Analysis

differed in mean concentrations (p<0.05). Annual average plant tissue anadijcatei

Plant, sediment, and water column nutrient data measured at the various wetlands

that TP concentration varied significantly among the four wetlands (p<0.05),rghowi

that TP was significantly different among the HD, PW, and FW wetlandstbrcattail
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and bulrush plants (p < 0.05). TP concentration in the LVW wetlands, however, was
similar to that in FW (p = 0.55, Figure 2.2a). Plant tissue %TP generally &ulltve

trend of the ambient sediment and water column concentrations for the wetlands site
rather than for the individual species. The HD wetlands had the highest a\extagerd
TP concentration (0.08%), followed by the LVW (~0.045%), PW (~0.043%), and FW
(~0.03%) wetlands. The pairwise comparison showed that sediment TP concentration in
the HD wetlands was significantly different than in the LVW and FW wetlahalsefy

LSD, Figure 2.2b). Unlike in plants and sediments, phosphorus concentrations in the
water were not significantly different among the PW, FW, and LVW wetlanoiseker,
the HD wetlands had a significantly higher TP concentration, ~ 1.5 mg/L, in tee wa
column (Tukey LSD, Figure 2.2c). Overall, the annual mean TP water concentrations
were ~ 0.145 mg/L at the LVW, ~ 0.01 mg/L at FW, and ~ 0.010 mg/L at the PW

wetlands.

All four wetlands had significant drops in sediment TP concentrations at the
outlets (p < 0.01). A relatively lower reduction of 16% was measured at LVW, aghere
the reduction was nearly 60% at the FW, 30% at the PW, and 26% at the HD wetlands.
Unlike sediment concentrations, there was no significant decrease in Water T
concentrations toward the outlets. From regression analysis, plant tissue TP
concentrations were found to be highly correlated with sediment concentr&fer §3,
Figure 2.3a) and moderately significant at 90% confidence level (p< 0.1)nimbala
average phosphorus concentrations in the water column were also positivégtedrre
with plant tissue concentrations among the four wetland sites at 90% confidetce leve

(R= 0.85, p < 0.1, Figure 2.3b).
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Figure 2.2 Average annual total phosphorus (TP) and total nitrogen (TN) conoastrat

in a, d) plantsTypha domingensis and Schoenoplectus spp.); b, €) sediments;
and c, f) water at the Las Vegas Wash (LVW), Flamingo Wash (FW),

Demonstration Wetlands at the City of Henderson Water Reclamationyacilit
(HD), and Pittman Wash Pilot Wetlands (PW). Letters above bars denote
significant differences based on pairwise (Tukey HSD) comparisons. Error
bars represent standard errors.
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Figure 2.3 Overall correlations between annual average plant tissuesattinagnt total
phosphorus concentrations (TP%), b) water column total phosphorus (mg/L),
and c) sediment total nitrogen (TN%) in the Las Vegas Wash (LVW),
Flamingo Wash (FW), Demonstration Wetlands at the City of Henderson
Water Reclamation Facility (HD), and Pittman Wash Pilot Wetlandg) (P

The line shown is a least square linear regression.

TN concentrations measured in cattail and bulrush plants were significantly

different among the four wetlands (p<0.05). Cattail plants in the LVW wetkamdis

bulrushin the HD wetlands appeared more efficient in N storage compared to the other
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two wetlands (Table 2.1, Figure 2.2d). As for the sediment nitrogen, LVW and FW had
the highest TN concentration (0.09%), followed by PW (0.06%), and HD (0.05%).
Pairwise comparisons showed that sediment TN in the HD and PW wetlands was
significantly different from sediment in the LVW and FW wetlands (Tuk8®, Figure
2.2e). Nitrogen concentrations in the water columns were also signyichiferent

among the four wetlands (p < 0.01, Figure 2.2f). Overall, the mean TN concentration in
water at the LVW wetlands (14 mg/L) was higher than in the PW wetlands (9 mg

and FW wetlands (~4 mg/L). Despite consisting of only treated wastewttenefthe

inlet of the HD wetlands had a lower mean TN (~ 5 mg/L) than the inlets of thé LV

and PW wetlands. There was a significant drop in sediment %TN at the outlet®Xp< O
This reduction of TN in FW was 61%, followed by 23% for HD. The other two wetlands
(PW and LVW) had less than 5% reductions. Average TN concentrations in water
measured at the inlet and outlet of the LVW wetlands did not show any major
differences. The regression analysis did not reveal any correlationeletfaeeplant

tissue TN concentration and the water column TN concentration. However, the plant
tissue TN concentration was moderately correlated to the sediment TN cahioent
among the four wetland sites’R0.51, p<0.1) at 90% significant level (Figure 2.3c).
Above-ground plant parts for both species were more efficient at taking up TiNoair al
wetlands when compared to below-ground parts (p< 0.01), whereas below-ground plant

were more efficient for TP uptake (Tukey LSD, Figure 2.4a, b).
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Figure 2.4 Average annual a) total phosphorus (TP), b) total nitrogen (TN) in the shoot
and root parts of plant tissuéB/pha domingensis and Schoenoplectus spp.) at
the Las Vegas Wash (LVW), Flamingo Wash (FW), Demonstration Wetlands
at the City of Henderson Water Reclamation Facility (HD), and Pittmashw
Pilot Wetlands (PW). Error bars represent standard errors.

2.3.3 Metals Analysis

Among a suite of trace elements analyzed, As and Se were detectati\alyel
higher concentrations at all wetlands sites and were studied in more detailtkeie
history in the Las Vegas Valley watershed. Several other trace ragjalsig, Pb, Zn,

Cd, Fe, and Mo in plants and Cd, Co, Cr, Cu, Hg, Fe, Li, Ni, Pb, and Zn in sediments
were detected, but all were under the MCL (maximum contaminant lev@BRH4,
2004). The concentrations of these metals showed no significant differences among f

wetland sites.

Among the four wetlands, the PW wetlands had the highest average annual As
concentration in plants, sediments, and water. PW plants (bulrushes) had ~6.0 pug/g As,

which was significantly higher than the As levels in the other wetland(pite9.01,
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Figure 2.5a). LVW plants (cattails) had the second highest As conaamife3.5 |1g/Q).
However, the tissue concentrations of As were relatively lower in FW and Handet
plants. Similarly, annual mean sediment As concentrations were sigtlifidéferent

among the four wetlands sites (p < 0.01, Figure 2.5b). Also, sediment in the PW wetlands
had the highest concentration (~6.06 pg/g) followed by LVW (~4.71 pg/g), FW (~3.65
png/g), and HD (~3.36 pg/g). Similar to the plants and sediments, the water column As
concentrations differed among the four wetland sites (p< 0.01, Figure 2.5c). There was
significant decrease in As concentrations in sediment from inlet to outley of #me
wetland sites. The PW wetlands had the highest concentration of As (13.1 pg/L) in the
water column, followed by LVW (~7.1 pug/L), FW (~4.47 ug/L), and HD (~3.42 ug/L).
Generally, As concentrations in the water column at the outflow sites inelar $o

those at the inflow sites and did not show any significant reduction. Regressiaisanaly
showed that the annual average As concentrations in plant tissues were higitéyenbrr
with the sediment concentrations at 90% confidence level QF®8, p< 0.1, Figure 2.6a)
and water column concentrations€R0.88, p< 0.1, Figure 2.6b) among the four wetland

sites.

There was a remarkably high Se concentration (~9.80 pg/L) detected in the
bulrush plant tissues in the PW wetlands. The rest of the wetlands each had about one-
fourth of the concentration of Se as in the PW wetlands. Cattails appeared to have lower
Se concentrations at both the LVW (~2.32 pug/L) and FW wetlands (~1.29 ug/L) as
compared to the bulrushes of the HD (2.5 pg/L) and PW (9.8 ug/L) wetlands (Figure
2.5d). The LVW and FW wetlands sediments measured higher concentrations than the

HD and PW wetlands (p< 0.01, Figure 2.5e).
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Figure 2.5 Average annual arsenic(As) and selenium(Se) concentrations i) pda&its
(Typha domingensis and Schoenoplectus spp.); b & e€) sediments; and ¢ & f)
water at Las Vegas Wash (LVW), Flamingo Wash (FW), Demonstration
Wetlands at the City of Henderson Water Reclamation Facility (Hid)), a
Pittman Wash Pilot Wetlands (PW). Letters above bars denote significant
differences based on pairwise (Tukey HSD) comparisons. Error barseepre

standard errors.
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Figure 2.6 Overall correlations between annual average plant tissge 4nd/a)
sediment (Lg/g), b) water arsenic (As) concentrations (ug/L), ande) wa
selenium (Se) concentrations (1g/L) in the Las Vegas Wash (LVW)jridam
Wash (FW), Demonstration Wetlands at the City of Henderson Water
Reclamation Facility (HD), and Pittman Wash Pilot Wetlands (PW). Tiee li

shown is a least square linear regression.

The annual mean sediment Se concentrations were higher in FW (1.3 pg/g) and
LVW (1.2 pg/g) but relatively lower in PW (~0.77 pg/g) and HD (~0.55 pg/g). Annual
average Se concentrations in the water column were significantly difeeremtg the
four wetland sites (p< 0.01, Figure 2.5f). The PW wetlands had the highest concentration

of Se in the water column (~10.68 pg/L), followed by FW (~8.2 pg/L), LVW (~3.2
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png/L), and HD (~1.91 pg/L). Se concentrations in sediment did not show any significant
differences between the inlets and the outlets among the four wetlan&séarly, As
concentrations in the water column at the outflow sites did not show any significant
reductions. Regression analysis was not significant between plant tissueiamehs&e
concentrations. However, the plant tissue Se concentration was weakly corrélated w

the water column concentration among the four wetland sifesQR9, p< 0.1, Figure

2.6¢). At all sites, comparing above-ground and below-ground data revealed that Se and
As concentrations were significantly higher in the below-ground parts of eitreespe

than in the above-ground parts (p<0.05, Figure 2.7a, b).
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Figure 2.7 Average annual a) arsenic (As) and b) selenium (Se) conceniratlens
shoot and root parts of plant tissdggha domingensis and Schoenoplectus
spp.) at the Las Vegas Wash (LVW), Flamingo Wash (FW), Demonstration
Wetlands at the City of Henderson Water Reclamation Facility (Hi2), a
Pittman Wash Pilot Wetlands (PW). Error bars represent standard errors.
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2.4 Discussion
2.4.1 Plant Biomass

Cattail and bulrush biomass ranged from 2.2-11.3 gfimwvhich is comparable
with constructed wetlands in highly productive ecosystems. Total plant produativit
the end of the vegetation cycle was estimated to be 13-2G/kgfor cattails and
bulrushspecies in constructed ecosystems but was only 3-5kg/im natural and less-
polluted areas (Vymazal et al., 1998; Mitsch and Gosselink, 2000; Reddy and De Busk,
1987). In this study the peak standing crop was measured, which is also known as the
single largest value of plant material present during a year’s growtha(fdson and
Vymazal, 2000). Plant productivity and nutrient accumulation in plant biomass varied
widely for cattail and bulrush species among the four different wetland §abke 2.1).
This variation could be due to differences in environmental parameters such angcomi
nutrients and hydrology in the wetland systems. For example, bulrushes, esfecially
americanus, showed a high density of stem growth in the HD wetlands but relatively less

density and biomass in the PW wetlands.

Similarly, cattails in the LVW wetlands yielded higher plant deresitg biomass
per quadrant compared to the FW wetlands. The LVW and HD wetlands receive high
nutrient loads from wastewater treatment plants, whereas the PW and FANdsetl
receive relatively lower nutrient loads as they are fed by urban rurssérsy. In both of
these cases, incoming nutrients might have played a role in the plant densitie& Aquat
plants take up large quantities of nutrients and assimilate them effiqi€ntink and
Fennessy, 2001). The present results show that the plants may be capable of growing

better by taking up more nutrients (if available in the wetlands system) edhacprg
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more biomass. The biomass values measured in this study represent maxasamalse
biomass values and are higher than productivity estimates that include a casfyove
biomass from the previous season. For HD, the restrictive nature of hummocks and multi
seasonal growth might be the major reasons behind high plant biomass. Becauaetthe ex
age of the plants was not known, some plants might represent two or more growing
seasons. However, plants representing two growing seasons do not necessarily car

maximum nutrient concentrations (Reddy and De Busk, 1987).

2.4.2 Nutrients Analysis

Present study data suggest that nutrient concentrations tended to be highest for
californicus compared to the other two bulrush species. Cattails were also found to have
relatively higher nutrient concentrations. Cattail plants in preserdéneetlites had high
nutrient uptake compared with similarly constructed wetlands in other pdhis OfS
(Kadlec and Wallace, 2009). In a study by USEPA (2000), two free-wateresurfac
treatment cells at the Iron Bridge Wetland in Flori8azalifornicus, andT. latifolia
removed TN and TP to a similar extent. Nitrogen uptake by cattails and bulrushes w
the range of 100-300 g N/°mat different constructed treatment wetlands in the U.S.
(Kadlec and Wallace, 2009); this is comparable to the present results. Hoteve
nutrient storage per fin this study differs significantly because of the plant biomass
values varying among the four wetlands (Table 2.1). High densities of bulrusésspe
carried large amount of nutrients in the system, up to 170.2 gTach16.0 g TP/fm
Nutrient storage results are on the high end compared to the findings of Vyat6)|,

who reported that the nitrogen standing stock for emergent species was in ¢éhefratg
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to 156 g N/m. Similarly, Tanner (2001) showed that bulrush plant tissues accumulated
8.8-13.4 g TP/rhand 48-69g TN/rin total biomass (root and shoot). These data are

within a close range of present studied wetlands systems.

TN and TP contents of living biomass in different wetlands vary considerably
among species, plant parts, and wetland sites (Table 2.1). Despite theindéteire
total biomass, nutrient concentrations in plant tissues were similar betatéghand
bulrush species. Nutrient content per unit of biomass was generally more sifie-spe
than species-specific. This is not unique only to the present system; for exanggher
study found that nutrient removal efficiency of a system depends on the plant type,
growth rate, nutrient composition of the water, and physicochemical envirormtéast i
water-sediment system (Reddy and De Busk, 1987). Also, in the presentostiosy
ground parts appear to be more efficient in phosphorus uptake compared to the above-
ground plant parts (of both cattails and bulrushes). However, in contrast, above-ground
plant parts had higher nitrogen concentrations compared to the below-ground parts for
both species. These results are in agreement with Greenway (2005), whoecbmpar
nitrogen and phosphorus in root/rhizomes and leaf/stem tissues for a variety of native
wetlands species in constructed wetlands in Queensland, Australia, and found that the
nitrogen content was highest in the above-ground parts and the phosphorus was highest in

the below-ground parts.

Species differences had little to no affect on TP uptake, rather the ambient
concentration of nutrients in the sediments appeared to drive differences among the
specific wetland sites. Sites with higher ambient nutrients also had geregalker

nutrients in the plants. This is not completely unexpected because plants have higher
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plasticity for nutrients. This has also been found in many algal nutrient stuaties; f
example, a previous study found that algae grown in higher nutrient concentrations have
higher algal N and P concentrations due to weaker homeostasis in plants compared to
other organisms (Acharya et al., 2004; Sterner and Elser, 2002). There was &leoticea
reduction between the inlet and outlet sediment TP concentration for all thedsetla
However, reductions were less significant and highly variable for TP in water.
Phosphorus removal in the water column is highly variable and depends on many factors
such as settling of fine particles, among others. This is also suggesteddy byst

Kadlec and Wallace (2009) of 250 different free-water surface wetlandftveed that

the reduction of phosphorus from inflow to outflow is unpredictable and variable.

Also, nutrient data in this study suggested that TP concentrations in plant tissue
had relatively higher correlation with concentrations in the sediments and wlat®ans
(Figure 2.3a, b). Relative concentrations were particularly strong in the¢dBnds
(Figure 2.2a, b, c). This is perhaps expected considering that the HD wetlamdgecei
treated effluent from a wastewater treatment plant and the wetland magsratiention
time. Similarly, other previous studies suggest for TP removal contacitayelay a
major role in the distribution within constructed wetlands (Drizo et al., 2000), and it has
been suggested that the removal efficiency of TP is positively correldtedetention

time (Klomjek and Nitisoravut, 2005).

Total nitrogen measured in water and sediments were higher in the LVW
wetlands than in other wetlands (Figure 2.2e, f). The source of the higher nitrogen input
(=14 mg/L) is the effluent coming from the wastewater discharge (2pthadhe LVW

wetlands. Whereas the FW wetland, which is a tributary of the LVW wetlaredyesc
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much less discharge (~ 5 cfs) and has much less nitrogen in the system show highe
difference in removal(between inlet and outlet concentrations). Both of tletismds

have similar hydrology and plant types. Comparing the difference betwetandle

outlet measurements, the FW wetlands were found to be more efficient in sediment
nutrient removal. Higher discharge might be too much to overcome for the wetlands in
LVW to substantially increase removal of nitrogen from the system. Desjpigs an TN

at the outlet of the FW wetlands, cattails in the FW wetlands generally hadTibwe
concentrations than in the LVW wetlands. This may be due to a less favorable babitat f
plants to flourish in channel wetlands combined with other means or nitrogen removal
such as denitrification. Furthermore, nutrient inputs can directly modify or change
biological communities. Fluctuations in hydrological conditions induce changes in
nutrient inputs. Therefore, high dependence on hydrology is particularly important in
semi-arid and arid areas, where surface water levels fluctuaatiggMitsch and

Gosselink, 2000).

In this study, nitrogen uptake by plants was not significantly correlated iidr e
ambient water and sediment concentrations, as suggested by the weakoregressi
coefficients for both the water column and sediment (Figure 2.3c). Differerdlogaral
regimes observed in LVW wetlands might have contributed to different TN and TP
concentrations in the plants, sediments, and water columns. Despite less nitrogen input
and lower water and sediment concentrations, TN recovery through plant agsimilat
was remarkably high in the HD wetlands as compared to PW wetlands. It rdag be
the denitrifying of pond water by the City of Henderson Water Reclamatimlityan

March 2008 just prior to the sampling date. Also, the plants have been growing in the HD
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wetlands for several years and thus were growing when TN concentratibesaater

and sediment were much higher than during this study period (Zhou and Van
Dooremolen, 2007). Better performance of the HD wetlands might also be due to the
better vegetation management practice of using hummocks. A study in the scethwest
U.S. found the properly configured hummocks in constructed wastewater treatment
wetlands can be used to maintain the proper balance of vegetation necessary ze optimi

treatment function (Thullen et al., 2005).

2.4.3 Metals Analysis

Similar to nutrients, both cattail and bulrush species were effective
bioaccumulators of these metalloid pollutants (As and Se) from the wetlaathsy3this
study suggested that As and Se uptake capacity was significantly highmishes than
in cattails. Among the three species of bulr&lamericanus was the most effective at
As and Se uptake, followed IByacutus andS. californicus. However, both of these latter
species are also known to acquire heavy metals in their root, rhizome, ansslesd,tas
found in studies of constructed wetlands for treatment of pond effluents in Alabama, U.S.
(Schwartz and Boyd, 1995) and for metal contaminated urban streams in southeast
Queensland, Australia (Cardwell et al., 2002). Similarly, below-ground plamé¢siss
(root) had higher concentrations of both As and Se than the above-ground (shoot) parts
(Figures 2.7a, b). Present findings are comparable with the study by Vyehatal
(2009), who found that concentrations decreased in the order of roots > rhizomes > leaf >

stems for 19 different trace elements, including As and S@hfagmites australis
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plants growing in constructed wetlands with subsurface flow for treatmemtr@tipal
sewage in the Czech Republic.

A number of trace metals are essential micronutrients at low concentrations
some trace metals may occur in wastewater at concentrations tratiate aquatic
wildlife (Hamilton, 2004; Fox and Doner, 2003). Concentrations of As in the plants of
the four wetlands were consistent with the trends in the ambient concentrations of the
sediments and water columns (Figure 2.5a, b, ¢). The regression analysd shavthe
As in plants is significantly correlated with sediment and water column @y6e, b)
concentrations. Overall, the highest measured As uptake in plants was in the PW
wetlands followed by the LVW wetlands. The HD and FW wetlands had the lowest plant
As concentrations. Among the four wetland sites, the PW wetlands also had the highest
sediment and water column As concentrations, followed by LVW wetlands. The As
concentration (13.12 pg/L) measured in the water column of the PW wetland exceeds the
drinking water standard (10 pg/L). It is thought that the As is naturally found soilse
of the Las Vegas Valley and enters the Wash and its tributaries through shallow
groundwater discharge rather than from anthropogenic sources (Cizdziel and Zhou,
2005). Sediment from the outlets of the PW and HD wetlands showed a small drop in As
concentrations, but this was not the case in the FW and LVW wetlands. In contrast to A
among the four wetlands, Se concentrations in plants were relatively morderansith
water column than with sediment concentrations. Se concentrations in the sediments of
the four wetlands (<2.0 ng/g) were moderate and perhaps without any consequential
impact on aquatic life (Figure 2.5 e). A Se concentration of less than 2 pg/g is cahsider

below the toxicity threshold (USEPA, 2004). Unlike concentrations in the sediments, Se
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concentrations in the water column were relatively higher (10-15 pg/L) in W
and PW wetlands. Regression analysis between plant tissue Se concentrations and Se
the water columns among four wetland sites (Figure 2.6¢) was relatiealky {fhan As).
Waterborne Se concentrations, of FW (8.2 pg/L) and PW (10.68 ug/L) wetlands
exceeded the EPA standard for chronic exposure (5 pg/L) and even came close to acut
exposure (20 pg/L) (USEPA, 2004). Although fish and wildlife may be exposed to an
elevated risk of Se toxicity, the site specific evidence provided byiltdéani2004)
showed the risk level is low to moderate for our studied wetlands. Se concentrations
analyzed in plants from the LVW, FW, and HD wetlands (>3.0 pg/g) are similar to those
found in the study by Seiler et al. (2003) in the western U.S. The results for plant Se
concentrations in the LVW, FW, and HD wetlands are similar to those of Polldrd et a
(2007) for bulrushes and cattails in the Nature Preserve wetlands and Hansei®88al. (
for shoot and root tissues of wetland plants in the constructed wetlands of the San
Francisco Bay. Seiler et al. (2003) provided a typical background level fortiskud Se
(1.5pn0/g) and dietary effect levels in these tissues (~3 pug/g). Se coticantrplants
from LVW, HD, and FW were below these levels and only plant tissues in PWdede
(~10 pg/g) this level. The PW wetlands’ relatively high Se concentratmrd pose an
elevated risk of bioaccumulation for birds and wildlife and transfer to higbyahnitr
levels in the food chain. Se concentration in the PW wetlands in bulrush plant tissue,
sediments, and water column is similar to Se concentrations in constructaadsdtbm
other parts of the world (Kadlec and Wallace, 2009). Kadlec and Wallaceys stud
compiled Se concentrations in vegetation in treatment wetlands exposed to Se, and found

that they were typically in the range of 1-20 ug/g for plants and 1-10 pg/gdionents.
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2.4.4 Seasonal Variation

Seasonal variation of nutrients (TN and TP) and metals (As and Se) were also
analyzed to see whether there were any noticeable differences gegtotantial for
specific plant and wetland type. There were only a few signals of waisdtut these
trends were not validated by statistical testing (Appendix A-XIV).dxample, seasonal
average TP concentrations in the cattails were higher in LVW during theesuseason
but there was no apparent difference between spring and winter. Similantenedseen
at HD and PW wetlands for TP% in bulrush plants with typically higher contiensan
summer followed by lower concentrations in spring and winter. Similarlypsabsean
TN% in cattail and bulrush plant tissues was similar to that of TP in all tth@nds.
Also, seasonal As concentrations (ug/g) in cattail at the LVW wetkgpoisared slightly
higher in summer followed by spring and winter seasons but were not stilffistica
significant. Three of the presently studied wetland sites (LVW, RIDRW) were
somewhat similar in that winter samples (not particularly fall) gelydrall higher Se
concentrations in shoots for both plant types. This may be because of higher videtiliza
of Se in summer and spring season. These differences did not result in direaticosel

with sediment and water data.

2.4.5 Ecosystem Function of Wetlands
Comparison of annual average nutrient storage in standing plants biomass showed
that nutrient removal from the LVW wetlands was significantly higher tran the FW
wetlands. This can perhaps be attributed to higher productivity (and thus more efficient

nutrient removal) by cattails in the LVW wetlands. The LVW and FW wetlandgplant
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stored ~1357 kg/halyr of nitrogen and 257 kg/ha/yr of phosphorus, respectively. Also, the
LVW wetland plants sequestered ~ 66 kg/ha/yr phosphorus compared to 15 kg/ha/yr at
the FW plants (Table 2.2). However, based on the annual average nutrient storage in
plants (kg/ha/yr) in the HD and PW wetlands, it was calculated that the HD and PW
wetlands plants stored ~1612 and ~441 kg/ha/yr of nitrogen, respectively. Sinthlarly

HD wetland plants sequestered ~147 kg/ha/yr phosphorus compared to ~18 kg/ha/yr at
the PW wetlands. Better ecosystem function of the HD and LVW wetlands is not only
due to higher plant biomass and nutrient concentrations but also due to the larger surface
area of the wetlands. Metal removal efficiency among the four wetland plaggests

that the annual average As uptake was higher at the LVW wetland plants (0.53kg/ha/yr
compared to FW (0.05kg/hal/yr). Similarly, LVW wetland plants stored (0.35kg)&éyr
which was also higher than at FW plants (0.04kg/ha/yr). It appears that threharge

surface area of wetland vegetation, the higher the metal accumulation ghgridnt

therefore higher the flux, suggesting that wetland acreage is equpbytant for better
ecosystem function through pollutant removal. However, this was contradicted to some
extent by the PW wetlands data which showed higher metal storage per urhibaraayt

other wetlands in present study (Table 2.2).

Based on plant removal potential (kg/hac/yr) and annual load of nutrients and
metals, total acerage of wetlands (hac) needed for effective removalth@degulatory
threshold was estimated for four studied wetlands. Among the four wetlands, average
annual TN conc. in LVW inlet water (14.7 mg/L) was measured above thategul
provision for drinking water standard (10 mg/L) as defined by EPA. The wetlands

acreage would need to be increased by four folds to meet the TN conc. regilirem
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Similarly, to meet TP conc. under regulatory conc. both LVW and HD wetlaedsgsc
would need to be increased by two folds. Annual average As conc. in PW wetland inlet
water column (13.2 pg/L) was measured slightly above the regulatory threshold f
aquatic life (10ug/L) as defined by EPA. The PW wetland would need to beta&.keas
hac to reduce the As conc. under the regulatory standard. Annual average Se conc. in
LVW wetland inlet water (3.2 ug/L), PW (10.9 ug/L), and FW (8.5 pg/L) were higher
than the standard for aquatic life (2 pg/L). To reduce the Se conc. to ttetoeg

standard level, wetlands acerage would need to be increased to TN conc. lkkvel in a
wetlands. The above estimates are done based only on TN, TP, As and Se in wetlands
vegetation stored in kg/hac/yr therefore, do not consider other means of removal.
Wetlands provide various other pathways for nutrients and metals removal such as
volatilization, sedimentation and organic/inorganic transformation; therehoten

should be applied while interpreting these numbers.

Despite clear evidence that nutrients and metals are taken up by the plants in
present study, it is puzzling that any significant water quality improveraeasot seen
between inlets and outlets. This could be because of the short residence timer of wat
short distance between inflow/outflow sampling locations which needs further
investigation in future studies. However, it does appear that annual harvesting of the

plants from these wetlands would provide significant removal of nutrients anid.meta

51



Table 2.2 Inflow source, annual average nutrient and metal concentrations in w&isr ve
annual average nutrient and metal removal by plant (kg/ha/yr) at the Las Veg
Wash (LVW), Flamingo Wash (FW), Demonstration Wetlands at the City of
Henderson Water Reclamation Facility (HD), and Pittman Wash Pilot

Wetlands (PW). Digits after + sign indicate standard errors.

Site Nutrient Concentration Metal Nutrient Metal
of Water (mg/l) Concentration of | Removal | Removal by
Water (ug/l) by Plant Plant
(kg/halyr) | (kg/halyr)
TN TP As Se TN| TP As Se

LVW | 14.7+40.2 | 0.13+0.05| 7.1+.4 | 3.2+0.1 | 1357| 66 | 0.53 | 0.35
(n=48) (n=30) (n=27) | (n=36)

HD 6.5+0.9 | 1.41+0.10| 3.4#0.1 | 1.940.1 | 1613| 147 | 0.21| 0.44
(n=37) (n=24) (n=16) | (n=14)

PW | 9.02+0.1| 0.005+0.01| 13.2+0.5| 10.6+0.1| 441 | 18 | 0.41| 0.71
(n=41) (n=15) (n=40) | (n=38)

FW | 3.58+0.1| 0.04+0.01 | 6.1+0.3 | 85+0.1 | 286 | 15 | 0.05| 0.04
(n=65) (n=22) (n=28) | (n=12)

2.5 Conclusions

Constructed and naturally created wetlands in the Las Vegas Vallessthed
were studied to understand their potential for pollutant removal. Significant reofoval
nutrients was found in the wetlands receiving high nutrient loads and both plant species
in the four wetlands sites were quite efficient in taking up large amounts of raiarreht
metals. The nutrient removal capacity of a wetland system was more depamdent
individual plant biomass irrespective of plant type, i.e., on the size of individuas plant
plant density. The nitrogen concentration was higher in above-ground plant parts but the
phosphorus was higher in the below-ground parts, which suggests that harvest of the root

system would be necessary for maximum phosphorus removal, but an above-ground
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harvest would be sufficient for nitrogen removal from four different wetlanderagst
Plant nutrients in the four wetland sites correlated well with ambient nutrient
concentrations in the sediments and water columns, irrespective of the typat®f pla
present. Overall, this study suggests that different plant species haverditfapacities
to take up nutrients, with these capacities mostly determined by the ambiesritrard
hydrologic conditions. Bulrush species seem particularly efficient fangalkp metals
such as As and Se, as compared to cattails. Also, the below-ground plants for both
species seemed to store metals more efficiently than above-ground parts.niitdder
accumulation in the PW wetlands plants suggested that there is a potential iée wildl
exposure. Better information on the bioaccumulative properties of the bulrusksspecie
found in the wetlands in this study might provide clues for Se removal using existing
wetland plants in these wetlands. These findings have important implications for
enriching ability to engineer ecological solutions to problems assdaidtie nutrient-

rich wastewater and to implement sustainable wetlands management plans.
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CHAPTER 3

VEGETATION ASSESSMENT FOR NUTRIENT UPTAKE POTENTIAL BY

MACROPHYTES IN SEMI-ARID WETLANDS, SOUTHERN NEVADA

This paper analyzes the structural and functional attributesragmites
australis (Cav.) Trin. ex Steud. anb/pha domingensis Pers. for the best ecosystem
services in arid and semi-arid wetlands. The entire LVW vegetationnahzad
through GIS mapping and ground truthing to estimate frequency and covefage of
australis Vs. T. domingensis. The results from this study compared with the past data
showed thaP. australis population is increasing in areas with altered hydrology and high

nutrient inputs.

In addition to its structural dominance, our data showedPthaistralis play
significant role for nutrient storage in large scale wetlands. The avaibage-ground
biomass off. domingensis varies from 5.6 to 11.1 kg dry weight (DW)%and from 2.5
to 6.3 kg DW nif for P.australis. The net above-ground standing stock of nutrients in the
Las Vegas Wash wetland was estimated to be approximately 26418.7 kg TN and 1264.1
kg TP forP. australis and to be approximately 5183.8 kg TN and 272.8 kg TH.for
domingensis. Despite management concerns dvesustralis growth, they fared quite
well in nutrient storage in LVW wetlands in comparisoi tdomingensis. The
substantial amount of nitrogen uptakeTbylomingensis andP. australis in LVW
wetlands suggests that both macrophytes can be utilized for water quality imprive
Finally, we compared the short-term functions and processes of macroghmyiagient

removal potential among wetlands in semi-arid and humid regions.
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3.1 Introduction

Riparian ecosystem function and structure have been changed dramatically over
the past century in the Southwestern United States (Goodwin et al., 1997; Patten, 1998;
Stromberg, 2001). During the past few decades, the modification of ripariarstecosy
due to increased flow in urban streams of Desert Southwest is of widespresgemant
concern (Goodwin et al., 1997). The increased flow resulting from urbanization coupled
with extreme storm events creates extensive soil erosion, channel incisia@ntnutri
enrichment, and threatens the existence of natural wetlands in riparigorc(Bedford
et al., 1999; LVWCC, 2010). Previous studies have shown that wetlands are useful for
wastewater treatment, and high levels of nutrient retention and primary pooducti
(Engelhardt and Ritchie, 2001; Greenway, 2003; Vymazal, 2007; Kadlec and Wallace,
2009). However, there has been a concern over long term degradation of wetlands due to
additional nutrient and hydraulic loadings from wastewater (Zhang et al., 2007).

Eutrophication is a common phenomenon caused by excessive nutrient loadings
from anthropogenic sources, which also affects both structural and functioibaites of
wetlands (U.S. EPA, 2002). The impact of nutrient enrichment on wetlands ecosystem
services may depend on how wetlands vegetation influences biomass production and
nutrient retention (Schlesinger, 1997; Bridgham et al., 1996; Pollock et al., 1998; Grace,
1999; U.S.EPA, 2002). Very little information exists on structural and functional
attributes of aquatic vegetation in response to eutrophication and new management
approaches in arid and semi-arid wetlands. The wetlands vegetation structusiefiresy
native species are outcompeted by species that take advantage of nuticantesntri

(Chambers et al., 1999; Galtowitsch et al., 1999; U.S. EPA, 2002). Emergent
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macrophyte$hragmites australis andTypha species frequently dominate the nutrient

rich wetlands in most of the climatic regions (Urban et al. 1993; Mayerson et al., 2000).
Since both species prefer a similar habitat, dominanBeanfstralis overTypha species

is attributed to its efficient root development and the adaptability of its rodts a
rhizomes to fluctuating water tables (Clevering, 1999; Meyerson et al., 2000, @hun a
Choi, 2009). Rapid expansion of invasReaustralis andTypha species into natural

habitat and conversion of those habitats to monocultures pose a threat to wetlands
globally, compelling researchers to investigate the mechanisms ofan\asi

dominance (Mayerson et al., 2000; Seabloom and van der Valk, 2003; Hager, 2004).
Further, understanding these dynamics is critical to achieving and sugtaimal

treatment performance in constructed wetlands (Thullen et al., 2005).

Previous research has identified that the role of macrophytes in small-scal
constructed wetlands could have a positive influence on nutrient removal from
wastewater discharge (Reddy et al., 1989; Cooper et al., 1996; Brix, 1997; Templer et al
1998; Meyerson et al., 1999; Findlay et al., 2002; Scholz, 2006; Kadlec and Wallace,
2009). The use of constructed wetlands for secondary wastewater treatmeminhas be
tested widely in recent years, especially to reduce nitrogen (N) anphahos (P) loads
(Vymazal, 2007). However, little information is available on whether aquatic
macrophytes could significantly contribute to biogeochemical cycling of laatural and
artificially constructed wetlands. Plant uptake represents an importamigyafor
nutrient removal if periodic harvesting and removal of biomass is practiced
(Paranychianakis et al., 2006). Nutrient removal can be optimized by improgament

plant selection and cultivation; however, differences in uptake performancexisty
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among different plant species. (Tanner, 1996; Mitsch and Gosselink, 2000; Vymazal,
2007; Maine et al., 2007; Brisson and Chazarenc, 2009). The nutrient removal
performance of aquatic macrophytes sucR.aaistralis andTypha species is maximized

if above-ground biomass is harvested by the end of growing season (Asaeda et al., 2002;
Toet et al., 2005). The understanding of vegetation function in nutrient uptake potential is
particularly important to arid and semi-arid wetlands, because of the unioguaticland
hydrological features (Mitsch and Gosselink, 2000). The aim of this study islyaena

the structural and functional attributes of dominant wetland vegetationefdest

ecosystem services from large scale wetlands in arid and semi-aods.€bine entire

LVW vegetation was analyzed through GIS mapping and ground truthing to estimate
frequency and coverage Bf australis Vs. T. domingensis. Functional attributes for both
species were analyzed for their nutrient storage potential. Firfadlyesults from this

study were compared to nutrient uptake potential of aquatic macrophytes in humid
regions. The findings from this study will help to better understand the vegetati

function for treatment performance in arid and semi-arid wetlands.

3.2 Material and Methods
3.2.1 Study Area
Present research was conducted in the riparian corridor of downstreamdaas Ve
Wash, which receives wastewater discharge from the city of LasV€&ha vegetation
study was made in eight representative wetlands areas of which kxatesl in the
main channel and were created after the construction of bend weir struchaes. T

remaining two sites are separated from the main channel and being usedlasdswe
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park (Figure 3.1, Table 3.1). The representative sampling sites wesksbsta after
analyzing an ARC Info database of wetlands in the Las Vegas Washdratee satellite
image obtained from USGS. A total of eight sampling sites were visitedust dlog
plant coverate data in the field to accommodate altered wetland morphologyeahthé

requisite sample size.
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Figure 3.1 Map showing the eight vegetation sampling sites in the lgesWeéash

3.2.2 Vegetation Mapping
Arcinfo versions of ArcCatalog 9.2 and ArcMap 9.2 (ESRI, Redlands, CA) were
used to analyze the vegetation data. A “Google Satellite Image 2009 provid&Es/ U

was transferred into a JMP file format. We defined a raster datasgtam
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coordinates, and assigned a coordinate system for georeferencing SAedi@ig tools
were used to create polygon features and line features for vegetatioincel@ssifrom

the spatial image data. The spatial image scale of 1:105844 was consideeadieto cr
polygon feature. The physiognomy of different vegetation types which is charadteri

by a community’s structure and form is the basis for creating polygons. Thation

class uses structural attributes of the community including relative cover ightitoe
separate vegetation into several categories. Because wetlands ectedrby a variety

of laws, regulations, and executive orders, it was important to identify institutiona
boundaries. The wetland determinations in this study were made accordied kbt

Army Corps of Engineers (Corps) wetland delineation manual (USCOE, 1987) and the

procedure adapted from the vegetation study of Eckberg and Shanahan (2009).

Table 3.1 Wetlands sampling sites, area, and land use patterns in the Las V&lgas Wa

Sampling site Wetlands Land Use
Area(ha)

1.Channel Wetlands (CW) 2.53 In channel naturally created wetlands

2.Wetlands Park-1 (WP-I) 15.87 Naturally created and constructed
wetlands

3.Wetlands Park-11 (WP-I1) 18.30 Naturally created and constructed
wetlands

4.Pabco Weir (PB Weir) 2.20,

5.Historic Lateral Weir (HL Weir) 2.53

| Naturally created wetlands along the

6.Bostick Weir (BO) 4.81
7.Calico Ridge Weir(CR Weir) 4.74| upstream and downstream of
8.Rainbow Garden Weir (RG 1.03 / bendweir structure

Weir)
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3.2.3 Vegetation Sampling

Attributes including vegetation cover, frequency, and density among the eight
wetland sites were estimated following the quadrant method (Barbour et al., AD99)
measurements were made during the month of July 2010. The line intercept method was
used to determine the spatial distribution of the wetland vegetation. Plants spdcies a
genus were identified, depending on the apparent morphology in the field. All sampling
sites were designed along transects nominally perpendicular to thegveatient. A total
of 40 quadrants (0.5m x0.5 m) were placed in a stratified random design to estimate
vegetation frequency, cover, and density from each sampling site (Barbayde08).
The “modified Broun Blanquet” cover class method was adopted using six cover
categories: 1= <1%; 2 = 1-5%; 3 = 5-25%; 4 = 25-50%; 5 = 50-75%; 6 = 75-100%
(Barbour et al., 1999). Five line intercepts 20 m in length were establishedyaP@var

interval in each wetland site for the vegetation distribution study.

3.2.4 Plant Biomass Analysis
The changes in wetland functions that occur in response to nutrient enrichment
include increased plant biomass. The measurement of above-ground biomass in the
present study corresponds with the maximum plant growth period (i.e. July 2009 and July
2010). All species from five random quadrants (0.5 m x 0.5 m) from each sampling site
were harvested for a biomass study. Stems were counted in each quadrant,clipped t
ground, and separated into target and non-target species. Heights and wet nhass of al

stems from both categories were measured immediately following hdnaistdual
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stems were labeled and dried separately to determine the bioma&s @lant biomass
was calculated following methods described in APHA (2005) by storing samplé&2 for
hours at 78C or until a consistent dry weight was obtained. The resulting biomass is

expressed as vegetation per unit area, also known as standing crop.

3.2.5 Plant Nutrient Analysis

For the nutrient analysis, above-ground and below-ground plant tissues from five
random quadrants (0.5 mx 0.5 m) in were sampled from all eight sampling sites in Jul
2010. The random quadrants used for plant biomass estimation were also used for
nutrient [total nitrogen (TN) and total phosphorus (TP)] analysis. Similrly,
domingensis plant tissue was sampled in July 2009 following the same procedure. Dry
plant samples were separated into roots, stems, and leaves prior to sub-sampling for
nutrients. A Cyclone Sample Mill (UDY Corporation, Fort Collins, Colorado) was used
to grind dry plant tissue to a homogeneous sample of approximately 1 mm in size for
nutrient analyses. Plant tissue TP content was analyzed from 1 g dry sulssasne
the colorimetric method (APHA, 2005). Similarly, plant tissue TN content nalyzed

on a dry subsample (~1 g) using a PerkinElmer 2400 CHN analyzer.

3.2.6 Statistical Analysis
All data were tested for normality using Shapiro-Wilk test. One-wayyais of
variance (ANOVA) was used to assess the effect of nutrient concentrahmmg
different plant species. ANOVA-detected differences were companagl the Tukey

pairwise comparison test. For all of the tests, p-values < 0.05 (95% confidencal)nter
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were considered significant. Spatial distribution of wetland vegetation an@éspeci
richness among sampling sites were examined using linear regressistic&tanalyses

were carried out using JMP software (SAS Institute, Cary, North Carolina)

3.3 Results
3.3.1 Vegetation Mapping
The physiognomy of different vegetation types, community structure, and forms
were described by vegetation mapping. Seven vegetation classes weredl&otif the
Arc GIS database generated for the Las Vegas Wash. Polygon featuredrdbAvere
used to estimate the areas as well as vegetation cover for each vegktssion c
Furthermore, the polygons representing wetland areas of herbaceous vegetsgion cla
were identified. A total of 34 polygons representing herbaceous vegetation from the Las
Vegas Wash wetlands comprised approximately 0.89 Khre herbaceous classes were
further separated into subclasses by persistence (annual or perennial) ahdarow
(graminoid, forb, or hydromorphic). Herbaceous wetland vegetation having similar
physiognomic features and which were found along particular hydrologic corsdé&nd
topographic positions were defined. They were dominated by four emergent
macrophytes, nameR. australis, Typha domingensis, Schoenepletus spp, andDistichlis

gpicata, which shared semi-permanent and permanently flooded habitats.

3.3.2 Vegetation Distribution
The vegetation cover study showed the dominané&e adistralis on six out of
eight wetland sites in the Las Vegas Wash (WP-I: 46.5%, WP-II: 72.2%, PB Weir:

42.7%, BO Weir: 59.7%, HL Weir: 36.3%, and CR Weir: 30.2%, Figure 3.2a) . However,
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T. domingensis had the highest plant cover measured for two wetland sites (CW: 33.1%,
RG Weir: 39.2%), remained co-dominant on other wetland sites (Figure 3.2a). The
frequency distribution for both species showed a trend similar to that of vegetatern c

The frequency distribution d&?. australis was measured highest on five wetland sites

(WP 1I: 82.1%, PB Weir: 66.6%, BO Weir: 74.2 %, HL Weir: 64.1 %, and CR Weir:
58.3%), followed byl. domingensisin two wetland sites (CW: 54.2 %, RG Weir:

56.7%), (Figure 3.2b). The highest frequency of aquatic weeds (48.3%) was measured at
WP | wetland sites; however, the small size of those species resultedaovess

percentage (Figure 3.2b).

(a) (b)
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CW  WP-I WP-Il PB BO HL CR RG WP-I WP-l PB BO HL CR RG

X\ P.australis

T.domingensis

Z Schoenoplectus sps.

KXXA others

Figure 3.2 Estimates of: a) vegetation cover (%) using cover class metbddi¢sl
Broun Blanquet method); and, b) frequency (%) among various sampling

locations in the Las Vegas Wash wetlands.
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Figure 3.3 Linear regression between the line intercept distance (m) querfcy (%) of
a)P. australisand b)T. domingensis measured form the centre of the water
gradient perpendicular toward the bank areas of wetland sites in the gas Ve

Wash wetlands.

The frequency oP. australis andT. domingensis on the eight wetland sites was
measured using a 20 m long line intercept. The species distribution pattern diafmve
habitat preferential trend among all studied sieswsralis distribution was dominant
along the stream bank areas, and decreased toward the center of the styean3.Ga).

The frequency oT. domingensis species occurrence was high near the water and reduced
significantly toward the bank areas (Figure 3.3b).

Average stem density fdr domingensis (approximately 40 rf) was significantly
less than the stem densityRifaustralis (approximately 115 if) on the eight wetland
sites in the Las Vegas Wash. The stem densiBy afistralis was higher on the newly
established stands and was lower on the wetlands sites with a relativabnolsl Stem

density was also correlated to species richness. A negative correlatiobseaged
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between thé. australis stem density and species richness wetland sites in the Las Vegas

Wash (Figure 3.4).

12 4

10 4 . r*=0.64

o]
L ]
[
L ]
°

Plant species (m?)
[e}]

Stem density (m?)

Figure 3.4 Linear regression between species richness and stem deRsaysfalis

from the sampling sites in the Las Vegas Wash wetlands.

3.3.3 Plant Biomass
The highest amounts of above-ground biomasB.@ustralis throughout the Las Vegas
Wash study area were recorded at BO Weir (6.1 + 0.8 Rgamd PB Weir (6.3 + 0.8 kg
m?) (Table 3.2). Similarly, the above-ground biomassTatomingensis was highest at
BO Weir (11.1 + 1.2 kg ff). Average above-ground biomass values ranged from 5.6-
11.1 kg n¥ for T. domingensis to 2.8-6.3 kg 11t for P. australis throughout the eight
sampling sites (Table 3.2). Total above-ground biomass storage potential was
approximately 874 tons fd?. australis and approximately 341 tons for domingensis
from all wetland sites in Las Vegas Wash (Table 3.2). Among all studesq sie above-

ground biomass from. domingensis was significantly higher thaR. australis. In the
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wetland sites examined in this study, the harveB atistralis above-ground biomass
could result in a removal of 520-1327 kg TN*'rend 25-61 kg TP Ra Similarly, this
study showed thak. domingensis could store a total of 852- 1682kg TN hand 45-88

kg TP h& during their (its) maximum growing period.

Table 3.2 Eight sampling locations showing above-ground biomass {kfpm

T.domingensis andP. australis measured in the Las Vegas Wash wetlands

areas.
Site Wetland Area Typha AG-Biomass Phragmites AG-Biomass
() (kg m?) (Ton) (kg ) (Ton)
HL Weir 25292.8 7.6+1.1 12.9+1.8 2.810.4 17.4+4.9
CR Weir 12302.4 7.7¢1.1 9.8+1.3 2.5+0.3 6.6+1.8
RG Weir 47388.7 6.7+0.3 125.545.9 3.9+0.5 27.917.5
BO Weir 48157.6 11.1+1.2 28.7+3.2 6.1+0.8 120.8£32.1
PB Weir 22055.4 5.6+0.4 8.7+0.6 6.3+0.8 40.9+10.2
WP-I 158758.3 7.4+1.1 70.31£9.9 29104 145.3+40.1
WP-II 253211.8 0 0 4.1+0.5 515.8+143.3
Ccw 33305.6 7.810.4 85.2+4.3 0 0
Total (Ton) 341.2 874.4

3.3.4 Plant Nutrient
Above-ground plant tissue concentrationBoaustralis for TN (20.9 mg @) and
TP (1.0 mg @) was higher tharil. domingensis for TN (15.2 mg @) and TP (0.8mg9
(Table 3). For below-ground tissué€s,australis tissue measured higher in concentration
of TN (12.3 mg &) thanT. domingensis (11.4 mg &). However, the below-ground tissue
TP concentration d?. australis (0.8 mg @) was less than TP concentrations measured in

T. domingensis (2.2 mg &) (Figure 3.5 a, b).
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Figure 3.5 Average a) total nitrogen uptake () @nd b) total phosphorus uptake by
individual plants P. australis andT. domingensis) from sampling locations in

the Las Vegas Wash wetlands. Error bars represent standard errors.
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Figure 3.6: Average a) total nitrogen uptake (§) mind b) total phosphorus uptake by
individual plants P. australis andT. domingensis) from sampling locations in

the Las Vegas Wash wetlands. Error bars represent standard errors.

Above-ground leaf tissue &% australis showed higher TN concentrations than
Typha species. The average TN and TP uptake @ymreasured significantly higher in

domingensis thanP. australis for among most of the sampling sites (Fig 3.6a, 3.6b).
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Average TN and TP above-ground nutrients uptake potentidl immingensis among
different studied sites in the Las Vegas Wash varied from 85.2 - 168.2 Thagam.5 -
8.8 TP g nif. The corresponding resultsfaustralis were 52.1-132.7 TN g fnand 2.2
- 6.8 TP g rif.

Table 3.3 Eight sampling locations showing total are?, (@amd above-ground storage
(kg) potential forT. domingensis andP. australis in the Las Vegas Wash

wetlands areas.

Site Typha AG storage Total Area Phragmites AG storage
TN (kg) TP (kg) () TN (kg) TP (kg)
HL Weir  196+28.0 10.3t1.5 9200.3 533.6x73.1 25.4+3.4
CR Weir  148£20.1 7.8+1.1 3875.3 201.6+26.7 9.6+1.2
RG Weir 1908+90.4 100.4+4.7 9892.4 824.9+109.5 39.4+5.2

BO Weir  435#48.1 22.9+25 28774.2 3556.3+481.1 174.9+23.1
PB Weir  131+10.1 6.9+0.5 9428.7 1251.3+157.6 59.8+£7.5
WP-I 1068+152.2 56.2+8.1 73822.5  4428.1+601.7 211.8+28.7

WP-I] 0 0 1829455 15524.6+2102.9742.7+100.6
CW  1294+65.1 68.1+3.4 0 0 0
Total(kg)  5183.8 272.9 26418.7 1264.1

Nutrient uptake for both species was proportionate with plant biomass rather than
tissue nutrient concentration. Among the eight wetland sites, above-ground biomass (kg
m) for T. domingensis was higher thaR. australis except at PB Weir. However, the
total nutrient (TN and TP) uptake potential in most of the wetlands sites was dmininat
by P. australis, due to the large surface area covered by this particular species (Table
3.3). The net above-ground standing stock of nutrients in the Las Vegas Wash wetlands

was approximately 26418.7 kg TN and 1264.1 kg TRPfa@ustralis and approximately
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5183.8 kg TN and 272.8 kg TP fordomingensis, if harvested during the peak growing

period.

3.3.5 Nutrient dynamics in humid and semi-arid wetlands

To provide a context for these wetland vegetative results, comparative values fr
other wetlands were obtained, and the nutrient distribution functions of common aquatic
macrophytes being used for wastewater treatment purposes fron skretc regions
were compared to those recorded in this study. Humid region wetlands have variable
functions within temperate and tropical climates, but structural and functitniadites
in those environments are more frequently studied than arid and semi-arid wetlands.
Standing biomass and nutrient stock values measured in Las Vegas Wash wedtands w
comparable to values for constructed wetlands being used for secondary and terti
wastewater treatment in humid regions. The above-ground biomass from humidltropic
and temperate) and semi-arid regions including Mediterranean clinatgedrfrom
1320 g nf to 4046 g rif for Phragmites species, and from 1045 g“mto 4003 g rif
for Typha species (Behrends et al., 1994; Ennabili et al., 1998; Greenway, 2002; Obarska
-Pempkowiak and Ozimek ,2003; Ciria et al., 2005; Fernandez and de Miguel, 2005; Toet
et al., 2005; Vymazal and Kropfelova, 2008; Alvarez-Cobelas and Cirujano, 2007,
Lesage et al., 2007; Maine et al., 2007; Maddison et al., 2009) (Figure 3.7). The above-
ground biomass values for bofiipha andPhragmites stands measured in the Las Vegas
Wash during the maximum growth period were higher than comparable values reported
for humid and Mediterranean region wetlands. Net primary productivity (NPP) for
Phragmites species in temperate regions (mostly in Europe) were less than NPP values

recorded in semi-arid and tropical region wetlands (Maddison et al., 2009).
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Figure 3.7 Maximum above-ground standing biomas®&Mfivagmites andTypha species
in wetlands constructed for wastewater treatment in humid and semiarid
regions. Letters above bar denote significant difference based on pairwise

(Tukey HSD) comparisons. Error bars represents standard errors.

In general, the N and P tissue concentrations showed less variation amodg humi
and arid region wetlands. The above-ground tissue TN concentration in the humid
tropical climates (1.5-3.9%) and temperate climates (0.8-3.9%) wehndyshigher than
in semi-arid climates (1.5-2.1%), but were similar to natural wetlands in thiel hum
regions (Figure 3.8a). The above-ground plant tissue TN and TP concentration showed a
similar trend among different wetlands in humid and semi-arid regions (Kaltac

Knight, 1996; Vymazal, 1999; Johnston, 1991) (Figure 3.8b).
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Figure 3.8 Dry mass nutrient concentrations for a) total nitrogen and b) totahphas
in above-ground tissue of wetland plants from constructed wetlands (CW),
natural wetlands (NW), and semi natural wetlands (SNW) of various dimati

regions.

Both Phragmites andTypha species were estimated to have a similar amount of
nutrient stock among different climatic regions. The TN standing stock e€jpiort
humid temperate regions (32.2-250 g T)mvas higher than for humid tropical (15.8-
156 g TN nf) and semi-arid (52-132 g TN fpregions foPhragmites species (Figure
3.9a). The range of TN standing stock valuesTigha species in humid tropical regions
(71-250 g TN rif) were higher than for humid temperate (32-120 g T amd semi-
arid region wetlands (85-168 g TN3n(Reddy and De Busk, 1987; Brix and Schierup,
1989; IWA, 2000; Greenway and Wolley, 2001; Maddison et al., 2009). The P standing
stock forTypha andPhragmites species reported for humid tropical and humid temperate

wetlands were higher than those in semi-arid region wetlands (Figure 3a@ine(T
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1996; Muelman, 2002; Toet et al., 2005; Vymazal and Kropfelova, 2008).
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Figure 3.9 Ranges of standing stock for a) total nitrogen (g F\Namd b) total
phosphorus (g TP 1) for Typha andPhragmites species in natural wetlands
and constructed wetlands for wastewater treatment in different idimat

regions.

The annual average inflow volume at the Las Vegas Wash (for the period 2009 to
2010) was 8.5 cubic meter per second and annual mean wastewater concentration for N
and P was 14.2 + 0.2 mg'land 0.13 + .003 mg't respectively (SNWA, 2010). In this
study, the Las Vegas Wash wetlands averaged 102 + 10 g*fane5.12 + 0.5 g TP
standing stock during the maximum growth period (from June 2009 to July 2010). The
average nutrient load in Las Vegas Wash was significantly higher than cbilepatues
reported for typical constructed wetlands designed for wastewatenér®a The applied
nutrients load in the Las Vegas Wash wastewater was estimated to be 1124d°yiT

'and 176.5 g TP thyr?, respectively.
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3.4 Discussion

3.4.1 Vegetation Mapping

Mixed marsh vegetation, dominated by the emergent speci€k dagningensis,
was the major component of wetlands in the Las Vegas Wash, covering Z.i4 km
1975. Consecutive flood events in 1983 and 1984 created a defined channel in the wash
system and eroded the existing marsh vegetation. In T98@mingensis covered 1.22
km? and 0.53 kriiby 1986 (USBR, 1987Y.. domingensis cover further reduced to 0.26
km? in 1995 and to only 0.06 Knin 1998 (SNWA, 1999). Increased wastewater flow in
the Las Vegas Wash led to excessive scouring and draining resulting ipithe ra
degradation of wetland habitat. Nutrient enrichment, on other hand, had impaired the
survival of native wetland species. The plant cover was only 0.3fdkR. australis in
1975, extended to 0.65 Krim 1985, and further extended to 1.17%m1995 (USBR,
1987). Such an increase of non-natvaustralisis likely the result of nutrient
enrichment and cultural eutrophication, as the Las Vegas Wash wetlandsitiahg i
dominated by native species. Management actions to contriel duetralis invasion
limited its extent to 0.64 kfrby 1998 (SNWA, 1999). NativE domingensis cover
increased to 0.15 Kny 2005 after the construction of bend weirs for soil erosion
control. The construction of bend weirs has stabilized the channel hydrology, provided
extra space foP. australis extension, and the cover increased to 0.76yr2005
(SNWA, 2010).

The present study shows the vegetation cover in Las Vegas Wash wetlands is
dominated byp. australis and followed byT. domingensis as a co-dominant species. The

historical trend and recent vegetation mapping of the Las Vegas Wash wetlands$ sugge
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the shifting trend in wetland habitat, which is simultaneously replaced by speaties
take advantage of altered hydrology and high nutrient input. The dominance of these
species is often regarded as an indicator of nutrient enrichment and eutrophica
(Davis, 1991; Craft, 1997; Chambers et al., 1999; Galatowitsch et al., 1999; US EPA,

2002).

3.4.2 Vegetation Distribution

Nutrient enrichment affects the vegetation structure through shifts irespec
composition, cover, and frequency. Both spediesijstralis andT. domingensis)
expanded to fill wetland areas in Las Vegas Wash made available aftengeiction
of bend weir structures. These species take advantage of the higher nutrieint iisut
Vegas Wash, while the hydrological attributes have limited the extdhtdomingensis
compared td°. australis. In the eight wetland sites studied, the distribution of vegetation
cover and frequency was compatible with the existing water gradientiigites
frequency and cover ¢f.australis at WP-I and WP-Il was associated with low water
flow volume and large surface areas. The higher frequency and colvetonfingensis
at RG Weir may have been the result of the well-designed bend weir, whicld@eate
extended backwater pool behind the structure.

The expansion d?. australis usually occurs on the upper fringes or elevated
areas of wetland basins where the water tables are likely low (Maaks 2994; Hudon,
2004). The deeper roots and rhizomePR.cdustralis appear to be more adapted to both
low and high water sites. In generdl australis favors less waterlogged soil and low

water table locations for sprouting. Since the rhizome has adapted to fluctuaterg
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levels,P. australis shoot growth may first establish itself on sites with a low water table
and expand to higher water levels through vegetative expansion of rhizomes (Amsberry
et al., 2000; White and Ganf, 2002; Chun and Choi, 2009). The colonizaton of
australis usually begins in raised mounds and then expan@isdamingensis-dominated
depressions. In contra3iypha species normally occurs in depressions where the water
table is relatively high (Choi and Bury, 2003).domingensis has a shallower rooting
depth and its potential for shoot production and growth requires a larger amount of
biomass than dod3 australis. This may suggest that the former can grow on sites with
either low or high water tables, whereas the latter prefers an elevagdltadefore, the
expansion ofl. domingensis in Las Vegas Wash is less likely since the variable water
level from high to low is common in most of the wetlands location.

The dominance of the. australis was also evident in the species richness values
from wetland sites in the Las Vegas Wash. The species richnessliyrddueeased with
the increase dP. australis stem density. The wetland sites, including BO weir and PB
weir, exhibited less species diversity, which may be due to the monogenedsssoic
of P. australis. Several other studies have reported a decline in plant species richness
with progressive enrichment in nutrients, as well as the dominance of aggigssties
(Bridgham, 1996; Gustafsong and Wang, 2002; Wilcox et al., 2003; Frieswyk et al.,

2007; Trebitz and Taylor, 2007).

3.4.3 Plant Biomass

Functional attributes of wetland vegetation were analyzed through estirnét

TN and TP removal efficiencies fé australis andT. domingensis, since both species
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accounted for more than 80% of total macrophytes cover in Las Vegas Wasidaetla
Above-ground biomass & australis stands (2.5-6.3 kg ) in the present study were at
the higher end of biomass values, ranging from 0.6-4.9kgbserved from nutrient
enriched natural and constructed wetlands reported in other studies (Toet et al., 2005;
Meuleman et al., 2002; and Hosoi et al., 1998). The average above-ground standing stock
of P. australis estimated in our study was also higher than that reported by Lesage et al.
(2007) (1.5 kg i) and Maddison et al. (2009) (0.6-1.3 kif)nfor treatment wetlands.
Maximum above-ground biomass measured fiomiomingensis (5.6-11.1 kg rif) in our
study was at the higher end of stock values of 2.1 kgn2kg n, and 0.4-1.7 kg rif

from semi-natural and constructed wetlands as measured by Toet et al, E&b6&hdez

and de Miguel (2005) and Maddison et al. (2009) of respectively.

High removal rates are possible when the vegetation is harvested at peak nutrient
storage levels (Meuleman et al., 2002). However, several authors have suggésted tha
harvestingP. australis in the early summer may negatively affect the long term vitality of
theP. australis stand. The timing of the above-ground biomass harvest also affects
annual rhizome resource allocation in Bhaustralis (Asaeda et al., 2005). According to
Weisner and Granéli (1989) and Granéli et al. (1992), translocation of non-siructura
carbon is completed in the months of July-August. Thus, under the eutrophic conditions
prevailing at the wetlands used for wastewater treatment, harvestiegten®er-

October likely will not affect the long term vitality of tiie australis stand (Meuleman et
al., 2002). Vegetation management will be more sustainable when above-ground standing
stock in the Las Vegas Wash wetlands is harvested in the early falleTs@nding

stock ofP. australis was estimated at 874.3 tons, and 341.2 tons.fdoringensis in the
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Las Vegas Wash wetlands. The higher net biomaBsafstralisis the result of the large
extent of the vegetation despite considerably a greater the biomass ¥ield of
domingensis stands. Moreover, a relatively high above-ground biomaBsanfstralis

was measured at the two weir sites, BO weir and PB Weir, than amongrdiffextland
sites in the Las Vegas Wash. Such higher biomass is associated with higgigr ated

the longer shoots attained by monogeneric stands in historically older wetémnd s

3.4.4 Plant Nutrients

In our study, above-ground tissuePfaustralis had higher TN and TP
concentrations storage than did the below-ground tissue. High N uptake might be the
result of maximum nutrient translocation among the above-ground tissues during the
peak growing season. The distribution of TN concentration was similar in
domingensis, but higher TP concentrations were measured in below-ground tissue for the
same period. The high TP concentration in below-ground tissue might be the result of late
inflorescence iM. domingensis and delayed translocation. Previous research also
reported that the higher P translocation and retranslocation during pre- and post
inflorescence was more efficientfh australis thanT. domingensis (Kuhl et al., 1997,
Meuleman et al., 2002, Toet et al., 2005). The nutrient removal capacity measured in the
Las Vegas Wash wetlands was similar to capacities reported by2008), where they
found the optimal removal of 200-2500 kg TN*fend 30-150 kg TP Heby emergent
macrophytes in constructed wetlands. All Las Vegas Wash sampling sieeslvgerved
for alteration of vegetation structure and function asymptotically witkeastng TN

rather than TP. Our findings are consistent with results from the freshmettands in
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the Midwestern United States where above-ground biomass and domindince of
domingensis andP. australis species are also positively correlated with N enrichment
(Craft et al., 2007).

Nutrient removal by shoot harvest in the Las Vegas Wash wetlands would be
greatest when the maximum TN and TP standing stocks are reached during the peak
growth months. However, shoot harvest during peak growth months will have
detrimental effects on sustaining the vitality of the vegetation in the longince a
considerable part of the transport process of non- structural carbohydrates emdsnutr
from the shoots to below-ground plant parts has not yet occurred. Hotinevkarvest
of theP. australis during the peak growing season could help to restrain its further
dominance and create suitable habitaflftatomingensis. The wetlands in the Las Vegas
Wash in absence of plant harvest might function as a nutrient sink, and high nutrient

retention in the system would further promote eutrophication.

3.4.5 Nutrient dynamics in humid and semi-arid wetlands

Despite low plant tissue concentration and standing stock nutrients in semi-arid
wetlands, the above-ground biomass in the Las Vegas Wash wetlands wadhlaigher t
values reported for constructed wetlands in humid region. Most of the wetland dites in t
Las Vegas Wash were created naturally and not specifically desmnedftimum
nutrient retention. Macrophyte turnover rate in humid tropical and semi-grahsecan
be as high as 4-5 times per year due to the fact that warm climates favoeragiavgng
season. Turnover, in humid temperate environments, is usually one or two years which

might be a reason for low amounts of standing biomass in temperate regiomaetla
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(Mitsch and Gosselink, 2000). Nutrient removal capacity of any constructed or natura
wetland is the function of the nutrient stock with respect to the applied nutrient load. Due
to the high disparity between standing stock and applied nutrient load, the nutrient
removal by the Las Vegas Wash wetlands was limited to 0.90% and 2.9% of the total
applied TN and TP load, respectively. However, the nutrient removal by hlagves
above-ground standing biomass of common wetland plants (cattail, bulrush, common
reed) among surface wetlands and constructed wetlands was high (4.3-21%k(étdco
al., 1994; Hurry and Bellinger, 1990; Vymazal et al., 1999; Mueleman et al., 2002).
Humid and semi-arid region wetlands were not significantly different in their
short-term structural and functional attributes. High variability exeststhnding
biomass, nutrient concentration, and standing stock within humid and semi-arid region
wetlands. The performance efficiency of wetlands macrophytes in both arid artd hum
region depends on common variables including the quality and quantity of the wastewa
input, hydraulic retention time, and biological and chemical processeshdtigesm
evaluation of wetland functions in both semi-arid and humid regions were adequate for
nutrient removal in both constructed and naturally created wetlands (Mitsch and
Gosselink, 2000). However, their function and processes over the long-term is
particularly important in arid and semi-arid areas, where surface wagéds fluctuate
both seasonally and inter annually (Sanchez-Carrillo and Alvarez-Cobelas, 2000)
Emergent macrophytes are well adapted to hydrological fluctuations and prttebly
best indicators of those dynamics. The rate of biomass decomposition in arid and sem

arid wetlands is higher than in humid wetlands, which subsequently increases the
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nutrients retention to the ecosystem and enhances the eutrophication processc{@umbri

et al., 2002).

3.5 Conclusion

Vegetation mapping in the Las Vegas Wash suggests the shifting of wetland
habitats now dominated 8 australis, which take advantage of nutrient enrichment and
altered hydrology. The structural attributes of vegetation, including plant ander
frequency, were consistent with the existing water gradients along shéelgas Wash.
The expansion d?. australis habitat has readily surpassedlomingensis habitat, it has
established monogeneric stands, and its presence is associated with deqreasng s
richness. The change in structural attributes of vegetation, in turn, affeetsoyestem
function by altering the nutrient biogeochemical cycling.

The above-ground biomass (k¢fjrof T. domingensis was higher tha.
australis in our studied wetland system. Plant tissue TN and TP concentrations were
higher inP. australis above-ground plant tissue thanlindomingensis, but a greater
biomass accumulation potential hifdomingensis resulted in higher nutrient storage per
unit area. The net above-ground standing stock of nutrients in the Las Vegias Wa
wetlands was estimated fBraustralis (approximately 26418.7 kg TN and 1264.1 kg
TP) and fofT. domingensis approximately 5183.8 kg TN and 272.8 kg TP). The study
concludes that in LVW, both. domingensis andP. australis could be utilized for water
quality improvement. It should be noted, however, plant uptake alone is not enough to
improve water quality below regulatory thresholds from large scalemastland

managing dominant vegetation may be required for better nutrient remouedrefyi.
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The present study reviewed the short-term wetland functions among diffiereattac

regions in order to provide a context for values obtained from the semi-arid Las Veg
Wash wetlands. Wetland function for biomass accumulation, nutrient concentration, and
standing stock was not significantly different among humid and semi-arid region

wetlands.
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CHAPTER 4
ESTIMATION OF ROOT COHESION FOR DESERT SHRUB SPECIES IN THE
RIPARIAN ECOSYSTEM OF ARID AND SEMI-ARID REGIONS AND ITS

POTENTIAL FOR STREAMBANK STABILIZATION

Quantifying mechanical properties of native vegetation for streambdnktgta
has remained a critical need of the Lower Colorado riparian revegetaton kffthe
present study root cohesion is estimated for four representative native dadert s
species Artiplex lentiformis (Torr.) S.Watsonl.ycium andersonii A. Gray,Larrea
tridentata (DC.) Coville, andAllenrolfea occidentalis (S.Watson) Kuntze to understand
their suitability in streambank stabilization in the framework of a revegeteampaign.
Field experiments were conducted to measure root length, root length density,aoot are
ratio, and root tensile strength. Finally, the root cohesion values were dassisgea

simple perpendicular model.

The root tensile strengti{) was greatest fdr. tridentata (62.23 MPa) followed
by L. andersonii (53.53 MPa)A. lentiformis (49.17 MPa), ané\. occidentalis (35.03
MPa). The maximum root cohesion in the present study was estimateddatiformis
(97.6 kPa) followed by.. andersonii (89.3 kPa)L. tridentata (35.6 kPa), ané.
occidentalis (34.8 kPa). Root cohesion values were also estimated using Fiber bundle
model (FBM) and compared to the perpendicular root model of Wu et al. (1979). The
comparative root cohesion values for root diameter (> 0.5 mm) suggest that Wu’s model
estimates are greater than those of the FBM model by a reduction facjes tzetween

0.35 and 0.56 for presently studied species.
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4.1 Introduction

The riparian areas of the Lower Colorado River Basin (LCRB) have undergone
substantial degradation over the past century (Goodwin et al., 1997). Restoration
activities have been increasing since 1990 to counteract the detrimental effibmiv
regulation and altered hydrology (Follstad Shah, 2007). Channel narrowing and incision
have been a severe issue in the major tributaries of the LCRB. These diaregbsen
attributed to a number of factors including climatic and anthropogenic chaniipes |
flow regime and invasion of exotic riparian species (Pollen-Bankhead et al., 2089)
few of the important tributaries in LCRB including the Las Vegas Wash andtherL
Salt River, the increased flow discharge resulting from urbanization, coupled wit
extreme storm events has resulted in streambank retreat, extensivessoil,eand
downstream sediment deposition (LVWCC, 2010).

Federal, state, and local agencies have worked together since 2005 to implement a
50 year Lower Colorado River Multi-Species Conservation Plan to protect anthimai
wildlife habitat along the LCRB in Nevada, Arizona, and Southern California. Tdms pl
includes the goal of creating more than 8100 acres of riparian, marsh, and backwater
habitat along the LCRB from Lake Mead (below Hoover Dam) to the internatiorddrbor
with Mexico (Stromberg et al., 2007; USBR, 2011). Active revegetation areas have been
identified along tributaries (Virgin River, Muddy River, and Las Vegas Waishake
Mead and shoreline areas along Lake Mohave.

Revegetation activities in LCRB are primarily being conducted for dabit
restoration purposes by utilizing native riparian species and replacirgjveva exotic

species, and as a compulsory mitigation requirement to fulfill state andlfedera
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regulations for discharging wastewater. The revegetation activitisSR often utilize
cottonwood and willow species. Other potential native riparian species for r@vaget
purposes includes brittlebush, creosote baah heliotrope, desert marigold, globe
mallow, alkali sacaton, wolfberry, iodine bushesquites, quail bush, and salt grass
(Eckberg and Shanahan, 2009). Among these riparian species, cottonwood and willow
species have been well studied for their role on soil reinforcement and imprapeg sl
stability (Simon and Collison, 2002; Pollen and Simon, 2005; Pollen-Bankhead et al.,
2009; Comino and Marengo, 2010; Hubble et al., 2010). However, the mechanical
functions of native riparian shrub species have been less studied in the LCRB riparia
areas.Along with its broader ecological benefits, vegetation has long lvegnired by
river managers as increasing streambank stability (Thorne, 1990; Simon and Darby,
1999). There is a growing recognition of the important influence exertedayrsflows
and channel processes on riparian vegetation structure and composition (Pollen-
Bankhead et al., 2009). Yet, there is very little information on root charactenstic
xeoriparian species for bank stabilization (Simon and Collison, 2002; Simbn2&06;
Pollen-Bankhead et al., 2009).

To understand the potential of root systems for soil stabilization, some dssentia
parameters such as root density (RD), root length density (RLD), and rootefianust
be known (Gyssels et al., 2005; De Baets et al., 2008). Roots can withstand high tension
while soils, on the other hand, are strong in compression and weak in tension (Simon and
Collison, 2002; De Baets et al., 2008). Root permeated soil results in a reinforced soil
structure with increased soil shear strength (Greenway, 1987; Thorne, 1960;a8ith

Collison, 2002). Roots generally extend perpendicular to the soil surface and reinforce
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the soil by increasing the shear strength of the soil mass on the sheaed; dbi$ is

also known as root tensile strength (Wu et al., 1979; Reubens et al., 2007). The
magnitude of root cohesion is highly dependent on root morphology since a large number
of fine roots are known for higher tensile strength and contribute more to soil
reinforcement in comparison to coarse roots (Operstein and Frydman, 2000; De Baets e
al., 2008). Previous research has revealed a non linear inverse relationship between root
diameter and root tensile strength, with smaller roots having more $tigerganit root

area. This also suggest that a large number of strong roots in grasses andihealols w

to maximum root cohesion and contribute significantly to slope stabilizationr{éthgr

and Rutherfurd, 2001; Simon and Collison, 2002; Pollen and Simon, 2005; De Baets et
al., 2008). Many research studies have estimated root cohesion for a varigsyiahri

tree and herbaceous species (Abernethy and Rutherfurd, 2001; Simon and Collison, 2002;
Pollen and Simon, 2005; Simon et al., 2006; Pollen-Bankhead et al., 2009), but
substantially less work has been carried out to understand the root cohesion values of

riparian shrub species for streambank stabilization.

The present study aims at quantifying the root cohesion of four native shrub
speciedA. lentiformis (Torr.) S. Watson (Quail bush), andersonii A. Gray (Wolfberry),
L. tridentata (DC.) Coville (Creosote bush), aAdoccidentalis (S. Watson) Kuntze
(lodine bush¥rom a desert ecosystaim understand their suitability in revegetation for
streambank stabilization. Field experiments were carried out in the Ving#n €rridor,
an analog site for LCRB. The root cohesion values generated from the expatistudy
can be applied for revegetation purposes in similar riparian areas at LCRiethad its

tributaries.
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4.2 Materials and methods
4.2.1 Study Area
The root systems of four desert riparian shrub species were studied at the
floodplain zone of the Virgin River (1186'07" W, 3641'12" N), located about 130 km
northeast of the city of Las Vegas, Nevada. The climate is semi-dnichwerage annual
precipitation of 178mm and the potential evapotranspiration rate is nearly 2400 mm

(Shevenell, 1996). The soil texture in the sampling site is dominated by fine stumd.te
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Figure 4.1Map showing the plant sampling locations at the Lower Virgin River
Watershed (Pahl, 2001)
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The dynamic hydrologic system of the Virgin River supports a unique eeosyst

including native flora and fauna. Three of the selected four species inchiding

lentiformis, A. occidentalis, andL. andersonii were generally found near the river channel
butL. tridentata was only found at the upper reach of the floodplain area. All four species
were sampled near riverside areas of the Lower Virgin River (Figureds#ilon the
abundance of the species throughout the floodplain area. Plant species were sampled i

spring 2011 (February, March, April).

4.2.2 Sampling procedure

The distribution of RD and RLD was estimated from sampling species following
the dry excavation method described by Bohm (1979). Relatively young plants were
selected for the present study and the dry excavation depth ranged from 0.5 to 0.8 m. The
dry excavation area was defined by a contour, which was delineated at a distance
the plant stem equaling the orthogonal projected radius of the above ground biomass (De
Baets et al., 2007). A soil column was then dug following 0.10 m depth intervals around
the orthogonal projection passing through the root system as deep as possible.sThe root
from each depth interval were divided into five diameter classes represeety fine
roots (<0-0.5 mm), fine roots (0.5-2 mm), and coarse roots (2-4 mm, 4-6 mm, and 6-8
mm). Very fine root samples (0-0.5 mm) were collected by using repregerdate
sampling (approximately 240 épfrom different soil depths where roots were available
(Bohm, 1979). Fine roots (0.5-2 mm) as well as coarse roots (> 2 mm) passirly latera
through the exposed soil columns were labeled in each soil depth. The labeledmots fr

each soil depth were cut and directly measured for diameter and length, randehe
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dried at 70 °C for 48 hours and weighed. The above-ground parts of sampling trees were
oven-dried at 70 °C for 48 hours and weighed. The very fine roots (< 0.5 mm) were
extracted by sieving the soil samples with 0.5 mm sieve and preserved withz0l et

in the laboratory. Root length and diameter were directly measured for RD &d RL
analysis. The average RD (kg*Jrfor each soil depth and individual species was

estimated by dividing the mean dry mass of the roots by the volume of the smiecyl

for each depth class (De Baets et al., 2007).

RD = M (1)
v

RLD = & 2
= @

WhereM,, (kg) is the mean dry root mass dfndm®) is the volume of the
corresponding soil cylinder. The soil volume was calculated referringeia@ diameter
of the orthogonal projection of the above ground biomass and the maximum root depth
considered for each species. The calculation of RD and RLD for each depth class of 0.10
m, soil volume was divided by the number of depth classes. Average RLD {kfiom
each depth class and individual species was estimated by dividing the meangtbot le
(Lr, km) by the volume\{, m®) of the root permeated soil sample (Smit et al., 2000; De
Baets et al., 2007). A root diameter range of 0-8 mm was considered in this stedy sinc
previous work has shown that larger roots do not contribute significantly to increlase soi
strength (Burroughs and Thomas, 1977; Ziemer, 1981). Larger roots have an important
function as individual anchors rather than a component of soil strength (Coppin and

Richards, 1990).
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4.2.3 Root area ratio
Root area ratio is a fraction of soil cross-sectional area occupied byeraisit
area and is used to estimate the root contribution to soil strength (Gray asd 1882;
De Baets et al., 2008). The RARs were estimated using the root diameter (> Gaanm)
RLD information from each soil depth among all the studied species. For eaasspeci
RAR was estimated at different depths by measuring the total length ohevartg

similar diameters and measuring their mean cross-sectional areatalhertgth per

diameter class was divided by 0.10 m to obtain the number of 10 cm long root segments

for all roots and measuring their mean cross-sectional area as describe8aat®et al.
(2008).

noa
RAR = % 3)

Where,n; is the number of 10 cm long roots in each root diameter class; and
mean root cross sectional area of a root diameter cl&ssuahA is the horizontal cross-
sectional area or reference ared)(determined by the vertical orthogonal projection of
the above-ground biomass of the plant. In Eq. 3, the total number of roots will be
overestimated, but their mean cross-sectional area at a certain depth will b
underestimated, because when roots cross under a certain angle theeariosaisrea

will be larger. Therefore, if the assumption is made that the roots are gresvirgally,

one can argue that overestimation of the number of roots will be somewhat contpensate

by the underestimation of root cross-sectional areas (De Baets et al., 2008).
The RAR values for the very fine roots (< 0.5 mm) were analyzed through

representative soil core sampling in each soil depth. The RAR was calculated from
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scanned images of very fine roots (<0.5 mm) by using ImageJ software @bedral.,

2004).

4.2.4 Root tensile strength

Root tensile strength was measured in situ by pulling on roots that were exposed
on a trench wall. The trench was excavated outside the wall of radial orthogonal
projection of the above-ground biomass. The excavation inside the projected wall was
made using hand tools, and several roots sizes (0.5-8 mm diameter) from difégriint
classes were exposed for testing. An in situ root tensile testing devjsegfdabricated
for the root tensile strength measurements as described in Abernethy anduRuther
(2001). The root pulling devise consisted of a bearing plate with the center removed for
access to the roots and with four legs that extended back to a hand operated boat winch
(max load 900 kg). The pulling devise was positioned against the trench wall to conduct
the tensile strength tests. A load cell was attached to the boat winch atcarede
another end was attached to a clamping jaw. Different sizes of jaws weedappli
clamp the roots of various diameters. An average length of 15 cm from the trench wall
was maintained for root pulling to avoid slippage during shearing process. Thelload c
was connected to a data logger (Campbell scientific CR1000) that recorded tad appli
tensile force every second. The maximum load was applied until the root faitltieea
root diameter at the point of rupture was measured. Root pulling was carried out for all
root depths and available root diameter classes for each species. For mtzewléha

root pulling devise, consult Abernethy and Rutherfurd (2001) and Tosi (2007).
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The root pulling test for the very fine root diameter class (0-0.5 mm) was
performed using a manual dynamometer (maximum 9 kg force) and smallesigana
jaw. One end of the dynamometer was attached with a clamping jaw and the other side
was used for manual pull. The root failure was noted from the dynamometer reading for
each root specimen. Both load cell and dynamometer were calibrated byg@plyi
known force in the laboratory and were also verified with trial root pulling tessts
consistent results. The relationship between tensile strength and root dicemeber
explained by using a power law equat{@h = aD~?) for the species tested in this study,

wherea andb are empirical constants depending on species.

4.2.5 Root cohesion estimation

The root reinforcement model of Wu et al. (1979) was used to estimate the
increase in soil shear strength due to the presence of roots. It is a modtied wéthe
simple perpendicular root model developed by Waldron and Dakessian (1981). The
model assumes that all roots grow vertically and act as loaded piles suemsian is
transferred to them as the solil is sheared (De Baets et al., 2008). The assuntption tha
fibers are oriented perpendicular to the shear plane is useful becaukisiagiaverage
estimate of all possible orientations (Gray and Sotir, 1996). The plant roots tend to bind
the soil together in a monolithic mass and contribute to the strength by providing an
apparent additional cohesion (Abernethy and Rutherford, 2001). The increased soil shear
strength by root can be expressed as an additional cohesion

S, =S+C, 4)
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WhereSis soil shear strength (kP&,(kPa) is the shear strength of the soill
reinforced by roots an@, (kPa) is the increase in shear strength due to the presence of
roots. The shear force is responsible for fiber deformation and fiber stretchyideut
sufficient interface friction, confining stress and anchorage length kallediber in
place and to prevent slippage or pullout (De Baets et al., 2008). The tension developed in
the roots as the soil sheared is estimated with a tangential componeintyshisar and
a normal component increasing the confining pressure on the shear plane. The major
critical assumption of this model is that all roots attain ultimate teris#iegih
simultaneously during soil shearing (Pollen et al., 2005). The increase irfreinear full
mobilization of root tensile is represented by:

C, = tg(sinb + cosO tan@) (5

Where®b is the angle of shear distortion in the shear zone, @ is the soil frictional
angle andy, is the total mobilized tensile stress of root fibers per unit area of soil
(Waldron, 1977; Wu et al., 1979). Equation 5 further requires the tensile strength of roots
and RAR. The angle of the internal friction of the soil is found to be affected by the
presence of roots (Gray, 1974). The sensitivity analyses of the Wu et al. (1978} show
that the value of the bracketed term in equation (5) is fairly insensitive to normal
variations in @ an@ (40-9¢ and 25-46, respectively) with values ranging from 1.0 to
1.3. The average value of 1.2 was selected by Wu et al. (1979) to simplify equation (5).
Considering the fine sand texture of the study area, a friction angl8 nB8%elected
(Thomas and Pollen-Bankhead, 2010). The angle of shear distortion is assumed’to be 45
Using these values, the bracketed term of Eq. (5) equals 1.06. Thus, the equation used in

this study to calculate root cohesion in sandy soil becomes:
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X Tinja;

C, =1.06
" A

(6)

WhereT; is root tensile strength (MPaj},is the number of roots in a diameter
class,i is root diameter class; is the root cross-sectional areg(mndA is the reference
area of soil occupied by roots ymThe Wu’s perpendicular model assumes that all roots
crossing the shear plane break at the same time. However the driving kented en
the soil surface are not sufficient to break all roots, which results in arstweagon of
root strength (Pollen and Simon, 2005). Therefore, the estimated root cohesion values
based on the Wu’'s model are maximum values, which can be only useful to rank species
according to their soil reinforcement potential.

Pollen and Simon (2005) estimated root cohesion using the fiber bundle model
(FBM), which was developed to correct for overestimation made by applying Wu et a
(1979)’s model. The FBM takes into account the fact that roots within the soik matri
have different maximum strengths, and therefore break at different pointsaakia |
applied to the soil. Also this model redistributes the load from the broken roots to the
remaining intact roots crossing the shear surface (Pollen and Simon, 2005). Root
reinforcement model (Rip Root) was applied in the present work, which uses the fiber
bundle theory to improve the estimates of root reinforcement (Simon et al., 2010) and
compared to the perpendicular root model of Wu et al. (1979). The root size >0.5 mm
was considered for the estimation of root cohesion using FBM, since number and size of
the exposed roots were measured at each depth profile. In some studies the rgle of ver
fine roots (0-0.5 mm) has been questioned due to their rapid turnover. Additionally, their

length could be less reliable to avoid slippage during shearing process {(iBestchie
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2009). However, the cohesion values obtained from the soil depths > 0.50 m are not

considered due to fewer roots available for FBM run.

4.2.6 Data analysis

Data analyses were carried out using JMP software (SAS Institute,N&ath
Carolina). A Kolmogorov-Smirnov test was used to test the normality of thdelfatee
proceeding with analyses of variance. One-way analysis of variah@\(A) was used
to study the observed variability in root distribution and root tensile strength aheong t
four shrub species. Differences detected by ANOVA for RD, RLD, RAR, and root
cohesion at two different soil depths (0-0.3 m and >0.3 m) were compared among each
species using values from the Kruskal-Wallis test, which was used since the dependent
variables were not normally distributed. This comparison between < 0.3 mand >0.3 mis
relevant since the root distribution in the top 0.30 m of the soil is known to be important
for the soil’s resistance against concentrated flow ero§gsdels et al., 2005; De Baets
et al., 2007)T'he power law equations were fitted to explain tensile strength and root
diameter relationships and evaluated based on adj@stedues and significance of the
parameters andb from the power law equation. Since the root diameter sizes varied in
the present study, ANCOVA was applied to detect the differences in rodé tetinsngth

among the species.

4.3 Results

General morphological characteristics of the plant species used in the gtudy ar

summarized in Table 4.1. The tree ring observations showed that the ages of the four
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shrub samples ranged between 2-4 years. The above-ground dry biomass (gram/shrub
species) measured fAr lentiformis (460 + 135)L. andersonii (206 + 29) L. tridentata
(288.6 + 92), and\.. occidentalis (203 + 16)

Table 4.1 Morphological characteristic of sampled shrub species in the Vager

River

Name of Common (N) H Dsy d max DBag
Species Name (m) (m) (m) (9)

A lentiformis Quail bush 3 0.65#0.15 0.93+0.08 0.8 460£135
L. ander sonii Wolfberry 2 0.82+0.18 0.80+0.01 0.5 206%29
L. tridentata Creosote bush 2 1.1+0.21 0.9+0.06 0.8 288192

A. occidentalis lodine bush 2 0.41+0.12 0.80+0.02 0.7 203+16

N = Number of samples, H = Average plant height (meteg¥, Bverage diameter of rooted soil
volume (meter), g= Maximum depth for the plant root sampling (meter) J>BAverage dry

above-ground biomass (gram).

The variation among above-ground biomass for the four species might be the result of
phenological variation, since the field study was carried out during eanhgspr
(February-March 2011). All studied plant species have tap root systems with lsranche

extending to different maximum soil depths (0.5-0.8 m).

4.3.1 Root density and root length density
The average RD and RLD among the four species were analyzed at diftdrent s
depths (Figure 4.2a and 4.2b). Root distributions showed a general trend of increased RD
in the first 0-0.5 m of soil and then decreased with increasing soil depth. Since RD is the

result of total root dry biomass per unit volume of soil, coarse root (>2mm diameter)
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biomass largely determines the RD at various soil depths for the studied .spemesg
the four shrub speciés lentiformis has the maximum RD value at 0.40 m (0.52 k§ m
followed byL. andersonii at 0.30 m (0.42 kg 1), A. occidentalis at 0.20 m (0.40 kg m

%), andL. tridentata at 0.50 m (0.39 kg 1) (Figure 4.2a).
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Figure 4.2 The distribution of a) root density (kg)rand b) root length density (km¥n
at different soil depths for four shrub species. (x- axis values are different for

root density and root length density)

The RLD values among the four shrub species peaked in the first 0-0.3 m soil and
decreased with increasing soil depth (Figure 4.2b). The maximum RLD estjnmat
decreasing order, equaled 5.3 kritfior A. lentiformis, 3.87 km ni*for L. andersonii,
2.57 km i for A. occidentalis, and 2.23 km i for L. tridentata (Figure 4.2b). The
RLD for topsoil (0-0.3 m) was found to be significantly highgs 0.01) in comparison

to the subsoil (>0.3 m).
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4.3.2 Root area ratio

Root area ratio was calculated for each 0.10 m soil layer and compared among the
plant species using the mean values over all measured depths. The mean RAR for
lentiformis (0.0077) tended to be higher, followedlhyandersonii (0.0038) A.
occidentalis (0.0036) and.. tridentata (0.0033) (Figure 4.3). The change in root
distribution with depth for the different root diameter classes varied arherfgur
species (Figure 4.3). The maximum RAR was detected at 0.4 m soil depth among the
studied species except fortridentata, for which the maximum RAR was estimated at
0.5 m soil depth. In general, a trend of increasing RAR with depth was noted ainong al

species, similar to the trend described for RD (Figure 4.3).
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@) RAR-A.lentiformis (b) RAR-L.andersonii
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Figure 4.3 Distribution of root area ratio (RAR) with depth, subdivided by root diamete
for a) A. lentiformis, b) L. andersonii, c) L. tridentata, and d)A. occidentalis

The contribution of the very fine root diameter class, 0-0.5 mm, to RAR was greatest
among all root diameter classes for all species. No consistent trerelshgerved on the
RAR contribution by coarse root diameters (>2-8 mm) among the four speciem@he f
root RAR distribution was significantly highgy € 0.01) for soil depth 0-0.3 m in

comparison to the >0.3 m (Figure 4.4a). There was no significant relationship observed
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from the RAR distribution of coarse roots among different species and sdikdépjure

4.4D).

(b) RAR
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Figure 4.4 Root area ratio (RAR) distribution for a) fine roots (D = 0-2mm) and ipecoa

roots (D = >2mm) at various soil depths (0-0.8 m) for four shrub species

4.3.3 Tensile strength

In situ root tensile strength tests were performed on the four native shruksspeci
Sample number, root diameter, and parameter values for the established power law
relationships are listed in Table 4.2. The root tensile strength was cadctidaevery
0.10 m soil depth and different root diameter classes, also the average temgjta stre
value for individual species was calculated and compared among the four plag.spec
The mean root tensile strength (average values at all soil depths) variedfanorong
species. Among the four shrub specledridentata (62.23 MPa) showed the highest
value of root tensile strength followed byandersonii (53.53 MPa)A. lentiformis
(49.17 MPa), and. occidentalis (35.03 MPa) (Table 4.2). The comparison of root tensile

strength and root diameter classes showed a non linear and inverse relationkips
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reported by previous studies (Simon and Collison, 2002; Bischetti et al., 2007; Tosi,
2007; De Baets et al., 2008; Comino and Marengo, 2010). Tensile strength values for the
different diameter classes were fitted into power law equations to ardradhe relative

strength of the root system for the four species (Figure 4.5).

Table 4.2 Diameter range for four shrub species and parameter values obtainid from
power law equations showing the inverse relationship between root diameter

and root tensile strength.

Plant Species Diameter range  MeanT, a b n Adjusted
(mm) (MPa) R?

A. lentiformis 0.20-6.5 49.17+7.01 31.38 -0.89 46 0.82

L. ander sonii 0.20-5.5 53.53+6.78 30.54 -0.82 52 0.7

L. tridentata 0.20-2.30 62.23+4.76 42.34 -0.68 44 0.59

A. occidentali 0.20-3.8 35.03+2.47 29.17 -0.62 54 0.81

Mean values, + standard errarandb = parameter values for power law equatisnnumber of

roots tested per species.

The mean root tensile strength fortridentata species was significantly different
from A. lentiformis (p < 0.02),L. andersonii (p < 0.01), andA. occidentalis (p < 0.01)
(Figure 4.5). The mean tensile strength for the root diameter class (0-0.vasra)so
significantly different p < 0.01) among four species. The maximum root tensile strength
for the 0-5 mm root diameter class was 201.6 MP& fandersonii, 159.1 MPa foA.
lentiformis, 119.3 MPa foL.. tridentata, and 95.4 MPa foA. occidentalis species. This
significant difference could be the result of proportionally a greater a@hsisength
provided by smaller diameter roots than larger as explained in power law. However, t

mean root tensile strengths for the root diameter >0.5 mm were not signifidéfietignt
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among four species. The discrepancy in root tensile strengths among bpéesen

small (<0.5 mm) and large root diameter (>0.5 mm) classes could be ascribed to

uncertainty in diameter measurement and in autocorrelation between dianteteot

strength (Hales et al., 2009). The power regression befivesard root diameter (Table

4.2) were fitted for ANCOVA application (McDonald, 2009) and checked the p&sailel

between the fitted lines through exponential parambterhe null hypothesis of the

same slope was rejectdél£ 5.6,p = 0.001), and ANCOVA was not persuaded for

further analysis.

Tensile Strength (T, ye.)
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Figure 4.5 Power law relationship between root diameter (mm) and tensiigthtr

(MPa) forA. lentiformis, L. andersonii, L. tridentata, andA. occidentalis from

in situ tensile strength test
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4.3.4 Root cohesion

Root cohesion in the present study was calculated following Wu’s model, which
was broadly applied in previous studies (Simon and Collison, 2002; Pollen and Simon,
2005; Tosi et al., 2007, De Baets et al., 2008; Bischetti et al., 2009; Preti and
Giadrossich, 2009; Hubble et al., 2010; Comino and Druetta, 2010; Comino and
Marengo, 2010). Root cohesion is the product of mean root tensile strength and the RAR
distribution (Eq. 5). The average root cohesion values for the entire soil profile were 56.3,
54.7, 24.5, and 21.4 kPa fArlentiformis, L. andersonii, L. tridentata, andA.
occidentalis, respectively. The additional cohesion provided by roots of each species was
also estimated for each soil depth. The maximum root cohesion was observed in the
topsoil (0-0.3 m) for all the plant species. The maximum additional cohesion was found
at the 0.1 m soil depth féx. lentiformis (97.68 kPa), at the 0.2 m depth class.for
andersonii (89.3 kPa) andl. tridentata (35.6 kPa), and at the 0.3 m depth clas#\for

occidentalis (34.8 kPa) (Figure 4.6).

Despite the higher mean root tensile strength. tfidentata, its root cohesion
was less than that of.Aentiformis andL. andersonii. This observation suggests that the
root cohesion value was consistent with the pattern observed in RAR distribution among
all studied species. It was also evident that the fine root class was the dasourastof
root cohesion (Figure 4.6). The maximum root cohesion (kPa) was found in the 0-0.3 m
topsoil, where the dense fine root distribution resulted in the high RAR values. The root
cohesion contributed by fine roots was significantly highetQ.01) in both soil depths
(0-0.3 m and >0.3 m) than the root cohesion by coarse roots among all species. Also, the

fine root contribution to soil cohesion was significantly highpex 0.03) in the 0-0.3 m
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topsoil compared to the deeper soil among the four shrub species (Figure 4.7a). However

the root cohesion provided by the coarse roots (>2-8mm) did not significantly differ

between topsoil (0-0.3 m) and subsoil (>0.3 m).
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Figure 4.6 Distribution of root cohesio@,(kPa) due to roots with depth, subdivided by

root diameter for aj\. lentiformis, b) L. andersonii, c) L. tridentata, and d)A.

occidentalis
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The root cohesion values estimated by Wu’'s madgland Fiber bundle model
(Ceam) are presented in Table 4.3. The reinforcement effect among differentsspecie
varies for different soil depths; however, both models’ outcomes followed the samde tr
of higher values within 0.2-0.5 m and lower with increasing depth. The hiGhesalue
was estimated foh. lentiformis (5.06 kPa at 0.20 m), followed ly ander sonii (2.83
kPa at 0.30 m),.. tridentata (2.69 kPa at 0.50 m), ard occidentalis (2.56 kPa at 0.20
m) respectively. Reduction factor was estimated by taking the rati@eettheCrgy and

theC; estimates as defined in Bischetti et al. (2009), and presented in Table 4.3.

Table 4.3 Root cohesion values for four desert shrub species and ratio between Wu’s

model and Fiber Bundle Model for root diameter > 0.5 mm

Depth  A.lentiformis L. andersonii L. tridentata A. occidentalis
(M C Cram Ceaw C Crav Crem C Crav Crem Cr Craw Cram
kPa kPa /C, kPa kPa [/C, kPa kPa /C, kPa kPa /C,

01 49 26 05 16 08 05 11 05 04 13 05 03
02 90 50 05 44 18 04 28 10 03 6.7 25 03
03 87 35 04 70 28 04 40 16 04 56 22 04
04 92 35 03 17 08 04 60 23 03 37 19 05
05 79 27 03 02 01 05 66 26 04 16 0.7 04

C,= root cohesion values obtained using Wu’'s mo@gly = root cohesion values obtained using
FBM model;Crgn /C; = ratio betweerCeggy andC.,.
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Figure 4.7 Root cohesiog( kPa) distribution for a) fine roots (D = 0-2mm) and b)
coarse roots (D >2mm) at various soil depth (0-0.9 m) for four shrub species

(x-axis values are different for fine roots and coarse roots)

4.4 Discussion
4.4.1 Root length and root length density
The RD range for different soil depth classes in the present study (0.04-0.52 kg m
% stands at the lower end of the RD values measured for the native Mediterraméan pl
species grown in ephemeral channels of loamy deposits (De Baets et al., 20BagtPe
et al. (2007) measured the RD (0.1-7 Kg)rfor native shrub®ittrichia viscosa, Artiplex
halimus, Retama sphaerocarpa, andNerium oleander in the Carcavo catchment in
Southeast Spain, and observed higher RD at the topsoil with a gradual decrease of RD
with increasing soil depth. The different trends of RD distribution observed for topsoil vs
subsoil (0-0.3 m and >0.3 m) in this study are consistent with the observation made by
Schenk and Jackson (2@f)OEarlier, Wilcox et al. (2004) studied four shrub species

from the Mojave Desert, and found different root foraging strategies and mithas
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the soil profile; but similar to this study, they observed highest number of rootsdoetw

0.2 and 0.4 m.

The high density of very fine roots (0-0.5 mm) and fine roots (0.5-2 mm) in the
topsoil (0-0.3 m) resulted in high RLD estimate in our study. It is probably limkeuet
higher availability of soil water in the topsoil layers in comparison to the duagers.
In a study by De Baets et al. (2007), a high density of fine roots in the topsoil w
observed among plant species growing in ephemeral channels, where soil wate
availability was higher as compared to abandoned croplands or badland slopes. Based on
the root distribution resultg\. lentiformis andL. andersonii could have a relatively
higher erosion reducing potential due to the high density of fine roots near the soil
surface (0.3 m) compared Ao occidentalis andL. tridentata. In a comparative study of
effectiveness of shoot against rootsRosmarinus officinalis, Sripa tenacissima, and
Anthyllis species in the Mediterranean region, Bochet et al. (2006) found a greater role of
shoot for preventing splash and interrill erosion. Based onAhkaitiformis could be
the most effective in reducing interrill soil loss, since it has the laogewn cover
among four species (Table 4.1). Moreover, sidentiformis has a high RD, it could

be effective for reducing concentrated flow erosion rates as weBéBts et al., 2007).

4.4.2 Root area ratio
Generally the root distribution in temperate climates had a decreasidgfre
RAR with increasing soil depth (De Baets et al., 2008), whereas this study falsoas
increase of RAR which is then followed by a decrease. In a study of the global

biogeography of roots, Schenk and Jackson B0fEborted lower root densities in the
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upper 20 cm of the solil profile than in the interval from 20 cm to 40 cm. More than four-
fifth of these results were from the arid ecosystem where the upper sodrisoae

likely to be too dry for resource uptake during some parts of the growing season. Fr
another root system study in water-limited ecosystems, Schenk and Jacksa) (2002
reported high root densities at a greater depth. It is due to plants’ tendendgrin wa
limited ecosystems to access water from deeper soil layers, in whiehisvatored from
occasional and seasonal wet periods (Schenk and Jacksoa).2@0@2 to be noted that
large diameter roots (>8 mm) were not considered in this study, which might cantribut

differently to root distribution (RD and RAR).

From the RAR analysis, it is known that native shrub species’ roots occupy
approximately 0.46 % of the area under the crown of the plants. Mattia et al. (2005) and
De Baets et al. (2008) obtained RAR values equaling less than 1% of the area under the
crown for Mediterranean plants. Similar RAR values were obtained by Abgraed
Rutherfurd (2001) and Simon and Collison (2002) for riparian tree species including river
birch, black willow, sweetgum, sycamore, swamp paperbark, and river red gum for the
top 1 m of soil. The RAR values of riparian trees varied between 0.01% and 0.75% with
individual root diameters varying between 0.5 mm and 20 mm (Hubble et al., 2010). The
present study found that lentiformis andL. andersonii have higher RAR values for the
topsoil as compared #. occidentalis andL. tridentata. Gibbens and Lenz (2001) studied
the root systems of similar species from the Chihuahuan Desert and reportedzh ve
and lateral root distribution at a greater depth in contrast to the prasintEhis could
be the result of spatial and temporal heterogeneity of soil, which might bedeisiidt a

diverse rooting architecture (Rundel and Nobel, 1991). A number of environmental
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factors including soil moisture, microsite relations, nutrients, and soil tatopes could
influence the root distribution to favor shallow over deep roots, suggesting that root
profiles of plant communities may tend to be as shallow as possible (Pregiste

2000; Schenk and Jackson, 2b0@/ilcox et al., 2004; Schenk, 2008).

4.4.3 Root tensile strength

The relationships for diametdd) and root tensile strengtii, | for the four
species are shown in Figure 4Tsdecreased with increasimgand followed a power
law equations as reported in previous studies (Bischetti et al., 2007; Mattia et al., 2005;
Tosi, 2007; De Baets et al., 2008).:= aD~? . The shape of the curves from this study
emphasized the contribution of small roots, having a greater strength. Téssiegr
curves fitted in this study are comparable with other studies (Gray and Sotir Si9@t
and Collison, 2002; Pollen et al., 2004; Simon et al., 2006; De Baets et al., 2008f. The R
values of the fitted power curves farlentiformis, andA. occidentalis were higher
(above 0.8) compared to theandersonii andL. tridentata equaling 0.7 and 0.59,
respectively < 0.01). The relationships observed between root tensile strength and root
diameter forArtiplex species in Mattia et al.( 2005) and De Baets et al. (2008) were
T, = 72.97D~%%0 andT, = 45.59D~%>¢ respectively. For a similar root diameter class
(0-0.5 mm) A. lentiformis shows a different relationship than the previous studies (Table
4.2). The differences can be attributed to the different procedures for root stesitgth
measurements. The observations from Mattia et al. (2005) and De Baet2@d&). (
were based on laboratory study, while in situ root tensile tests were pedforrthe

present study.
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Root tensile strength of riparian trees for 2-3 mm diameter roots estinyated b
Simon and Collison (2002) were lower for river birch (22 MPa), sweet gum (18 MPa),
and sycamore (45 MPa) compared to the shrub species measured in this study. The
tensile strength values measured by Tosi (2007) for three sfyatisim junceum
(30.32 MPa)Rosa canina (18.91MPa), anthula viscose (14.79MPa) in the Italian
Apennines at similar diameter classes fit in the lower end of the pres#ingt. For
similar root diameters, tensile strengths from the present data emzealy higher than
the root strengths of shrub species from the Mediterranean environment ameriNort
Italian Apennines (Mattia et al., 2005; Tosi, 2007) . The role of very fine roots has been
guestioned in recent literatures due to their rapid turnover and their length tioBbeoul
not enough to avoid slippage during shearing process (Stokes et al., 2009; Day et al.,
2010; Schwarz et al., 2010). Also the tensile strength of the very fine roots (0-5 mm)
among four species were at the high end of the values obtained for riparieanttees
shrubs found in the US (Simon et al., 2006; Pollen-Bankhead et al., 2009). This
difference might be the result of different methods applied, and potential error in
dynamometer reading as manual dynamometer was applied in the predgiibisex

situ tensile strength test for very fine roots (<0.5 mm).

4.4.4 Root cohesion
The root cohesion;) was estimated following the perpendicular root model
developed by Wu et al. (1979). Similar to the present study observations, Abernethy and
Rutherfurd (2001) and Simon and Collison (2002) reported that the RAR of vegetation is

the most important factor contributing to soil shear strength. Waldron and Dakessian
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(1981) and van Beek et al. (2005) further reported that fine roots will yieldea laxaf

cohesion value than coarse roots. The force required to break a root increadgs linear

with increasing root diameter, but as tensile strength is calculated pareaitPollen

and Simon, 2005), smaller roots have higher tensile strength. From the present
observationA. lentiformis andL. andersonii have exponent values of -0.89 and -0.82
compared td.. tridentata andA. occidentalis having exponent values of -0.68 and -0.62
respectively (Table 4.2). Based on the observations of Pollen and Simon (2005), the more
negative the exponent of the tensile strength curve, the lower would be the madresti

for the Wu et al. equation. Root cohesion values were compared for four native shrubs
from the present study with the results reported by Mattia et al. (2005) anceBeeBal.

(2008) for Mediterranean shrub species includinigplex halimus andLygeum spartum.

Root cohesion values were found to be higher than those estimated for the Mediterranean
shrub species at similar soil depths (Figure 4.8). The variable plant size, methods
estimate root reinforcement, and environmental growth conditions could all explan thes
differences in root cohesion values (De Baets et al., 2008). The root cohesion values
reported for Australian riparian species (River Red Gum, Swamp Paper bark, and
Elderberry) observed by Abernethy and Rutherfurd (2001) were similar to thatprese
observations. However the root cohesion values estimated for riparian tifeelenyand

Simon (2005) and Pollen-Bankhead et al. (2009) were lower than the ones estimated in

this study.
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Figure 4.8 Comparison of root cohesi@h kPa) distribution with depth fakrtiplex
amongst different studies

Similar to the observation made by Pollen and Simon (2005), Bischetti et al.
(2009), Loades et al. (2009), Comino and Marengo (2010) the result€fgnn this
study also underestimat€g results. Reduction factor for four shrub species in present
study ranges between 0.35-0.86gy values obtained from FBM model were
comparable to the results obtained by Pollen and Simon (2005) and Comino and Marengo
(2010) for tree and shrub species. Thevalues estimated including very fine roots are
much higher in comparison to tivalues obtained after excluding these roots.
However, the results of this study can still be utilized to make a selectibe oidst

suitable species for shallow bank slope stabilization purposes.

4.4.5 Implications for revegetation in the Lower Colorado River Basin

The revegetation activities along the LCRB are mainly carried outnatilei

geomorphic floodplain zone that includes toe, bank, and overbank zones. The increased
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stability provided by riparian vegetation is expected to reduce soil erosion andtsuppor
shallow bank stabilization. All four shrub species studied in this work were found to have
many fine roots in the topsoil, which is desirable for reducing concentrateetsion

in the case of a spatially uniform distribution of root density in a plane (Ds Baal,

2007). In another work, the modeling results of two woody riparian species on critical
conditions for streambank stability along the Upper Truckee River in Gadfshowed

that the addition of vegetation has the same effect as reducing the amglédank face
(Simon et al., 2006). The estimated root cohesion values in present study are higher tha
those reported by Simon et al. (2006) for riparian shrub species. However, the shrub
species from the present study are expected to be effective only fonsslalbe

stabilization as their root distribution is most developed in the topsoil (0-0.3 m).ilarsim
opinion was suggested by De Baets et al. (2008), who mentioned that Mediterranean
shrub species might only be effective in stabilizing the top 0.5 m of hill slope areterra
walls.

The riparian vegetation in LCRB over the last few decades has been dominated by
the invasivelamarix spp, posing a challenge for resource managers to replace it with
native vegetation. In a related study in a semi-arid region, an averageinfoteement
value of 2.5 kPa was reported ftamarix ramosissima for the entire bank profile
(Pollen-Bankhead et al., 2009). The removalaharix from the bank, if not replaced by
other vegetation, might cause bank instabilities along the LCR channel anulitwies.

The exact implication of. ramosissima removal and revegetation with native riparian
species will require a site specific modeling approach, which could allowifigetitn

of the actual root reinforcement in a particular channel and tributary where bank
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stabilization is desired. Nevertheless, the estimated root cohesion valtms fdesert
species in present study together with others could be useful for prelimplaanmng

purposes.

4.5 Conclusions

This study shows that total RLD values of the studied plants in arid regiores rang
between (7.27 km fhto 18.72 km rif), and these values are significantly higher for the
topsoil (0-0.3 m) compared to the subsoil (>0.3 m), which can be attributed to the
presence of many fine roots near the surface. Among the four species invegtigat
lentiformis andL. andersonii were found to have higher mean RAR comparedl to
occidentalis andL. tridentata. The contribution of the fine roots in RAR was
significantly higher than the contribution of the coarse roots at both soil depths (0-0.3 m
and >0.3 m). Contrary to the lowest value of RD and RLIOxidentata showed higher
root tensile strength followed ky andersonii, A. lentiformis, andA. occidentalisin a
decreasing order. It was found that, the maximum contribution to additional @olbesi
A. lentiformis followed byL. andersonii, L. tridentata, andA. occidentalis in a decreasing
order. The root cohesion values estimated by the Wu’s model for all specidsginest
in the topsoil (0-0.3 m) and decreased with increasing soil depth. FBM model showed
lower values of root cohesion, but followed the similar trend observed from Wu’'s model.
The root cohesion values estimated from FBM model is less than those estiynated b
Wu’s model by a reduction factor ranging between 0.35 to 0.56 for root diameter > 0.05

mm diameter.
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The higher root cohesion associated véttentiformis andL. andersonii implies
that these species are a good choice for revegetation purpose in order thestrémegt
topsoil zone through root reinforcement. The native shrub species in the present study
could contribute to the shallow bank slope stabilization, but the studied plants will not
prevent mass movements occurring at greater depths, since at those depths roots
occupation is too little to increase soil shear strength. To estimate thiecactingoution
of the additional root cohesion provided by these native shrub species, furtherateidies
required field conditions. The observations made in this study may be useful feisspeci
selection in the framework of ongoing and future revegetation activities HCiR8 and

similar riparian areas in the Southwest US.
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CHAPTER 5
CONCLUSIONS
The research presented here consisted of three parts: 1) a removal of nutrients
and metals by constructed and naturally created wetlands in the Las \&lggs(M/V);
2) a vegetation assessment for the nutrient uptake potential of macrophytésanda
semi-arid wetlands; and 3) the estimation of root cohesion for desert shrudsspebe
riparian ecosystem of arid and semi-arid regions and its potential for baelm
stabilization. The results generated from each study are relatechtotbac and lead
toward an understanding of wetland function for ecosystem and engineeviicgséor
water resource management in semi-arid environments.
The first study (Chapter 2) focused on understanding the potential of constructed
and naturally created wetlands for pollutant removal in LVV wetlands. Thelggst
that wetlands perform as a pollutant sink, where vegetation is useful for polertantal
on both constructed and naturally created wetlands is supported. The nutrient removal
potential of a wetland system was dependent on plant biomass and density regardless of
plant type. High TN (total nitrate) concentrations were measured in aboweegplant
tissue but high TP (total phosphate) concentration was measured in below-ground plant
tissue, which suggested that harvest of the root system would be necessaryrfarmaxi
phosphorus removal. However, above-ground harvest would be sufficient for nitrogen
removal from the natural and constructed wetlands in LVV. Overall, thegeduhis
study suggested that different plant species have different nutrient uptaketehstics,
mostly determined by the ambient nutrient and hydrologic conditions. Below-ground

plant tissue exhibited high concentrations of arsenic and selenium among the four
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wetland sites tested. In comparison to cattail species, bulrush speciesavereffective
at arsenic and selenium storage in below-ground plant tissue. The better pecéoaha
bulrush species could provide a clue for utilization of wetland vegetation in selenium
removal. The findings of this study have important implications for better uaddisg
ecological services for water quality improvements through constructed @mdllya
created wetlands.

In the second study (Chapter 3), the structural and functional attributes of
wetlands were analyzed for the best ecosystem services from largesttatels such
that the one in LVW. Vegetation mapping showed the dominaneeanktralis andT.
domingensis among all studied wetlandEhe expansion d?. australisin the LVW had
readily surpassed. domingensis, established monogeneric stands, and was also
associated with decreasing species richness. The change in strucibrakattf
vegetation, in turn, affected the ecosystem function by altering the nutrient
biogeochemical cyclingthe measured above-ground biomass (K ofi T. domingensis
was higher thanP. australis among all studied wetland sites. Despite high TN and TP
concentration ifP. australis plant tissue, a greater biomass accumulation potenfial of
domingensis resulted in higher nutrient uptake per unit area. The hypothesis that larger
the wetlands vegetation acreage the more efficient the ecosystemsareicgespite
vegetation types and climatic region is partially confirmed. The net abouadr
standing stock of nutrients in the Las Vegas Wash wetlands was estioré®ed f
australis (approximately 26418.7 kg TN and 1264.1 kg TP) and foomingensis
(approximately 5183.8 kg TN and 272.8 kg TP). The study concludes that in LVW, both

T. domingensis andP. australis could be utilized for water quality improvement. It
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should be noted, however, plant uptake alone is not enough to improve water quality
below regulatory thresholds from large scale wetlands, and managing dominant
vegetation may be required for better nutrient removal efficiency. In this shady, t
nutrient uptake function of similar wetlands vegetation among different atimeggions
were also compared, with the result that the short-term function of wetlandatigrget
for biomass accumulation, plant tissue nutrient concentration, and standing stock was not
significantly different among wetlands from humid and semi-arid regions.

The third study (Chapter 4) analyzed the engineering services provided by
wetland vegetation for bank stabilization. The characteristics of root digtnbut
including root density, root length density, and root area ratio (RAR), werezaddlyr
four native riparian species. The root density and root length density among four shrub
species were significantly higher for topsoil (0-0.5 m) compared to the 5(H&& m)
for four species. Among the studied specfesentiformis andL. andersonii had higher
mean RARs compared #o occidentalis andL. tridentata. The contribution of the fine
roots in RAR was significantly higher than the contribution of the coarse rootsha
soil depths (0-0.3 m and >0.3 m). In situ tensile strength tests were performed on all
species studied. Higher root tensile strength was measuredtfatentate followed by
L. andersonii, A. lentiformis, andA. occidentalisin decreasing order. Information from
root distributions and tensile strength tests were used to estimate the adhtoonal
cohesion provided through desert shrub species. Root cohesion values were estimated
using a simple perpendicular model (the Wu model) and a fiber bundle model (FBM).
The root cohesion values estimated by the Wu model for all species testddghess

in the topsoil (0-0.3 m) and decreased with increasing soil depth. The hypothesis that the
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root permeated soils makes up a composite material that will enhance theesgthsis
supported since all studied species were observed with measurable root colessn va
The maximum root cohesion was estimatedddentiformis followed byL. andersonii,

L. tridentata, andA. occidentalis in decreasing order. The FBM underestimated the root
cohesion values from the Wu model by a reduction factor (0.35 to 0.56) for the four
native species tested. The high root cohesion valués femntiformis andL. ander sonii

also implied that these species are beneficial to revegetation efforteveiowll four
shrub species contributed only to shallow bank slope stabilization, but would not prevent
mass movement at greater depths, since the root cohesion values significaatgetec
with increased subsoil depth. The results from this study are useful for stedt®s
purpose for the ongoing revegetation activities in the Lower Colorado Rivier 8ab

similar riparian areas in the Southwest US.

Some additional recommendations are included here for future studies:

The uptake mechanism of wetland vegetation had differential potential fommatnie
metal pollutants. Above-ground plant parts were more efficient for nutrient yiatke
metal uptake was significantly higher in the below-ground parts. Thesesrgsoitld be
considered cautiously, since the study period was relatively short. Therefmre¢eim
investigation considering treated wastewater hydraulic retention tilmghly
recommended for future research. Wetland microcosms with differentrtutrie
composition, plant growth stage, and wastewater source, etc. should be investigated

further and compared with field experiments.
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Wetland vegetation can act as seasonal or longer-term storage of nutrierttg, and t
resultant litter decomposition can result in remobilization of previously storedmtat
Uptake of TN and TP has been shown to increase when plants are harvested annually
during the peak growing season. A net release of nutrients often occurs ihdhd fa

early spring as a result of decomposition and nutrient leaching of plantTitenefore,
long-term monitoring and management studies are necessary to investigstediseof

species on seasonal patterns of nutrient uptake and release.

Recently, some wetland sites have become dominatedPbguatralis monoculture. The
interspecies competition betwe€ndomingensis andP. australis should be investigated
to elucidate the mechanismsRfaustralis dominance. Experimental studies to identify
improved growth conditions for native species in mixed-culture wetlands are

recommended for future study.

The results obtained from the vegetation study are based on the short-termogvafuat
nutrient uptake potential based on wetland structure and function. Understanding wetland
function and processes over a longer period of time is particularly importantisasém

and arid areas where surface water levels fluctuate both seasonallyearsshmially.
Long-term studies are recommended to detail eutrophication processes in agthand s

arid wetlands, which requires knowledge of vegetation decomposition and nutrient

retention rates in these areas.
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To estimate root cohesion, the present study considered relatively young pntsasf
age, and the total number of species selected in the field study was relatiakly s
Different sizes and ages of plant species should be considered for furthertrdmitoha
studies, and greater plant sampling frequencies are recommended for monealefinit
results. Root distribution can be influenced by number of environmental conditions

therefore seasonal analysis is strongly recommended for future investigati

Root tensile strength tests in the present study were performed usargrdifhstruments

for root diameter (>0.5 mm) and very fine roots (<0.5 mm). The use of similar instrument
is recommended for future tensile tests to achieve more consistent fEsaltssts, here,

were performed at a reference site (i.e. Virgin River), but additionsiléestrength tests
should be performed under actual field conditions, and these values should be verified by

applying direct soil shear tests for revegetation purposes.
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APPENDIX A. WETLANDS DATABASE FOR NUTRIENT AND METAL IN
PLANT TISSUE, SEDIMENT, AND WATER COLUMN

i) Plant tissue total phosphorous (TP) from the Las Vegas Wash (LVW),rfgartWash
(FW), Demonstration Wetland at the City of Henderson Water Reclamatdity=@iD)
and Pittman Wash Pilot Wetlands (PW) wetlands.

Plant TP (%)
Species | Shoot Root Total
LVW Winter Typha 0.043 0.082 0.063
LVW Winter Typha 0.052 0.061 0.057
LVW Winter Typha 0.045 0.065 0.055
LVW Winter Typha 0.049 0.054 0.052
LVW Winter Typha 0.061 0.081 0.071
LVW Winter Typha 0.051 0.071 0.061
LVW Winter Typha 0.032 0.049 0.041
LVW Winter Typha 0.046 0.052 0.049
LVW Winter Typha 0.053 0.067 0.060
LVW Winter Typha 0.042 0.045 0.044
LVW Winter Typha 0.053 0.061 0.057
LVW Winter Typha 0.053 0.078 0.066
LVW Winter Typha 0.046 0.049 0.048
LVW Winter Typha 0.042 0.083 0.063
LVW Spring Typha 0.070 0.068 0.069
LVW Spring Typha 0.074 0.072 0.073
LVW Spring Typha 0.047 0.053 0.050
LVW Spring Typha 0.042 0.059 0.051
LVW Spring Typha 0.023 0.057 0.040
LVW Spring Typha 0.056 0.054 0.055
LVW Spring Typha 0.070 0.098 0.084
LVW Spring Typha 0.058 0.067 0.063
LVW Spring Typha 0.033 0.088 0.061
LVW Spring Typha 0.046 0.071 0.059
LVW Spring Typha 0.036 0.073 0.055
LVW Spring Typha 0.042 0.052 0.047
LVW Spring Typha 0.034 0.133 0.084
LVW Spring Typha 0.039 0.136 0.088
LVW Spring Typha 0.048 0.065 0.057
LVW Spring Typha 0.028 0.056 0.042
LVW Summer Typha 0.084 0.139 0.112
LVW Summer Typha 0.089 0.157 0.123
LVW Summer Typha 0.116 0.170 0.143

Site Season
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. Plant TP (%)

Site Season Species | Shoot Root Total
LVW Summer Typha 0.103 0.148 0.126
LVW Summer Typha 0.073 0.145 0.109
LVW Summer Sch-cal 0.082 0.224 0.153
LVW Summer | Sch-cal 0.082 0.259 0.171

HD Winter Sch-ac 0.048 0.087 0.068

HD Winter Sch-ac 0.044 0.083 0.064

HD Winter Sch-am 0.049 0.084 0.067

HD Winter Sch-am 0.063 0.076 0.07(

HD Winter Sch-cal 0.061 0.089 0.075

HD Winter Sch-cal 0.069 0.079 0.074

HD Winter Sch-cal 0.086 0.088 0.087

HD Winter Sch-cal 0.066 0.076 0.071

HD Spring Sch-ac 0.169 0.205 0.187

HD Spring Sch-ac 0.120 0.170 0.145

HD Spring Sch-am 0.068 0.077 0.073

HD Spring Sch-am 0.064 0.650 0.357

HD Spring Sch-cal 0.060 0.171 0.116

HD Spring Sch-cal 0.056 0.019 0.038

HD Spring Sch-cal 0.069 0.126 0.098

HD Spring Sch-cal 0.075 0.123 0.099

HD Spring Sch-cal 0.086 0.153 0.120

HD Spring Sch-cal 0.084 0.169 0.127

HD Spring Typha 0.070 0.094 0.082

HD Spring Typha 0.060 0.097 0.079

HD Spring Typha 0.064 0.101 0.083

HD Spring Typha 0.071 0.105 0.088

HD Spring Typha 0.056 0.093 0.075

HD Spring Typha 0.052 0.091 0.072

HD Summer Typha 0.067 0.118 0.093

HD Summer Typha 0.082 0.138 0.110

HD Summer Typha 0.057 0.113 0.085

HD Summer Typha 0.091 0.146 0.119

HD Summer Sch-cal 0.188 0.225 0.20y

HD Summer Sch-cal 0.229 0.251 0.240

HD Summer Sch-cal 0.143 0.179 0.161

HD Summer Sch-cal 0.155 0.186 0.171

PW Winter Sch-ac 0.015 0.020 0.018

PW Winter Sch-ac 0.017 0.022 0.020

PW Winter Sch-am 0.015 0.030 0.023

PW Winter Sch-am 0.013 0.016 0.015

PW Winter Sch-cal 0.022 0.024 0.023
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. Plant TP (%)

Site Season Species | Shoot Root Total
PW Winter Sch-cal 0.018 0.020 0.019
PW Spring Sch-ac 0.024 0.03C 0.02y
PW Spring Sch-ac 0.019 0.02§ 0.024
PW Spring Sch-am 0.016 0.027 0.02p
PW Spring Sch-am 0.029 0.03¢ 0.030
PW Spring Sch-cal 0.039 0.048 0.044
PW Spring Sch-cal 0.056 0.058 0.05Y
PW Spring Sch-cal 0.031 0.048 0.040
PW Spring Sch-cal 0.038 0.047 0.043
PW Summer Sch-am 0.006 0.017 0.012
PW Summer Sch-am 0.009 0.030 0.020
PW Summer Sch-am 0.021 0.017 0.019
PW Summer Sch-am 0.018 0.024 0.021
PW Summer Sch-am 0.103 0.078 0.091
PW Summer Sch-am 0.078 0.082 0.080
PW Summer Sch-am 0.039 0.089 0.064
PW Summer Sch-am 0.043 0.063 0.053
PW Summer Sch-am 0.087 0.047 0.067
PW Summer Sch-am 0.091 0.061 0.076
PW Summer Sch-am 0.087 0.059 0.073
PW Summer Sch-am 0.091 0.064 0.078
PW Summer Sch-am 0.050 0.097 0.074
PW Summer Sch-am 0.035 0.069 0.052
PW Summer Sch-am 0.039 0.047 0.043
PW Summer Sch-am 0.041 0.059 0.050
PW Summer Sch-am 0.043 0.054 0.049
PW Summer Sch-am 0.095 0.032 0.064
PW Summer Sch-am 0.041 0.060 0.051
PW Summer Sch-am 0.047 0.049 0.048
PW Summer Sch-am 0.077 0.068 0.073
PW Summer Sch-am 0.076 0.082 0.079
PW Summer Sch-cal 0.029 0.048 0.039
PW Summer Sch-cal 0.046 0.048 0.04i7
PW Summer Sch-cal 0.021 0.038 0.030
PW Summer | Sch-cal 0.049 0.051 0.050
PW Summer Sch-cal 0.040 0.040 0.040
PW Summer Sch-cal 0.020 0.070 0.050
PW Summer Sch-cal 0.020 0.040 0.030
PW Summer Sch-cal 0.020 0.050 0.030
PW Summer Sch-cal 0.020 0.050 0.030
PW Summer Sch-cal 0.070 0.070 0.070
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Plant TP (%)

Site Season Species | Shoot Root Total
PW Summer| Sch-cal 0.070 0.060 0.060
PW Summer| Sch-cal 0.030 0.050 0.040
PW Summer| Sch-cal 0.020 0.060 0.040
PW Summer| Sch-cal 0.030 0.070 0.050
PW Summer| Sch-cal 0.030 0.080 0.060
PW Summer| Sch-cal 0.030 0.040 0.040
PW Summer| Sch-cal 0.030 0.070 0.050
PW Summer Typha 0.060 0.07C 0.070
PW Summer Typha 0.070 0.05¢ 0.060
PW Summer Typha 0.080 0.07C 0.080
PW Summer Typha 0.060 0.05C 0.060
PW Summer Typha 0.050 0.04(0 0.040
FW Spring Typha 0.020 0.040 0.03(
FW Spring Typha 0.020 0.040 0.03(
FW Spring Typha 0.020 0.020 0.02(
FW Spring Typha 0.020 0.010 0.02(
FW Spring Typha 0.020 0.020 0.02(
FW Spring Typha 0.020 0.030 0.02(

FW Summer Typha 0.050 0.100 0.07
FW Summer Typha 0.050 0.100 0.07
FW Summer Typha 0.060 0.080 0.07
FW Summer Typha 0.040 0.080 0.06
FW Summer Typha 0.050 0.110 0.08
FW Summer Typha 0.050 0.100 0.07
FW Summer Typha 0.050 0.080 0.06
FW Summer Typha 0.040 0.090 0.06
FW Summer Typha 0.070 0.080 0.08
FW Summer Typha 0.080 0.080 0.08

| S NP i I ) WD S N [ WD S G [ WD S WD i W

Note: Sch-calSchoenoplectus californicus, Sch-am:Schoenoplectus americanus, Sch-ac:
Schoenoplectus acutus and TyphaTypha domingensis
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i) Water column total phosphorus (mg/L) from the Las Vegas Wash (LVW),ikgam
Wash (FW), Demonstration Wetland at the City of Henderson Water Reclamation
Facility (HD) and Pittman Wash Pilot Wetlands (PW) wetlands.

. . . . TP (mg/L)
Site | Location | SNWA Location | Sampling Date Water Column
LVW Inlet LW 6.85 Oct-07 0.160
LVW Inlet LW 6.85 Nov-07 0.120
LVW Inlet LW 6.85 Dec-07 0.120
LVW Inlet LW 6.85 Jan-07 0.094
LVW Inlet LW 6.85 Feb-07 0.130
LVW Inlet LW 6.85 Mar-07 0.093
LVW Inlet LW 6.85 Apr-07 0.160
LVW Inlet LW 6.85 Feb-08 0.084
LVW Inlet LW 6.85 Mar-08 0.080
LVW Inlet LW 6.85 Apr-08 0.130
LVW | Outlet LW5.9 Feb-07 0.100
LVW | Outlet LW 5.9 Mar-07 0.150
LVW | Outlet LW5.9 Apr-07 0.130
LVW | Outlet LW 5.9 Feb-08 0.140
LVW | Outlet LW 5.9 Mar-08 0.140
LVW Inlet LW5.9 May-07 0.150
LVW Inlet LW 5.9 Jun-07 0.130
LVW Inlet LW 5.9 Jul-07 0.120
LVW Inlet LW 5.9 Aug-07 0.110
LVW | Outlet LW5.9 May-07 0.150
LVW | Outlet LW5.9 Jun-07 0.140
LVW | Outlet LW 5.9 Jul-07 0.130
LVW | Outlet LW5.9 Aug-07 0.120
HD Inlet HD1 Nov-08 1.610
HD Inlet HD1 Dec-08 0.840
HD Inlet HD1 Nov-07 0.600
HD Inlet HD1 Dec-07 0.920
HD Outlet HD4 Nov-08 1.120
HD Outlet HD4 Dec-08 0.810
HD Outlet HD4 Nov-07 0.950
HD Outlet HD4 Dec-07 0.850
HD Inlet HD1 Jan-07 1.020
HD Inlet HD1 Feb-07 2.010
HD Inlet HD1 Mar-07 0.940
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. . . . TP (mg/L)
Site | Location | SNWA Location | Sampling Date Water Column
HD Inlet HD1 Apr-07 0.560
HD Outlet HDA4 Jan-07 1.830
HD Outlet HD4 Feb-07 3.450
HD Outlet HDA4 Mar-07 4.130
HD Inlet HD1 May-07 1.120
HD Inlet HD1 Jun-07 0.370
HD Inlet HD1 Jul-07 1.220
HD Inlet HD1 Aug-07 0.510
HD Outlet HD4 May-07 2.540
HD Outlet HD4 Jun-07 1.290
HD Outlet HDA4 Jul-07 0.860
HD Outlet HDA4 Aug-07 2.620
PW Inlet PW-Inlet Nov-07 0.038
PW Inlet PW:-Inlet Dec-07 0.045
PW Outlet PW-Outlet Nov-07 0.033
PW Outlet PW-Outlet Dec-07 0.033
PW Inlet PW-Inlet Jan-07 0.160
PW Inlet PW:-Inlet Feb-07 0.096
PW Inlet PW:-Inlet Mar-07 0.034
PW Inlet PW-Inlet Jan-08 0.110
PW Outlet PW-Outlet Jan-07 0.025
PW Outlet PW-Outlet Feb-07 0.040
PW Outlet PW-Outlet Mar-07 0.072
PW Inlet PW-Inlet May-07 0.041
PW Inlet PW-Inlet Jun-07 0.110
PW Outlet PW-Outlet May-07 0.030
PW Outlet PW-Outlet Jun-07 0.030
FW Inlet TW-DRI Jan-07 0.070
FW Inlet TW-DRI Feb-07 0.020
FW Inlet TW-DRI Mar-07 0.030
FW Inlet TW-DIR Jan-08 0.010
FW Outlet FW-0 Jan-07 0.020
FW Outlet FW-0 Feb-07 0.060
FW Outlet FW-0 Mar-07 0.030
FW Outlet FW-0 Jan-08 0.020
FW Inlet TW-DRI May-07 0.130
FW Inlet TW-DRI Jun-07 0.110
FW Inlet TW-DRI Aug-07 0.050
FW Inlet TW-DRI Jul-07 0.080
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. . . . TP (mg/L)
Site | Location | SNWA Location | Sampling Date Water Column
FW Outlet FW-0 May-07 0.010
FW Outlet FW-0 Jun-07 0.020
FW Outlet FW-0 Jul-07 0.030
FW Outlet FW-0 Aug-07 0.050
FW Inlet TW-DRI Nov-07 0.050
FW Inlet TW-DRI Dec-07 0.060

iii) Sediment total phosphorus (TP) from the Las Vegas Wash (LVW), RtgomWash
(FW), Demonstration Wetland at the City of Henderson Water ReclamatidiyH#tD)
and Pittman Wash Pilot Wetlands (PW) wetlands

Site Season Locatio P .(%)
Sediment
LVW Winter 08 Inlet 0.048
LVW Winter 08 Inlet 0.045
LVW Winter 08 Inlet 0.044
LVW Winter 08 Inlet 0.042
LVW Spring 09 Outlet 0.036
LVW Spring 09 Outlet 0.038
LVW Spring 09 Outlet 0.058
LVW Spring 09 Outlet 0.056
LVW Summer 09 Outlet 0.049
LVW Summer 09 Outlet 0.047
LVW Summer 09 Outlet 0.056
LVW Summer 09 Inlet 0.057
HD Winter 08 Inlet 1.610
HD Winter 08 Inlet 0.840
HD Winter 08 Inlet 0.600
HD Winter 08 Inlet 0.920
HD Winter 08 Inlet 1.120
HD Winter 08 Inlet 0.810
HD Winter 08 Outlet 0.950
HD Winter 08 Outlet 0.850
HD Spring 09 Outlet 1.020
HD Spring 09 Outlet 2.010
HD Spring 09 Outlet 0.940
HD Spring 09 Inlet 0.560
HD Spring 09 Inlet 1.830
HD Spring 09 Inlet 3.450
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Site Season Locatio ™ .(%)
Sediment
HD Spring 09 Inlet 4.130
HD Spring 09 Outlet 1.800
HD Summer 09 Outlet 1.120
HD Summer 09 Outlet 0.370
HD Summer 09 Inlet 1.290
HD Summer 09 Outlet 1.220
HD Summer 09 Inlet 0.510
HD Summer 09 Inlet 0.860
HD Summer 09 Outlet 2.620
PW Winter 08 Outlet 0.030
PW Winter 08 Outlet 0.025
PW Winter 08 Outlet 0.031
PW Winter 08 Inlet 0.026
PW Spring 09 Inlet 0.041
PW Spring 09 Inlet 0.042
PW Spring 09 Inlet 0.037
PW Spring 09 Outlet 0.034
PW Summer 09 Outlet 0.054
PW Summer 09 Outlet 0.057
PW Summer 09 Outlet 0.052
PW Summer 09 Inlet 0.051
FW Spring 09 Inlet 0.041
FW Spring 09 Inlet 0.044
FW Spring 09 Inlet 0.019
FW Spring 09 Outlet 0.016
FW Summer 09 Outlet 0.021
FW Summer 09 Outlet 0.034
FW Summer 09 Outlet 0.020
FW Summer 09 Inlet 0.013
FW Winter 08 Inlet 0.021
FW Winter 08 Inlet 0.027
FW Winter 08 Inlet 0.021
FW Winter 08 Outlet 0.014
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iv) Plant tissue total nitrogen (TN) from the Las Vegas Wash (LVVémnkigo Wash
(FW), Demonstration Wetland at the City of Henderson Water ReclamatidiyH#tD)
and Pittman Wash Pilot Wetlands (PW) wetlands.

. TN (%)

Site Season Plant Shoot Root Total

LVW Spring Typha 1.77 1.20 1.48
LVW Spring Typha 1.68 1.25 1.46
LVW Spring Typha 1.81 1.12 1.46
LVW Spring Typha 1.71 1.60 1.65
LVW Spring Typha 1.40 1.12 1.26
LVW Spring Typha 1.40 1.05 1.22
LVW Spring Typha 0.94 0.84 0.89
LVW Spring Typha 0.86 0.73 0.79
LVW Spring Typha 1.90 1.30 1.60
LVW Spring Typha 1.88 1.35 1.61
LVW Spring Typha 1.88 1.14 1.51
LVW Spring Typha 1.69 1.21 1.45
LVW Spring Typha 1.69 1.24 1.46
LVW Spring Typha 0.89 0.51 0.70
LVW Spring Typha 0.96 1.15 1.05
LVW Spring Typha 1.56 1.95 1.75
LVW Spring Typha 1.83 1.44 1.63
LVW Spring Typha 2.74 1.03 1.88
LVW Spring Typha 2.68 1.04 1.86
LVW Spring Typha 2.05 1.26 1.65
LVW Spring Typha 1.56 1.42 1.49
LVW Spring Typha 0.83 1.69 1.26
LVW Spring Typha 0.92 2.12 1.52
LVW Spring Typha 1.34 1.00 1.17
LVW Spring Typha 291 1.52 2.21
LVW Spring Typha 1.68 1.03 1.35
LVW Spring Typha 1.18 0.86 1.02
LVW Spring Typha 1.95 0.89 1.42
LVW Spring Typha 1.76 0.94 1.35
LVW Spring Typha 2.32 1.46 1.89
LVW Spring Typha 1.90 1.07 1.48
LVW Spring Sch-cal 1.86 1.64 1.75
LVW Spring Sch-cal 1.84 1.50 1.67
LVW Spring Sch-cal 2.10 1.20 1.65
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TN (%)

Site Season Plant Shoot Root Total
LVW Spring Sch-cal 2.57 1.42 1.99
LVW Spring Sch-cal 2.62 1.34 1.98
LVW Winter Typha 1.58 1.10 1.34
LVW Winter Typha 1.18 0.82 1.00
LVW Winter Typha 0.94 0.84 0.89
LVW Winter Typha 0.86 0.79 0.82
LVW Winter Typha 1.39 1.46 1.42
LVW Winter Typha 0.95 0.78 0.86
LVW Winter Typha 2.32 1.07 1.69
LVW Winter Typha 0.97 0.78 0.88
LVW Winter Typha 1.05 1.29 1.17
LVW Winter Typha 1.36 0.86 1.11
LVW Winter Typha 1.92 1.12 1.52
LVW Winter Typha 2.32 1.26 1.79
LVW Summer Typha 2.23 1.55 1.89
LVW Summer Typha 1.96 1.48 1.72
LVW Summer Typha 1.79 1.04 141
LVW Summer Typha 2.17 1.01 1.59
LVW Summer Typha 1.82 1.80 1.81
LVW Summer Typha 1.73 1.76 1.74
LvVW Summer Sch-cal 2.41 2.13 2.27
LVW Summer Sch-cal 2.51 2.15 2.33
LVW Summer Sch-cal 1.53 1.21 1.37
LVW Summer Sch-cal 1.70 1.42 1.56

HD Spring Sch-ac 1.01 1.06 1.03

HD Spring Sch-ac 1.26 1.06 1.16

HD Spring Sch-am 1.37 1.19 1.28

HD Spring Sch-am 1.43 1.24 1.33

HD Spring Sch-cal 1.68 1.36 1.52

HD Spring Sch-cal 1.70 1.35 1.52

HD Spring Sch-cal 0.80 1.30 1.05

HD Spring Sch-cal 0.97 1.27 1.12

HD Spring Sch-cal 141 1.47 1.44

HD Spring Sch-cal 1.42 1.58 1.50

HD Spring Typha 1.89 1.44 1.66

HD Spring Typha 1.77 1.70 1.73

HD Spring Typha 1.36 1.81 1.58
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TN (%)

Site Season Plant Shoot Root Total

HD Spring Typha 1.77 1.51 1.64
HD Spring Typha 1.79 1.51 1.65
HD Winter Sch-ac 1.15 1.15 1.15
HD Winter Sch-ac 1.40 1.43 1.42
HD Winter Sch-am 241 0.71 1.56
HD Winter Sch-am 1.26 1.12 1.19
HD Winter Sch-cal 1.26 1.40 1.33
HD Winter Sch-cal 1.58 1.05 1.31
HD Winter Sch-cal 1.25 241 1.83
HD Winter Sch-cal 1.30 0.85 1.07
HD Summer Typha 2.10 1.85 1.97
HD Summer Typha 2.10 1.90 2.00
HD Summer Typha 1.54 1.21 1.37
HD Summer Typha 1.32 1.27 1.29
HD Summer Sch-cal 2.09 141 1.75
HD Summer Sch-cal 2.21 2.02 2.11
HD Summer Sch-cal 2.33 1.52 1.92
HD Summer Sch-cal 2.46 1.25 1.85
PW Summer Typha 1.17 0.77 0.97
PW Summer Typha 0.63 0.91 0.77
PW Summer Sch-cal 0.58 1.27 0.92
PW Summer Sch-cal 1.46 1.25 1.35
PW Summer Sch-cal 1.57 1.28 1.43
PW Summer Sch-cal 1.29 0.86 1.07
PW Summer Sch-cal 1.18 0.89 1.04
PW Summer Sch-cal 1.04 1.06 1.05
PW Summer Sch-cal 1.22 0.90 1.06
PW Summer Sch-cal 0.92 1.02 0.97
PW Summer Sch-cal 0.79 0.47 0.63
PW Summer Sch-am 1.25 1.16 1.21
PW Summer Sch-am 1.58 1.25 1.42
PW Summer Sch-am 1.13 1.23 1.18
PW Summer Sch-am 1.38 0.72 1.05
PW Summer Sch-am 0.96 0.54 0.75
PW Summer Sch-am 1.90 1.42 1.66
PW Summer Sch-am 0.89 0.81 0.85
PW Summer Sch-am 0.94 0.73 0.84
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TN (%)

Site Season Plant Shoot Root Total

PW Spring Sch-ac 0.85 0.72 0.78
PW Spring Sch-ac 0.76 0.71 0.73
PW Spring Sch-am 0.91 0.79 0.85
PW Spring Sch-am 0.79 0.65 0.72
PW Spring Sch-cal 0.86 0.76 0.81
PW Spring Sch-cal 0.92 0.82 0.87
PW Spring Sch-cal 0.91 0.78 0.84
PW Winter Sch-ac 0.80 0.53 0.66
PW Winter Sch-am 0.73 0.63 0.68
PW Winter Sch-am 0.91 0.82 0.86
PW Winter Sch-am 0.63 0.52 0.57
PW Winter Sch-cal 0.82 0.75 0.78
PW Winter Sch-ac 0.68 0.61 0.64
FW Spring Typha 1.20 0.49 0.84
FW Spring Typha 1.15 0.58 0.86
FW Spring Typha 0.85 0.54 0.69
FW Spring Typha 0.50 0.45 0.47
FW Spring Typha 0.75 0.40 0.57
FW Summer Typha 1.24 0.81 1.02
FW Summer Typha 1.34 1.17 1.25
FW Summer Typha 1.56 1.05 1.30
FW Summer Typha 1.60 1.07 1.33
FW Summer Typha 1.16 0.73 0.94
FW Summer Typha 1.18 1.38 1.27
FW Summer Typha 1.33 0.74 1.03
FW Summer Typha 1.34 0.74 1.03
FW Summer Typha 1.12 0.81 0.96
FW Summer Typha 1.07 0.79 0.92
FW Summer Typha 1.53 0.91 1.21
FW Summer Typha 1.52 0.90 1.20
FW Summer Typha 1.67 0.99 1.32
FW Summer Typha 1.70 1.00 1.34
FW Summer Typha 1.56 0.99 1.27
FW Summer Typha 1.83 1.03 1.42
FW Summer Typha 1.30 1.10 1.19
FW Summer Typha 1.50 0.91 1.20
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v) Water column total nitrogen (TN) from the Las Vegas Wash (LVW), FlaorVigsh
(FW), Demonstration Wetland at the City of Henderson Water ReclamatidiyH#tD)
and Pittman Wash Pilot Wetlands (PW) wetlands. (Ref: SNWA-database).

. TN (mg/L)
Site Location L?)’;l:':ilgn Salgn a[?[gng Water
Column
LVW Inlet LW 6.85 Jan-07 14.0
LVW Inlet LW 6.85 Feb-07 15.0
LVW Inlet LW 6.85 Mar-07 16.0
LVW Inlet LW 6.85 Apr-07 13.0
LVW Inlet LW 6.85 Jan-07 14.0
LVW Inlet LW 6.85 Feb-07 15.0
LVW Outlet LW 5.9 Jan-07 14.0
LVW Outlet LW 5.9 Feb-07 14.0
LVW Outlet LW 5.9 Mar-07 14.0
LVW Outlet LW 5.9 Apr-07 14.0
LVW Outlet LW 5.9 Jan-07 14.0
LVW Outlet LW 5.9 Feb-07 15.0
LVW Inlet LW 6.85 Sep-07 16.0
LVW Inlet LW 6.85 Oct-07 14.0
LVW Inlet LW 6.85 Nov-07 17.0
LVW Inlet LW 6.85 Dec-07 14.0
LVW Inlet LW 6.85 Sep-07 17.0
LVW Inlet LW 6.85 Oct-07 15.0
LVW Inlet LW 6.85 Nov-07 14.0
LVW Inlet LW 6.85 Dec-07 16.0
LVW Inlet LW 6.85 Oct-07 13.0
LVW Outlet LW 5.9 Sep-07 14.0
LVW Outlet LW 5.9 Oct-07 15.0
LVW Outlet LW 5.9 Nov-07 16.0
LVW Outlet LW 5.9 Dec-07 13.0
LVW Outlet LW 5.9 Sep-07 14.0
LVW Outlet LW 5.9 Oct-07 15.0
LVW Outlet LW 5.9 Nov-07 14.0
LVW Outlet LW 5.9 Dec-07 14.0
LVW Outlet LW 5.9 Oct-07 15.0
LVW Outlet LW 5.9 Nov-07 14.0
LVW Outlet LW 5.9 Dec-07 15.0
LVW Inlet LW 6.85 May-07 13.0
LVW Inlet LW 6.85 Jun-07 16.0
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TN (mg/L)

. . SNWA Samplin
Site Location Location D aP[ e 9 Water
Column
LVW Inlet LW 6.85 Jul-07 14.0
LVW Inlet LW 6.85 Aug-07 14.1
LVW Inlet LW 6.85 Jun-07 15.0
LVW Inlet LW 6.85 Jul-07 13.0
LVW Inlet LW 6.85 Aug-07 16.0
LVW Outlet LW 5.9 May-07 16.0
LVW Outlet LW 5.9 Jun-07 17.0
LVW Outlet LW 5.9 Jul-07 14.0
LVW Outlet LW 5.9 Aug-07 14.0
LVW Outlet LW 5.9 May-07 16.0
LVW Outlet LW 5.9 Jun-07 17.0
LVW Outlet LW 5.9 Jul-07 11.0
LVW Outlet LW 5.9 Aug-07 14.0
HD Inlet HD1 Jan-07 17.0
HD Inlet HD1 Feb-07 13.0
HD Inlet HD1 Mar-07 13.0
HD Outlet HDA4 Jan-07 2.4
HD Outlet HD4 Feb-07 17.0
HD Outlet HDA4 Mar-07 2.4
HD Outlet HD4 Apr-07 18.0
HD Inlet HD1 Sep-07 1.4
HD Inlet HD1 Oct-07 4.3
HD Inlet HD1 Nov-07 5.6
HD Inlet HD1 Dec-07 1.7
HD Inlet HD1 Nov-07 3.8
HD Outlet HD4 Oct-07 3.6
HD Outlet HD4 Nov-07 1.1
HD Outlet HD4 Dec-07 1.8
HD Inlet HD1 May-07 13.0
HD Inlet HD1 Jun-07 6.6
HD Inlet HD1 Jul-07 6.5
HD Inlet HD1 Aug-07 12.0
HD Inlet HD1 Jul-07 2.3
HD Inlet HD1 Aug-07 1.1
HD Outlet HD4 May-07 11.0
HD Outlet HDA4 Jun-07 2.8
HD Outlet HD4 Jul-07 1.1
HD Outlet HD4 Aug-07 12.0
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TN (mg/L)

. . SNWA Samplin
Site Location Location D aP[ e 9 Water
Column
HD Outlet HD4 Jul-07 2.1
HD Outlet HD4 Aug-07 1.1
PW Inlet PW-Inlet May-07 8.1
PW Inlet PW-Inlet Jul-07 10.0
PW Inlet PW-Inlet Aug-07 8.5
PW Outlet PW-Ouitlet May-07 8.1
PW Outlet PW-Outlet Jun-07 10.0
PW Outlet PW-Outlet Jul-07 9.5
PW Outlet PW-Outlet Aug-07 8.5
PW Outlet PW-Outlet May-07 7.8
PW Outlet PW-Outlet Jun-07 10.0
PW Outlet PW-Outlet Jul-07 9.6
PW Outlet PW-Outlet Aug-07 8.3
PW Inlet PW:-Inlet Jan-08 8.8
PW Inlet PW-Inlet Feb-08 9.6
PW Inlet PW-Inlet Mar-08 10.0
PW Outlet PW-Outlet Jan-08 8.9
PW Outlet PW-Outlet Feb-08 9.6
PW Outlet PW-Outlet Mar-08 9.0
PW Outlet PW-Outlet Feb-07 8.8
PW Outlet PW-Outlet Mar-07 9.5
PW Outlet PW-Ouitlet Apr-07 10.0
PW Inlet PW:-Inlet Feb-07 9.9
PW Inlet PW:-Inlet Mar-07 9.1
PW Inlet PW-Inlet Apr-07 8.9
PW Outlet PW-Outlet Feb-07 9.5
PW Outlet PW-Outlet Mar-07 8.9
PW Outlet PW-Outlet Apr-07 8.8
PW Outlet PW-Outlet Jan-08 7.5
PW Outlet PW-Outlet Feb-08 8.1
PW Outlet PW-Outlet Mar-08 9.6
PW Outlet PW-Outlet Jan-08 8.8
PW Outlet PW-Outlet Feb-08 8.7
PW Inlet PW-Inlet Sep-07 8.1
PW Inlet PW-Inlet Oct-07 8.8
PW Outlet PW-Outlet Sep-07 9.0
PW Outlet PW-Outlet Oct-07 8.7
PW Outlet PW-Outlet Sep-07 8.9
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. . SNWA | Sampling | N-(Mg/L)
Site Location Location D aP[ e 9 Water
Column
PW Outlet PW-Outlet Oct-07 8.6
PW Inlet PW-Inlet Aug-07 9.4
PW Outlet PW-Outlet Sep-07 9.1
FW Outlet FW-0 Jan-07 4.3
FW Outlet FW-0 Feb-07 4.8
FW Outlet FW-0 Mar-07 4.5
FW Outlet FW-0 Jan-08 4.2
FW Inlet TW-DRI Jan-07 2.1
FW Inlet TW-DRI Feb-07 5.3
FW Inlet TW-DRI Mar-07 3.5
FW Inlet TW-DRI Feb-08 4.3
FW Inlet TW-DRI Mar-08 4.3
FW Inlet TW-DRI Jan-08 3.9
FW Inlet TW-DRI Jan-07 5.2
FW Inlet TW-DRI Feb-07 3.4
FW Inlet TW-DRI Mar-07 51
FW Inlet TW-DRI Jan-08 4.3
FW Inlet TW-DRI Jan-07 3.1
FW Outlet FW-0 May-07 4.5
FW Outlet FW-0 Jun-07 3.6
FW Outlet FW-0 Jul-07 3.8
FW Outlet FW-0 Aug-07 3.5
FW Outlet FW-0 May-08 3.4
FW Outlet FW-0 Jun-08 4.1
FW Outlet FW-0 Jul-08 3.4
FW Outlet FW-0 Aug-08 3.6
FW Inlet TW-DRI Oct-07 3.5
FW Inlet TW-DRI Nov-07 54
FW Inlet TW-DRI Dec-07 2.8
FW Outlet FW-0 Nov-07 4.3
FW Outlet FW-0 Dec-07 4.8

Note: Nearby sites were sampled for nutrients and metals in water column wheneve
insufficient samples were found in one location.
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vi) Sediment total nitrogen (TN) from the Las Vegas Wash (LVW), FigmMWash
(FW), Demonstration Wetland at the City of Henderson Water ReclamatidiyH#tD)
and Pittman Wash Pilot Wetlands (PW) wetlands.

Site Season Location ™ .(%)
Sediment
LVW Spring 09 Inlet 0.09
LVW Spring 09 Inlet 0.07
LVW Spring 09 Outlet 0.06
LVW Spring 09 Outlet 0.08
LVW Winter 08 Inlet 0.11
LVW Winter 08 Inlet 0.15
LVW Winter 08 Inlet 0.11
LVW Winter 08 Outlet 0.13
LVW Winter 08 Outlet 0.16
LVW Winter 08 Outlet 0.14
LVW Summer 08 Inlet 0.05
LVW Summer 08 Inlet 0.07
LVW Summer 08 Inlet 0.10
LVW Summer 08| Outlet 0.06
LVW Summer 08 Outlet 0.06
LVW Summer 08| Outlet 0.06
HD Spring 09 Inlet 0.05
HD Spring 09 Inlet 0.05
HD Spring 09 Outlet 0.05
HD Spring 09 Outlet 0.06
HD Winter 08 Inlet 0.07
HD Winter 08 Inlet 0.07
HD Winter 08 Inlet 0.06
HD Winter 08 Outlet 0.04
HD Winter 08 Outlet 0.04
HD Winter 08 Outlet 0.04
HD Summer 08 Inlet 0.08
HD Summer 08 Inlet 0.07
HD Summer 08 Inlet 0.09
HD Summer 08 Outlet 0.07
HD Summer 08 Outlet 0.05
HD Summer 0§ Outlet 0.06
PW Summer 08 Inlet 0.05
PW Summer 08 Inlet 0.05
PW Summer 08 Inlet 0.04
PW Summer 08 Outlet 0.05
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Site Season Location ™ .(%)
Sediment

PW Summer 08 Outlet 0.05

PW Spring 09 Inlet 0.07
PW Spring 09 Inlet 0.07
PW Spring 09 Outlet 0.10
PW Spring 09 Outlet 0.10
PW Winter 08 Inlet 0.08
PW Winter 08 Inlet 0.08
PW Winter 08 Outlet 0.07
PW Winter 08 Outlet 0.06
PW Winter 08 Outlet 0.06
PW Winter 08 Inlet 0.06
FW Spring 09 Outlet 0.02
FW Spring 09 Outlet 0.03
FW Spring 09 Inlet 0.15
FW Spring 09 Inlet 0.11
FW Summer 08§ Inlet 0.11

FW Summer 08 Inlet 0.16

FW Summer 08§ Inlet 0.12

FW Summer 08 Outlet 0.08

FW Summer 08 Outlet 0.08

FW Summer 08 Outlet 0.08

FW Winter 08 Inlet 0.14
FW Winter 08 Inlet 0.13
FW Winter 08 Inlet 0.14
FW Winter 08 Outlet 0.05
FW Winter 08 Outlet 0.05
FW Winter 08 Outlet 0.05
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vii) Arsenic concentrations (As) in plant tissues from the Las Vegas \(L88V),
Flamingo Wash (FW), Demonstration Wetland at the City of Henderson Water
Reclamation Facility (HD) and Pittman Wash Pilot Wetlands (PW) wetlands

. Arsenic (u1g/g)
Site Season Plant Shoot Root Total
LVW Spring Typha 5.21 1.32 3.26
LVW Spring Typha 4.23 2.12 3.17
LVW Spring Typha 5.31 2.86 4.08
LVW Summer Typha 10.10 1.39 5.74
LVW Summer Typha 9.86 1.16 5.51
LVW Summer Typha 9.16 1.12 5.14
LVW Summer Typha 3.60 1.53 2.56
LVW Summer Sch-cal 5.60 0.13 2.86
LVW Summer Sch-cal 3.02 1.44 2.23
LVW Summer Sch-cal 4.54 0.63 2.58
LVW Winter Typha 5.80 0.40 3.10
LVW Winter Typha 3.35 0.95 2.15
HD Summer Sch-cal 1.02 0.86 0.94
HD Summer Sch-cal 1.89 0.16 1.02
HD Spring Sch-ac 1.52 0.62 1.07
HD Spring Sch-cal 1.64 0.35 0.99
HD Spring Typha 2.06 0.25 1.19
HD Winter Sch-ac 2.05 0.84 1.44
HD Winter Sch-ac 2.00 0.70 1.35
HD Winter Sch-am 2.05 1.05 1.55
HD Winter Sch-am 2.56 0.40 1.48
HD Winter Sch-cal 251 0.25 1.37
HD Winter Sch-cal 1.72 0.35 1.02
PW Winter Sch-ac 8.05 1.60 4.80
PW Winter Sch-ac 6.24 151 3.87
PW Winter Sch-am 9.65 1.90 5.77
PW Winter Sch-am 8.41 2.60 5.50
PW Winter Sch-cal 10.20 1.25 5.72
PW Summer Sch-ac 10.21 3.90 7.05
PW Summer Sch-ac 8.34 2.30 5.32
PW Summer Sch-am 10.60 3.50 7.05
PW Summer Sch-am 9.41 4.88 7.14
PW Summer Sch-cal 13.91 0.20 7.05
PW Summer Sch-cal 12.28 0.35 6.31
PW Summer Sch-cal 5.85 1.20 3.52
PW Summer Sch-cal 6.85 3.54 5.19
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. Arsenic (u1g/g)

Site Season Plant Shoot Root Total

PW Winter Sch-cal 12.21 0.96 6.58
PW Winter Sch-cal 5.15 3.65 4.40
FW Summer Typha 3.50 0.60 2.05
FW Summer Typha 0.35 0.85 0.60
FW Summer Typha 2.21 0.56 1.38
FW Summer Typha 1.63 0.74 1.17

viii) Arsenic concentrations (As) from the Las Vegas Wash (LVW), FlgmiWash

(FW), Demonstration Wetland at the City of Henderson Water ReclamatidyH&tD)

and Pittman Wash Pilot Wetlands (PW) wetlands. (Ref: SNWA database)

Arsenic
. : Sampling (ng/L)
Site Location Date Water
Column
LVW Inlet Jan-07 5.9
LVW Inlet Feb-07 6.5
LvVW Inlet Mar-07 7.2
LVW Inlet May-07 7.5
LVW Inlet Jun-07 6.2
LVW Inlet Jul-07 6.5
LVW Inlet Aug-07 5.7
LVW Inlet Sep-07 3.0
LVW Inlet Oct-07 1.8
LvVW Inlet Nov-07 2.6
LVW Inlet Dec-07 51
LVW Inlet Sep-07 6.6
LVW Inlet Oct-07 6.6
LVW Inlet Nov-07 4.1
LVW Inlet Dec-07 7.3
LVW Outlet Jan-07 9.2
LvVW Outlet Feb-07 9.8
LVW Outlet Mar-07 11.0
LVW Outlet May-07 9.4
LVW Outlet Jun-07 8.3
LVW Outlet Jul-07 8.4
LVW Outlet Aug-07 9.3
LVW Outlet Nov-07 8.9
LVW Outlet Dec-07 10.0
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Arsenic

. . Samplin /L
Site Location DaP[e 9 \(/L\;gtez
Column
LVW Outlet Oct-07 9.7
LVW Outlet Nov-07 7.2
LVW Outlet Dec-07 9.7
HD Inlet Jul-07 3.3
HD Inlet Aug-07 3.8
HD Inlet Nov-07 4.8
HD Outlet Feb-07 3.2
HD Outlet May-07 3.0
HD Outlet Jun-07 3.0
HD Outlet Jul-07 3.1
HD Outlet Aug-07 3.0
HD Outlet May-07 3.1
HD Outlet Jun-07 3.6
HD Outlet Jul-07 3.0
HD Outlet Aug-07 3.1
HD Outlet Sep-07 3.4
HD Outlet Nov-07 4.0
HD Outlet Dec-07 3.1
PW Inlet Feb-07 14.0
PW Inlet Mar-07 15.0
PW Inlet Apr-07 10.0
PW Inlet Feb-07 14.0
PW Inlet Mar-07 12.0
PW Inlet Apr-07 14.0
PW Inlet May-07 14.0
PW Inlet Jun-07 14.0
PW Inlet Jul-07 15.0
PW Inlet Aug-07 15.0
PW Inlet Sep-07 14.0
PW Inlet Oct-07 15.0
PW Inlet Nov-07 15.0
PW Outlet Feb-07 13.0
PW Outlet Mar-07 15.0
PW Outlet Apr-07 15.0
PW Outlet Feb-07 9.9
PW Outlet Mar-07 14.0
PW Outlet Apr-07 11.0
PW Outlet Feb-07 14.0
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Arsenic

. . Samplin /L
Site Location DaP[e 9 \(/L\;gtez
Column
PW Outlet Mar-07 14.0
PW Outlet Apr-07 12.0
PW Outlet Feb-07 15.0
PW Outlet Mar-07 13.0
PW Outlet Apr-07 15.0
PW Outlet Feb-07 15.0
PW Outlet Mar-07 9.8
PW Outlet Jun-07 14.0
PW Outlet Jul-07 16.0
PW Outlet Aug-07 15.0
PW Outlet May-07 14.0
PW Outlet Jun-07 14.0
PW Outlet Jul-07 15.0
PW Outlet Aug-07 15.0
PW Outlet Sep-07 15.0
PW Outlet Oct-07 15.0
PW Outlet Nov-07 15.0
FW Outlet Jan-01 6.4
FW Outlet Apr-01 7.5
FW Outlet Jan-02 8.1
FW Outlet Apr-02 7.2
FW Outlet Jan-03 5.2
FW Outlet Apr-03 4.8
FW Outlet Jan-04 7.4
FW Outlet Apr-04 5.4
FW Outlet Apr-05 7.0
FW Outlet Apr-06 5.2
FW Outlet Jan-07 4.1
FW Outlet Apr-07 4.9
FW Outlet Jan-08 4.5
FW Outlet Apr-08 4.5
FW Outlet Jul-01 6.2
FW Outlet Jul-02 9.2
FW Outlet Jul-03 5.8
FW Outlet Jul-04 5.1
FW Outlet Jul-05 8.5
FW Outlet Jul-06 55
FW Outlet Jul-07 55
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Arsenic
. . Samplin /L

Site Location DaP[e 9 \(/L\jgtez

Column
FW Outlet Oct-02 6.7
FW Outlet Oct-03 4.9
FW Outlet Oct-04 6.8
FW Outlet Oct-05 4.4
FW Outlet Oct-06 5.8
FW Outlet Oct-01 8.8

Note: Water quality data in LVW, HD & PW were selected for year 2007/08,\or F
years 2001-2008, due to less frequent sampling.

iX) Arsenic concentrations (As) from the Las Vegas Wash (LVW), Flaminggh\{FaWV),
Demonstration Wetland at the City of Henderson Water Reclamation Fédiljyand
Pittman Wash Pilot Wetlands (PW) wetlands.

Arsenic
Site Location Season (na/g)
Sediment
LVW Inlet Spring 09 3.50
LVW Inlet Spring 09 3.69
LVW Inlet Summer 09 3.86
LVW Inlet Summer 09 4.72
LVW Inlet Summer 09 4.71
LVW Inlet Summer 09 5.49
LVW Inlet Winter 08 5.68
LVW Inlet Winter 08 5.33
LVW Outlet Summer 09 3.63
LVW Outlet Summer 09 4.12
LVW Outlet Summer 09 5.78
LVW Outlet Summer 09 5.27
LVW Outlet Winter 08 4,72
LVW Outlet Winter 08 5.56
HD Inlet Spring 09 3.53
HD Inlet Spring 09 3.46
HD Inlet Summer 09 5.94
HD Inlet Summer 09 3.23
HD Inlet Summer 09 2.53
HD Inlet Summer 09 2.57
HD Inlet Winter 08 4.32
HD Inlet Winter 08 3.85
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Arsenic

Site Location Season (na/g)
Sediment
HD Outlet Summer 09 2.74
HD Outlet Summer 09 3.05
HD Outlet Summer 09 3.38
HD Outlet Summer 09 3.64
HD Outlet Winter 08 2.32
HD Outlet Winter 08 2.52
PW Inlet Summer 09 5.99
PW Inlet Summer 09 6.21
PW Inlet Winter 08 6.35
PW Outlet Spring 09 5.61
PW Outlet Spring 09 4.03
PW Outlet Summer 09 6.81
PW Outlet Summer 09 6.90
PW Outlet Summer 09 4.11
PW Outlet Summer 09 3.63
PW Outlet Summer 09 5.80
PW Outlet Summer 09 8.30
PW Outlet Winter 08 6.38
PW Outlet Winter 08 7.25
FW Inlet Summer 09 2.44
FW Inlet Summer 09 3.02
FW Inlet Summer 09 1.99
FW Inlet Summer 09 2.45
FW Inlet Winter 08 3.03
FW Inlet Winter 08 3.56
FW Outlet Spring 09 3.86
FW Outlet Spring 09 2.51
FW Outlet Spring 09 3.06
FW Outlet Summer 09 4.37
FW Outlet Summer 09 3.89
FW Outlet Summer 09 2.38
FW Outlet Summer 09 2.53
FW Outlet Winter 08 3.61
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X) Selenium concentrations (Se) in plant tissues from the Las Vegas Mash, (

Flamingo Wash (FW), Demonstration Wetland at the City of Henderson Water

Reclamation Facility (HD) and Pittman Wash Pilot Wetlands (PW) wetlands

. Selenium (ug/g)

Site Season Plant Shoot Root Total
LVW Spring Typha 2.60 0.96 1.78
LVW Spring Typha 1.36 0.87 1.11
LVW Spring Typha 1.70 1.02 1.36
LVW Spring Typha 3.62 0.58 2.10
LVW Summer Typha 1.80 1.34 1.57
LVW Summer Typha 1.82 0.72 1.27
LVW Summer Typha 2.20 0.76 1.48
LVW Summer Typha 1.54 0.67 1.10
LVW Summer Sch-cal 1.58 0.58 1.08
LVW Summer Sch-cal 1.32 0.69 1.00
LVW Winter Typha 8.30 4.45 6.37
LVW Winter Typha 14.35 2.95 8.65
HD Summer Sch-cal 2.48 0.64 1.56
HD Summer Sch-cal 2.10 0.72 1.41
HD Spring Sch-am 1.80 1.80 1.80
HD Spring Sch-ac 4.46 1.80 3.13
HD Spring Sch-cal 2.90 1.50 2.20
HD Spring Typha 1.62 0.72 1.17
HD Spring Typha 2.38 0.59 1.48
HD Winter Sch-ac 6.40 2.45 4.42
HD Winter Sch-ac 6.85 3.50 5.17
HD Winter Sch-am 6.45 1.00 3.72
HD Winter Sch-am 5.45 2.15 3.80
HD Winter Sch-cal 1.95 0.50 1.22
HD Winter Sch-cal 1.40 2.40 1.90
PW Winter Sch-ac 11.65 9.30 10.47
PW Winter Sch-ac 14.80 8.70 11.75
PW Winter Sch-am 20.15 11.45 15.80
PW Winter Sch-am 18.11 14.53 16.32
PW Winter Sch-cal 8.60 6.45 7.52
PW Summer Sch-ac 12.00 2.45 7.22
PW Summer Sch-ac 9.65 3.27 6.46
PW Summer Sch-am 21.75 11.75 16.75%
PW Summer Sch-am 17.56 15.28 16.4:
PW Summer Sch-cal 5.90 2.20 4.05
PW Summer Sch-cal 7.54 5.21 6.37

OO
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. Selenium (ug/g)

Site Season Plant Shoot Root Total
PW Summer Sch-cal 8.00 4.15 6.07
PW Summer Sch-cal 6.38 0.00 6.38
PW Winter Sch-cal 5.20 4.21 4.70
PW Winter Sch-cal 14.70 3.65 9.17
PW Winter Sch-cal 17.51 5.36 11.43
FW Summer Typha 2.45 1.20 1.82
FW Summer Typha 1.90 0.15 1.02
FW Summer Typha 1.32 0.82 1.07
FW Summer Typha 1.76 0.72 1.24

Appendix xi) Selenium concentrations (Se) in Water Column from the Las Véagsis
(LVW), Flamingo Wash (FW), Demonstration Wetland at the City of HendersaarWa
Reclamation Facility (HD) and Pittman Wash Pilot Wetlands (PW) wetlgRes:
SNWA database).

. : Sampling Selenium
Site Location Date (ug/L)
Water Column
LVW Inlet Jan-07 2.6
LVW Inlet Feb-07 2.9
LVW Inlet Mar-07 2.8
LVW Inlet Jan-07 3.8
LVW Inlet Feb-07 4.1
LVW Inlet Mar-07 3.9
LVW Inlet May-07 2.7
LVW Inlet Jun-07 2.7
LVW Inlet Jul-07 2.9
LVW Inlet Aug-07 2.6
LVW Inlet May-07 3.7
LVW Inlet Jun-07 3.3
LVW Inlet Jul-07 3.6
LVW Inlet Aug-07 3.3
LVW Inlet Sep-07 3.0
LVW Inlet Oct-07 2.6
LVW Inlet Nov-07 2.9
LVW Inlet Dec-07 2.7
LVW Inlet Sep-07 3.6
LVW Inlet Oct-07 4.0
LVW Inlet Nov-07 3.9
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. . Sampling Selenium
Site Location Date (no/L)
Water Column
LVW Inlet Dec-07 3.7
LVW Inlet Nov-07 3.1
LVW Inlet Dec-07 4.2
LVW Outlet Jan-07 3.4
LVW Outlet Feb-07 3.7
LVW Outlet Mar-07 3.6
LVW Outlet May-07 3.2
LVW Outlet Jun-07 2.8
LVW Outlet Jul-07 2.9
LVW Outlet Aug-07 3.1
LVW Outlet Oct-07 4.0
LVW Outlet Nov-07 3.4
LVW Outlet Dec-07 3.1
LVW Outlet Nov-07 3.2
LVW Outlet Dec-07 3.3
HD Inlet Jan-07 1.6
HD Inlet Feb-07 2.6
HD Inlet Jul-07 2.1
HD Inlet Aug-07 2.2
HD Inlet Dec-07 2.0
HD Outlet May-07 2.0
HD Outlet Jun-07 1.9
HD Outlet Jul-07 1.6
HD Outlet Aug-07 1.8
HD Outlet May-07 2.0
HD Outlet Jun-07 1.3
HD Outlet Jul-07 1.2
HD Outlet Aug-07 2.1
PW Inlet Jan-07 9.3
PW Inlet Feb-07 11.0
PW Inlet Mar-07 9.8
PW Inlet Jan-07 11.0
PW Inlet Feb-07 12.0
PW Inlet Mar-07 11.0
PW Inlet May-07 10.0
PW Inlet Jun-07 11.0
PW Inlet Jul-07 11.0
PW Inlet Aug-07 10.0
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. . Sampling Selenium
Site Location Date (ua/l)
Water Column

PW Inlet Oct-07 9.8
PW Inlet Nov-07 11.0
PW Inlet Dec-07 11.0
PW Outlet Jan-07 9.1
PW Outlet Feb-07 10.0
PW Outlet Mar-07 12.0
PW Outlet Jan-07 11.0
PW Outlet Feb-07 11.0
PW Outlet Mar-07 11.0
PW Outlet Jan-07 11.0
PW Outlet Feb-07 11.0
PW Outlet Mar-07 12.0
PW Outlet Jan-07 12.0
PW Outlet Feb-07 8.6
PW Outlet Mar-07 9.2
PW Outlet Jan-08 11.0
PW Outlet Feb-08 10.0
PW Outlet May-07 10.0
PW Outlet Jul-07 11.0
PW Outlet Aug-07 11.0
PW Outlet May-07 9.9
PW Outlet Jun-07 11.0
PW Outlet Jul-07 11.0
PW Outlet Aug-07 11.0
PW Outlet Oct-07 11.0
PW Outlet Nov-07 11.0
PW Outlet Dec-07 11.0
FW Inlet Jan-07 8.6
FW Inlet Feb-07 8.4
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Appendix xii) Selenium concentrations (Se) in sediment from the Las Vegsls Wa
(LVW), Flamingo Wash (FW), Demonstration Wetland at the City of HendersaerWa
Reclamation Facility (HD) and Pittman Wash Pilot Wetlands (PW) wetlands

Selenium
Site Location| Season (na/g)
Sediment
LVMW Inlet Spring 09 3.50
LVMW Inlet Spring 09 3.69
LVMW Inlet Summer 09 3.86
LVMW Inlet Summer 09 4.72
LVMW Inlet Summer 09 4.71
LVMW Inlet Summer 09 5.49
LVMW Inlet Winter 08 5.68
LVMW Inlet Winter 08 5.33
LVMW Outlet | Summer 09 3.63
LVMW Outlet | Summer 09 4.12
LVMW Outlet | Summer 09 5.78
LVMW Outlet | Summer 09 5.27
LVMW Outlet Winter 08 4,72
LVMW Outlet Winter 08 5.56
HD Inlet Spring 09 3.53
HD Inlet Spring 09 3.46
HD Inlet Summer 09 5.94
HD Inlet Summer 09 3.23
HD Inlet Summer 09 2.53
HD Inlet Summer 09 2.57
HD Inlet Winter 08 4.32
HD Inlet Winter 08 3.85
HD Outlet | Summer 09 2.74
HD Qutlet | Summer 09 3.38
HD Qutlet | Summer 09 3.64
HD Outlet Winter 08 2.32
HD Outlet Winter 08 2.52
PW Inlet Summer 09 5.99
PW Inlet Summer 09 6.21
PW Inlet Winter 08 7.60
PW Inlet Winter 08 6.35
PW Outlet Spring 09 5.60
PW Outlet Spring 09 4.03
PW Outlet | Summer 09 6.80
PW Outlet | Summer 09 6.90
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Selenium
Site Location| Season (na/g)
Sediment
PW Outlet | Summer 09 4.11
PW Outlet | Summer 09 3.63
PW Outlet | Summer 09 5.80
PW Outlet | Summer 09 8.30
PW Outlet Winter 08 6.38
PW Outlet Winter 08 7.25
FW Inlet Summer 09 2.44
FW Inlet Summer 09 3.02
FW Inlet Summer 09 1.99
FW Inlet Summer 09 2.45
FW Inlet Winter 08 3.03
FW Inlet Winter 08 3.56
FW Outlet Spring 09 3.86
FW Outlet Spring 09 251
FW Outlet Spring 09 3.06
FW Outlet | Summer 09 4.37
FW Outlet | Summer 09 3.89
FW Outlet | Summer 09 2.38
FW Outlet | Summer 09 2.53
FW Outlet Winter 08 3.61
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xiii) Plant tissue total phosphorous (TP) and total nitrogen (TN) from thé&/egas
Wash (LVW), Demonstration Wetland at the City of Henderson Water Reclamation
Facility (HD), Pittman Wash Pilot Wetlands (PW) and Flamingo Wash (FW)

TP (%)

Site Season Plant Shoot Root Total
LVW Fall Typha 0.07 0.12 0.09
LVW Fall Typha 0.18 0.15 0.17
LVW Fall Typha 0.07 0.09 0.08
LVW Fall Typha 0.09 0.07 0.08

HD Fall Sch-cal 0.05 0.08 0.06

HD Fall Sch-cal 0.08 0.07 0.07

HD Fall Sch-cal 0.10 0.16 0.13

HD Fall Sch-cal 0.07 0.14 0.10

PW Fall Sch-cal 0.05 0.09 0.07

PW Fall Sch-cal 0.01 0.04 0.03

PW Fall Sch-cal 0.02 0.03 0.03

PW Fall Sch-cal 0.02 0.05 0.04

FW Fall Typha 0.02 0.08 0.05

FW Fall Typha 0.02 0.04 0.03

FW Fall Typha 0.02 0.05 0.03

FW Fall Typha 0.02 0.04 0.03

TN (%)

Site Season Plant Shoot Root Total
LVW Fall Typha 2.28 1.12 1.70
LVW Fall Typha 3.18 1.05 2.12
LVW Fall Typha 0.75 0.84 0.80
LVW Fall Typha 0.96 0.73 0.85

HD Fall Sch-cal 1.46 1.58 1.52

HD Fall Sch-cal 1.24 1.09 1.17

HD Fall Sch-cal 2.88 1.04 1.96

HD Fall Sch-cal 1.69 1.31 1.50

PW Fall Sch-cal 2.58 0.68 1.63

PW Fall Sch-cal 2.08 0.91 1.50

PW Fall Sch-cal 1.28 0.78 1.03

PW Fall Sch-cal 2.13 0.95 1.54

FW Fall Typha 1.24 0.72 0.98

FW Fall Typha 1.18 0.87 1.03

FW Fall Typha 1.15 0.63 0.89

FW Fall Typha 1.35 0.83 1.09
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xiv) Annual average seasonal variation for plant tissue nutrients (TN, TP) ard (Asta
Se) plant tissue nutrient concentration from the Las Vegas Wash (LVWpridémation

Wetland at the City of Henderson Water Reclamation Facility (HD), &ittvash Pilot
Wetlands (PW) and Flamingo Wash (FW)

Wetland sites TP %
Winter Spring Summer
LVW 0.06+0.002 0.06+0.003 0.14+0.007
HD 0.07+0.002 0.11+0.01 0.15+0.01
PW 0.02+0.001 0.04+0.004 0.05+0.002
FW 0.03+0.002 0.08+0.002
Wetland sites TN %
Winter Spring Summer
LVW 1.21+0.09 1.49+0.05 1.77+0.01
HD 1.36+0.08 1.40+0.06 1.79+0.10
PW 0.70+0.04 0.80+0.02 1.07+0.04
FW 0.69+0.07 1.19+0.03
Wetland sites As (1g/9)
Winter Spring Summer
LVW 2.63+0.47 3.51+0.28 3.81+0.59
HD 1.37+0.07 1.09+0.05 0.98+0.04
PW 5.17+0.33 6.08+0.46
FW 1.30+0.29
Wetland sites Se (Lo/g)
Winter Spring Summer
LVW 7.51+1.13 1.59+0.21 1.27+0.08
HD 3.38+0.61 1.96+0.33 1.49+0.07
PW 10.9+1.04 8.72+1.74
FW 1.29+0.18
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APPENDIX B. ROOT DIAMETER AND ROOT TENSILE STRENGTH OF NAVE
XEORIPARIAN SPECIES

Artiplex lentiformis Lycium ander sonii
Average Diameter | Root Tensile Average Diameterf Root Tensile
(mm) Tr (Mpa) (mm) Tr (Mpa)
5.20 4.92 1.50 16.94
1.50 21.15 1.00 26.72
1.30 41.39 0.90 54.85
2.90 12.95 0.70 59.69
1.10 49.49 0.80 45.70
1.0 45.03 5.50 12.58
6.30 14.81 0.60 77.73
6.40 7.82 3.00 16.88
4.30 8.21 0.70 59.69
3.90 11.45 3.60 17.39
3.90 5.90 5.00 10.68
4.30 4.42 3.10 19.24
4.80 5.11 0.60 84.75
3.90 1.97 0.40 63.66
2.90 18.71 0.30 49.51
4.00 20.69 0.50 50.93
2.90 21.36 0.50 50.93
6.50 4.53 0.20 127.32
2.30 27.78 0.30 91.96
2.70 20.39 0.30 84.88
0.65 96.22 0.40 59.68
0.50 106.93 0.20 143.24
2.65 4.89 0.20 127.32
1.60 9.45 0.40 31.83
2.35 17.67 0.40 31.83
3.70 5.37 1.40 27.19
2.05 11.48 1.00 25.43
2.90 12.66 1.10 29.39
1.10 68.12 1.70 14.05
1.15 39.35 2.20 12.31
1.30 32.29 2.40 11.88
0.20 79.58 3.40 16.85
0.20 95.49 1.90 11.61
0.20 159.15 1.80 11.36
0.20 111.41 1.80 11.36
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Artiplex lentiformis Lycium ander sonii
Average Diameter | Root Tensile Average Diameterf Root Tensile
(mm) Tr (Mpa) (mm) Tr (Mpa)
0.25 112.04 0.50 30.56
0.35 62.36 0.40 47.75
0.25 122.23 0.80 10.94
0.20 95.49 0.60 35.37
0.20 143.24 0.80 13.93
0.25 122.23 0.70 23.39
0.20 95.49 0.60 34.48
0.30 70.74 0.50 53.48
0.30 87.00 0.30 159.15
0.20 143.24 0.30 173.30
0.35 54.57 0.30 187.45
0.30 201.60
0.80 30.34
0.60 57.47
0.80 34.32
0.60 64.55
0.80 38.30
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D

Larrea tridentata Allenrolfea occidentalis
Average Diameter | Root Tensilee Average Diameter| Root Tensil
(mm) Tr (Mpa) (mm) Tr (Mpa)
1.00 35.57 2.60 12.71
1.00 27.97 1.90 17.43
1.10 36.73 1.10 29.97
0.70 46.75 0.90 29.28
1.30 24.80 1.30 21.99
1.40 25.26 1.80 21.13
1.00 35.57 1.20 38.76
1.00 38.10 0.90 40.90
0.80 43.72 1.20 31.70
1.30 39.78 0.70 33.49
1.10 27.31 0.70 40.90
0.80 59.54 2.20 19.88
1.00 27.98 1.30 23.67
0.70 72.60 0.90 34.62
2.30 22.27 1.10 29.76
1.50 16.93 0.80 30.85
1.10 45.08 1.00 14.49
1.30 39.75 1.50 15.32
0.90 76.72 1.30 34.50
0.60 98.86 1.20 40.49
0.80 39.80 0.80 33.00
0.80 97.10 0.60 44.23
0.90 84.56 0.70 51.97
1.70 24.58 0.30 49.51
0.90 81.41 0.40 43.77
0.70 95.85 0.20 95.49
0.60 95.34 0.50 40.74
0.60 98.86 0.40 31.83
0.60 98.86 0.40 39.79
1.60 32.66 0.40 55.70
0.30 106.10 0.30 63.66
0.20 119.37 0.20 79.58
0.40 67.64 0.20 79.58
0.30 99.03 0.40 59.68
0.30 95.49 0.40 39.79
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Larrea tridentata

Allenrolfea occidentalis

D

Average Diameter | Root Tensilee Average Diameter| Root Tensil
(mm) Tr (Mpa) (mm) Tr (Mpa)
0.30 106.10 3.80 9.56
0.30 91.96 1.30 23.29
0.50 45.84 1.80 20.75
0.20 111.41 1.00 29.29
0.30 49.51 1.10 25.37
0.40 59.68 2.00 19.96
0.50 48.38 2.20 22.78
0.30 84.88 2.10 15.24
1.10 29.40
1.50 25.37
1.10 35.67
2.50 18.04
2.10 22.69
3.60 8.50
2.50 17.03
0.50 45.84
0.50 45.84
0.40 55.70
0.50 50.93
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