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Abstract

A major strategy in response to rapid degradation and ldsofi i si anads coast
wetlands has been the construction of siphon diversion projects. The diversions are designed to
reintroduce nutrient enriched freshwater from the Mississippi River into wetland ecosystems to
combat saltwater intrusion and stimulate shagrowth. The lack of consensus regarding the
effects of river diversions on nutrient enrichment of wetland ecosystems is coupled with major
concerns about eutrophication. Locating, assesamgymonitoring eutrophic marsh vegetation
represent major cHahgesto understanding the impacts of freshwatmersions As a result,
this study was undertaken to investigate the feasibility ofefivogl eutrophication vulnerability
of a coastal Louisiana marséceivingturbid Mississippi River water. The majorjebtive was
to integrate remotely sensed data with field measurements of vegetation biophysical
characteristics and historical ecosystem survey data to delineate landscape patterns suggestive of
vulnerability to eutrophication. The initial step in accosighg this goal was to model the
spatial distribution of freshwater impacts using satellite im@aged turbidity frequency data
associated with siphon diversion operation. Secondly, satellite and spectroradiometer band
combinations and vegetation indiagstimal for modeling marsh biophysical characteristics
related to nutrient enrichment were identified. Finally, satellite imagenda&successfully
integrated with measures of historical and concurrent marsh biophysical characteristics to model
the sptial distribution of eutrophication vulnerability and to elucidate the impacts of freshwater

diversions.
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Abstract

A major strategy in response to rapid degr
wetlands has been the construction of siphon diversion projects. The diversions are designed to
reintroduce nutrient enriched freshwater from the Mississippi River intamgedcosystems to
combat saltwater intrusion and stimulate marsh growth. The lack of consensus regarding the
effects of river diversions on nutrient enrichment of wetland ecosystems is coupled with major
concerns about eutrophication. Locating, assesamgymonitoring eutrophic marsh vegetation
represent major challenges to understanding the impacts of freskhwatsions. As a result,
this study was undertaken to investigate the feasibility ofetivogl eutrophication vulnerability
of a coastal Louisiammarsh receiving turbid Mississippi River water. The major objective was
to integrate remotely sensed data with field measurements of vegetation biophysical
characteristics and historical ecosystem survey data to delineate landscape patterns suggestive of
vulnerability to eutrophication. The initial step in accomplishing this goal was to model the
spatial distribution of freshwater impacts using satellite im@aged turbidity frequency data
associated with siphon diversion operation. Secondly, sawtiitespectroradiometer band
combinations and vegetation indices optimal for modeling marsh biophysical characteristics
related to nutrient enrichment were identified. Finally, satellite image data were successfully
integrated with measures of historicatlasoncurrent marsh biophysical characteristics to model
the spatial distribution of eutrophication vulnerability and to elucidate the impacts of freshwater

diversions.
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Chapter:1 nt roducti on

Loui si anads c o0 as tdetdrioratiregnd disapdesrin@duesto mataral and |y
anthropogenic causes. Artificial flood control levees have effectively isolated the Mississippi
River from its delta, exacerbating natural subsidence, erosion and storm effects (Lopez, 2009;
Dayet al, 2009a). The catruction of extensive networks of canals for oil and gas exploration
and the extraction of natural resources have also contributed to subsidence and erosion and
promoted saltwater intrusion into freshwater marshes (Lopez, 200%tay2009a). Overte
last half century a major strategy for reducing or reversing wetland loss in Louisiana has been the
construction of river diversions designed to reintroduce freshwater from the Mississippi River
into wetland ecosystems to combat saltwater intrusiorsamdilate marsh growth (Dast al.,
2009a). During this same period, runoff of fertilizers, pesticides and other pollutants from
agricultural and urban areas has increased, adversely affecting water quality in the rivers and
streams of the 3 million kfrMississippi River Basin (Cloern, 2001; Mitse,al, 2005;

Siciliano, et al, 2008). Excess nitrogen, in the form of nitratogen, is transported in the

Mississippi River to coastal areas in Louisiana, where the subtropical climate, associated warm
water temperatures, and long growing season facilitate high nutrient uptake and denitrification

rates (Mitschetal.,2005) . Since Louisianaod6s diversions i
River water and sediment into wetland areas, eutrophicateomejor concer(Sklar and

Browder 1998; Lissnest al, 2003; Lane and Day, 1999; Mitsehal.,2005; Dayet al, 2009a).

Eutrophication generally refers to gradual nutrient enrichment in water bodies
(Christropherson, 2009; Ferreiegaal, 2011), btiwhen loading rates are very high, nutrients

also accumulate in soils and vegetation (Dettmann, 2001; Ketnaér2001). In the presence of



excessive nutrient loadings, wetland ecosystem processes are altered, resulting in measurable
changes in plantrpductivity, including increases in net primary productivity (U.S. EPA, 2002;
Ferreiraet al, 2011). Several studies have shown however, that despite increased above ground
biomass, excess nutrient loading in salt marshes reduces below ground plant rgmivethd
rhizome biomass, and carbon accumulation, decreasing geomorphic stability and causing
significant loss in marsh elevation (Darby and Turner, 2008a, 2008b; Teiraler2009; Turner,
2010; Deegaet al, 2012). In contrast, study by Dayetal. (2009b) reported finding high
belowground biomass in marshes impactethieyriver diversion aCaernarvonLouisiana.
Although high nutrient loading to coastal marshes remains a concern that should be monitored,
studies of t he igefdiversianshave beerllimited (Payal,2G089as r
Boustany, 2010).

Research to develop effective methods for assessing and monitoring nutrient enrichment
of Louisianads c o as tstadywaseandértakandosinvestggatatieee d e d .
feasibiity of modeling eutrophication vulnerability of a coastal Louisiana marsh receiving turbid
Mississippi River water. The major objective was to integrate remotely sensed data with field
measurements of vegetation biophysical characteristics and histonegstem survey data to
delineate landscape patterns suggestive of vulnerability to eutrophication.

Chapter 2 describes the initial step in accomplishing the major objective of this study. It
outlines a remote senshijsed method for differentiating nsh areas experiencing high and
low freshwater impacts as a resultloé operation of the West Pointe a la Hache (WPH) siphon
diversion Water turbidity frequency datasets representing gmd postsiphon turbidity
conditionsareused taderive an estinta of turbdity due to siphon operation. Resutethen

classified based on level of turbidity, aadjacent vegetated areas delineated and classified



by level of freshwater impact. The resulting madelssessed for accuracy using corresponding
historical salinity datand analyzed with regard to the spatial distribution of freshwater impacts
relative to the location of the siphon diversion.

Chapter 3 describeébe development of @utrophication vulnerabilitynodel based othe
relationships be&teen field measurements of vegetation parameters associated with wetland
nutrient enrichment and data derived from field spectra and satellite imagery. Measurements of
Leaf Area Index (LAI), plant height, and chlorophyll concentraioecollected across
vegetation productivity and freshwater impact gradients and correlated with specttal data
identify which spectral bands and vegetation indaresnost predictive of the vegetation
parametersBased on the results, a model of predicted chlorophyemmations derived and
assessed for accuraagnd the spatial distribution of chlorophyll concentration relative to the
location of the WPH siphon diversiananalyzed

Chapter 4 builds on the previous chapters by integrating satellite image data with
measures of historical ecosystem survey data and concurrent marsh biophysical characteristics to
model the spatial distribution of eutrophication vulnerability and to edbeithe impacts of
freshwater diversiond/egetation parameters collected across vegetation productivity and
freshwater impact gradiengse integrated witltorresponding historical ecosystem survey data
and analyzedsing amagglomerative hierarchical dtering method The resultsre used to
classify sample sites as exhibiting higher or lower vulnerability to eutrophicaften which
spectral characteristics of the classified sitesised to develop the eutrophication vulnerability
model.The models assess#for accuracy and the resuét® analyzed relative to freshwater

impacts.



Finally, Chapter 5 summarizes thadings of the previous chaptershe broader
impacts of the study are discussed includiagoential to inform the ongoing debate
surrounding botlthe impactf existing freshwater diversiorsd the planning and

implementation ofuture restoratiomprojectsaffectingcoastal Louisianavetlands
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Chapter2A Remot e-B8&smesli Mgt hodngf or Ma

Freshwater Diversion I mpacts i n (

Abstract

This study was conducted to investigate the feasibility of using turbidity frequency data
to identify areas of Louisiana coastal wetlands most impacted by the introduction of turbid
Mississippi River water. Siphon diversion projects operating in South Louisiana are designed to
reintroduce freshwater into wetland ecosystems to combat saltwater intrusion and stimulate
marsh growth. The primary goal of this research was to test whetlercarate remote sensing
based method could be developed for differentiating marsh areas experiencing high and low
freshwater impacts associated with siphon operations. In conjunction with the US Armsy Corp
of Engineers, water turbidity frequency datasets were derived from time series [sandsat
Thematic Mapper (TM) satellite images to representgmd postsiphon turbidity conditions.
Using turbidity frequency prior to commencement of siphon operatiarbaseline, background
turbidity was factored out to derive an estimate of water turbidity due to siphon operation.
Turbidity estimates were then classified based on level of turbidity, and were assessed for
accuracy using corresponding historical safididta. Results indicate that areas classified as
high freshwater impact areas (i.e., highest turbidity due to siphon operation) were associated with
significantly lower levels of salinity. Areas classified as low freshwater impact areas (i.e., lowest
turbidity during siphon operation) were associated with significantly higher levels of salinity.
These results suggest that high and low freshwater impact areas were successfully delineated

using this methodology.



Introduction

Like many wetland ecosystentst oughout t he worl d, Loui sian
deteriorating and disappearing at an alarming rate, due to both natural and anthropogenic causes.
Natural subsidence and erosion have been exacerbated by isolation of the Mississippi River from
its deta through the construction of artificial flood control levees (Lopez, 2009gDaly,
2009a). Petroleum extraction and the construction of extensive networks of canals for oil and
gas exploration have also exacerbated natural subsidence and erogpommaoteéd saltwater
intrusion into Louisianats efal,2089B)wat er mar shes

A number of restoration strategies have been devised in an attempt to reduce or reverse
wetland losses. Major projects implemented in Louisiana duringasiehalf century include
river diversions designed to reintroduce freshwater into wetland ecosystems to combat saltwater
intrusion and stimulate marsh growth (Detyal., 2009a).During this same period, runoff of
fertilizers, pesticides, and other paduats from agricultural and urban areas has increased,
adversely affecting water quality in the rivers and streams of the 3 milliikssissippi River
Basin (Cloern, 2001; Mitsclet al, 2005; Sicilianoet al, 2008).A major concern is that the
diversions introduce nutrient enriched water and sediment from the Mississippi River into coastal
ecosystems, potentially leading to wetland eutrophication (Sklar and Browder 1998; etssner
al., 2003; Lane and Day, 1999; Mitsehal.,2005; Dayet al, 20093. Studies by Darby and
Turner (2008a; 2008b) found that excess nutrient loading in marsh ecosystems reduces below
ground plant growth and, therefore, root and rhizome biomass and carbon accumulation.
Similarly, a 30year study of Massachusetts salt masstiound that eutrophicationay be
accompanied by a decreasehe accumulation of organic matter belowgroualising
significant loss in marsh elevation (Turratral, 2009). The reduction in roots and rhizomes is

likely to exacerbate the erosivdeits of storms (Turneat al.,2009). This is supported by



Howes,et al (2010) who found that Louisiana marshes that received diverted freshwater for 18
years prior to Hurricanes Katrina and Rita were preferentially eroded as a consequence of the
storms In a synthesis of previous studies, however, &agl (2009a) reported that nitrogen
loading rates in the outfall area of the river diversion at Caernarvon, Louisiana, as well as rates in
the Atchafalaya River to marshes surrounding Fourleague Bag,fardess than loading rates
used in the Darby and Turner (2008a; 2008b) studies. Furthermore, another studyebglDay
(2009Db) reported finding high belowground biomass in marshes impacted by the Caernarvon
diversion. Still, high nutrient loading tmastal marshes remains a concern and should be
monitored (Dayet al, 2009a). Further research is necessary to address this concern and the
ongoing debate, yet studies of the effects of river diversions have been limiteet @ay

2009a; Boustany, 2M).

Satellite remote sensing offers an underutilized approach to monitoring possible
eutrophication from freshwater diversions. Freshwater diverted from the Mississippi River
contains high concentrations of suspended particulate matter (SPM) and afpehras it
enters the outfall area. In the presence of SPM the optical properties of water cause light to be
scattered and absorbed by particles and molecules rather than transmitted through water in a
straight | ine, ther ebandincedsingturbidgy (ABaM er 6s tr ans
International, 2003; Guittlest al, 2013). A clear water body is highly absorbent of light, acting
as a dark object, especially in the near infrared wavelengths=30am). With increases in
SPM, a water body will act ane like a bright object, especially in the visible red wavelengths
(600-700 nm) (Lillisand 2004 Lodhi, 1997; Alleret al., 2008). Thus, clear and turbid waters
differ in spectral response, with turbid water exhibiting significantly higher reflectance than clear

water (Froidefonekt al 2002; Li,et al 2003; Allenet al, 2008). Reflectance differences in the



near infrard and red wavelengths can be leveraged for mapping turbidity in river diversion
outfall areas (Harrington and Schiebe, 1992; Miller and McKee, 2004; éllaly 2008).
Furthermore, sediment laden river water transports pollutants to coastal zondeenrd af
nutrient dynamics and phytoplankton productivity (Doxagaal, 2009; Volpeet al, 2011,
Guttleret al.,2013). As a result, in addition to being a relative measure of the amount of SPM in
water, turbidity is an important water quality paramétet can also be used as an indicator of
eutrophication (Fraser, 1998; Guttédral, 2013). Observation networks for monitoring water
quality parameters, including turbidity, typically provide data that has high temporal but low
spatial resolution, reqguang interpolation of the data across large areas (Vel@ed.,2011).
Satellite imagery, although lower in temporal resolution, provides relatively high spatial
resolution data useful for monitoring turbidity and freshwater diversion impacts.

The primay goal of his study was to test whether arcurate remote sensthgsed
method could be developed for differentiating marsh areas experiencing high and low freshwater
impacts associated with siphon operations. Specific objectives were to use saiadjeeyito
identify wetland areas most frequently and least frequently exposed to turbid Mississippi River
water as a result of the operation of the West Pointe a la Hache siphon diversion and to
determine whether concurrent water salinity measurementshibse areas support the
resulting classification of high and low freshwater impacts. The abiliéig¢arately model
relatively high and low impact areas would allow for efficient sampling across a freshwater
impact gradient, aiding in the monitoringmssible eutrophication due to freshwater

introduction.
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Study Area

The study area (Figutzl) is located within the Barataria Basin, an interdistributary
estuarine wetland system of the Mississippi River Delta. Wetland vegetation in the estuary is
charaterized by a progression of fresh, intermediate, brackish, and salt marshes, moving to open
water (Conner and Day, 1987). The study area is an approximately 23®kion of the
estuary located in Plaquemines Parish, Louisiana. It has, like theBaigearia Basin, been
severely impacted by wetland degradation and loss, having experienced some of the highest rates
of Iand |l oss in Louisianads caals2008 Barraspne ( Con
2009; Bethekt al,, 2011).

The study areaxtent includes highly degraded and fragmented marsh areas north and
northeast of Bayou Grand Chenier Ridge, as well as relatively intact core marsh west and
southwest of the ridge, a juxtaposition of conditions allowing compelling comparisbes.
WestPointe a la Hache (WPH) Siphon Diversion Project is located within the study area on the
west bank of the Mississippi River at river kilometer 78.7 (mile 48.9) (Haywood and Boshart,
1998).

The diversionwas designed to provide freshwater and sedimethietonarshes for
restoration and land building (OCPR, 2010; LaCoast, 2008).a relatively lowflow diversion
consisting of eight 1.8 m diameter steel siphon pipes that cross over the levee, run underground,
then discharge river water into an outfadngl. Four channels radiate southward from the pond
to distribute freshwater to the surrounding marsh (Richardi, 2088)ough maximum
discharge for the siphons is estimated as 2744 61 n’s?), based on high river stage and alll
siphons in full opration, freshwater flow at WPH typically ranges betweenBIID fés? (14-

28 ntst) when the siphon is operatior{®ichardi, 2013).1t is estimated that the siphon has

operated approximately 60% of the time since flow began in January(R@93ardi,2013).

11



Although the siphons at WPH have had some effect in reducing salinity, land loss is still

occurring in the project area (Boshart afah Cook, 2007; Richardi, 2013).

Methods
Water Turbidity Frequency Datasets

Water turbidity frequency datasets wereducedor this studyby the U.S. Army Corps
of Engineers (USACH)ased ora technique developed by Allemal (2008)and outlined in
Appendix A The datasets are based on time series dleed_andsat imagesptured between
1984 and 2010 and corresponding to periods of prel postsiphon operation of the WPH
diversion project. For the pesiphon operation time period, optimal Landsat image dates were
chosen to coincide with siphon freshwater flow baserkoards obtained from Louisiana
Coastal Protection and Restoration Authority (CPRA) Strategic Online Natural Resources
Information System (SONRIS, 2011). Pasd postsiphon operation satellite image dates and
associated freshwater flows are providedable 2.1.

The USACE datasets consist of two turbidity frequency maps, adapted versions of which
are provided in Figures 2.2 and 2.3. The p#83 turbidity map (Figure.2) depicts the
frequency of classification of water pixels as turbid during thesipieon time period between
1984 and commencement of siphon operation in 1993. This turbidity frequency dataset was used
to estimate baseline turbidity. The pd$193 turbidity map (Figur2.3) depicts the frequency of
classification of water pixels as tiddfor image dates captured during periods of siphon

operation between 1993 and 2010.

Estimating Highest and Lowest Turbidity PeSiphon Operation
The USACE turbidity frequency datasets were used to danastimate of turbidity

attributed to siphonperation. This was accomplished by comparing-paad postl993
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turbidity. The USACE turidity frequency datasets were reprojected to UTM, Zone 15, GRS

1980, NAD 83and checked for consistent alignmefdr each turbidity frequency map, five

classes of water turbidity were identified using natural breaks in Arc@$§eographic

information system (GIS) softwaré he highest turbidity classes in theqaad postsiphon

datasets were compared and areas of intersection were removed from-8iphmystubidity

data. The resulting subset provides a map layer representing areas of highest turbidity associated
with freshwater flow during siphomperation thus indicatindocationsthatconsistently received
distributions of sedimeraden freshwateryllen et al, 2008) This procedure was repeated for

the lowest turbidity classes in the pasd posisiphon datasets to create a map layer delineating

areas of lowest turbidity associated with sipfr@shwater flow.

Mapping High and Low Freshwater Impacted Msh Areas

ArcGIS was used to identify marsh areas subject to relatively high and low freshwater
impacts. Landsd TM imagery captured April 17, 2011 was reprojectetdTiM, Zone 15,
GRS 1980, NAD 8&nd checked for consistent alignment with the turbidity frequency maps.
The imagery was subset to the study area and aNater map was developed using a hybrid
classification method described by Betaehl (2011)and outlined in AppendiB. A
vegetdion-only layer was created from the laméter map by masking pixels representing water
and developed land. Restricting subsequent remote sensiggagrphic information system
processing to vegetatieanly pixels minimized the influence of neegetdion pixels and
insured that final results were based solely on analysis of pixels classified as marsh vegetation.
The vegetation layer was then included in a GIS with the map layers produced from the turbidity
frequency data delineating highest and lovestidity associated with freshwater flow during

siphon operation.
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In the GIS environment 15 m buffers were created around areas of highest and lowest
turbidity associated with siphon operation. Those areas within the highest turbidity buffers were
classfied as high freshwater impact areas and those within the lowest turbidity buffers were
classified as low freshwater impact areas. Vegetated areas within the highest turbidity buffers
were identified as marsh areas most consistently exposed to fresimivatirction, while
vegetated areas within the lowest turbidity buffers were identified as marsh areas least impacted
by freshwater introduction. Figure 2.4 shows the resulting freshwater impacts map delineating

vegetated marsh areas subject to highlewdreshwater impacts.

Accuracy Assessment

Hydrographic salinity data obtained from SONRIS were used to assess the accuracy of
the freshwater impact map (SONRIS, 2012). Figure 2.5 shows the locations of salinity data
collection sites within areas of higimd low freshwater impactBor salinity estimates during
siphon operationl 2 salinity data dates were identified as dates of siphon operation nearest the
Landsat image capture datdsble 2.2. For no flow salinity estimates, 71 salinity data dates
were identified for periods in which the siphon had not operated for a minimum of 7Tad}e (
2.3). Estimates of mean salinity (ppt) during siphon freshwater flow and no flow periods were
calculated for the 9 salinity data collection sites in high freglwmpact areas and for the 6
salinity data collection sites in low freshwater impact aréablé 2.4. All salinity estimates
were based on hourly bottom and surface salinity readings. The-Whitney statistical
method was used to test for differeade mean salinity in high and low freshwater impact areas

during both freshwater flow and no flow period&ésarStats, 2014).
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Results

The spatial distribution of high and low freshwater impact areas depicted on the
freshwater impacts map (Figure 2.4) gasts a general reduction in impact with increasing
distance from the siphon diversion along a north to south gradient. The location of the Texas
Company Canal coincides with a relatively abrupt change from high freshwater impacts north of
the canal to lowWreshwater impacts to the south. In contrast to this general tedatively
discontinuous and isolated areas of high turbidity were found distant from the siphon to the south
and southwest between Bayou Grand Chenier Ridge and Bays Chene Flew, &adist
Sansbois.

Greater fluctuation in mean salinity was observed among high freshwater impact sites
compared to low impact sites (Figure 2.6). With the exception of site B&0Both high and
low freshwater impact sites exhibited greater variation iamsalinity during periods of siphon
operation compared to siphon dormancy (Figure 2.7). During siphon flow periods both high and
low freshwater impact sites had significantly lower mean salinity {Z @9, P = 0.001 and Z =
-2.8, P = 0.003, respectiyg compared to ndlow periods (Figure 2.8). Although no significant
difference was found between high and low freshwater impact sites during periods of siphon
dormancy, mean salinity during siphon operation was significantly lower at high freshwater
impact sites compared to low impact sites (265, P = 0.004)The results suggest that siphon
operation freshens water throughout the study area, but that water is freshened to a greater extent
in areas classified as high freshwater impact areas as cedrtpaareas classified as low impact
areas. Furthermore, when salinity data for all dates (freshwater flow and no flow periods) were
tested, this finding was replicated. That is, high impact sites were found to be statistically
significantly lower in man salinity than low freshwater impact sites (242, P = 0.008),

suggesting that the overall effect of the siphon is to freshen the high impact areas significantly
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more than the low impact areas and also suggesting that this effect may extend béywond sip

operation periods.

Discussion

Level of turbidity derived from satellite imadpased turbidity frequency data was
effectively used as a proxy for freshwater impacts to delineate areas most and least impacted by
operation of the WPH siphon diversion jet. The resulting freshwater impacts map accurately
identified high and low impact areas based on corresponding time series salinity data. Analysis
of salinity data showed that high impact areas were significantly fresher than low impact areas
during sphon operation. Although there was no significant difference in mean salinity during
siphon dormancy, high impact areas continued to show significantly lower mean salinity when
all dates (during siphon flow and no flow periods) were tested, further singpitre results of
the freshwater impacts classification. The spatial distribution of high and low freshwater impact
areas agrees with previous findings showing increasagan salinity along a north south
gradient in the WPH outfall area during syphoperation (Richardi, 2013; Boshart areh
Cook, 2004). The spatial distribution also suggests that siphon impacts generally decrease as
distance to the siphon increases, in agreement witlebaly(2009a), who found that suspended
sediments in pulskfreshwater introduced by the Caernarvon diversion decreased with
increasing distance from the diversion structure.

Discontinuous and isolated areas of high turbidity south and southwest of Bayou Grand
Chenier Ridge are exceptions to the general trén@areasing impact with increasing distance
from the siphon (Figure 3). One possible explanation is that those areas may be undergoing
increasing vegetation loss and soil erosion since commencement of siphon operation, thereby

contributing to greater tbrdity in adjacent waterways. Marsh fragmentation, degradation, and
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loss in those areas are likely associated with marsh ponding, the perforation of once unbroken
marsh with small ponds (Bethed al, 2011). Water in shallow marsh ponds may exhibit highe
turbidity due to bank erosion as well as wind induced bottom sediment mixing.

It should also be noted that during seasonal high river stage, freshening of the Barataria
Basin by WPH siphon operation is augmented by Mississippi River waters that ftothient
basin from the mouth of the river. This introduction of freshwater from the south may also help
to explain areas classified as high impact on the freshwater impacts map that are exceptions to
the general trend. Although the effects of seasondidresg from the south are not quantified
here, siphon flow and no flow dates used in this study are representative of all seasons. Based on
the current results showing a nottisouth gradient of freshening effects, confirmed by Richardi
(2013) and BoshaandVan Cook (2004), seasonal freshening effects from the south are
assumed to have a minimal effect in terms of classifying high and low freshwater impact areas.

Also of interest is the relatively high degree of fluctuation in mean salinity related to
siphon operation and observed throughout the study area, but especially in high freshwater
impact areas. While disturbances are recognized as an intrinsic parsysteco dynamics and a
source of heterogeneity (Sousa, 1984; Lee and Brown, 2011), studies suggest that thresholds
exist, which when reached, usher in ecosystem regime changes representing alternative stable
states (Scheffezt al, 2001; Carpentest al, 2011). The observed fluctuation in salinity
throughout the study area suggests the possibility that ecosystem regime changes may be
occurring based on a freshwater introduction threshiitermittent operation of the siphon may
be causinglternative sible statethatdisrupt andundermine the stability of the ecosystem and
adversely affectibra and faunavithin the study area Consistent, well informethanagement

strategiedgor siphon operatioare needed to avoid exacerbating ecosystem instadwitity
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wetland degradatioand to meet the intended goals of the siphon projects to combat saltwater

intrusion and stimulate marsh growth.

Conclusions

Satellite imagebased turbidity frequency data can be used to accurately differentiate
marsh areas experieng high and low freshwater impacts associated with siphon operations in
coastal Louisiana wetlands. Turbidity reflectance levels can be effectively used as a proxy for
freshwater impacts to identify wetland areas most frequently and least frequentlgdeigpos
turbid Mississippi River water due to siphon operation. The abiliactoiratelynodel
relatively high and low freshwater impact areas can aid in identifying optimal sample sites for
closer monitoring of possible eutrophication related to fresmggtbon diversionsThe results
of this study suggest that effective monitoring of freshwater impacts and consistent management
of siphon operatioare needed to avoid exacerbating ecosystem instability and to

promoting the health andtality of wetland ecosystemeceiving introduced freshwater
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Figure 2.1 Location of the approximately 138 kn% study area in the Barataria Basin
(adapted from ArcGIS basemap with April 17, 2011 Landsat 5 TM image overlay).
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Figure 2.2 Pre-1993 turbidity map adapted from USACE turbidity frequency data.
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Figure 2.3 Post1993 turbidity map adapted from USACE turbidity frequency data.
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Figure 2.4 Map of study area delineating vegetated marsh areas subject to high and low
freshwater impacts.
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Figure 2.5 Map of study area showing salinity data collection sites in consistently high and
low freshwater impact areas.
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Figure 2.6 Distribution of meansalinity at high and low impact sites during siphon operation and siphon dormancy.
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Figure 2.7 Standard deviation of mean salinity at high and low freshwater impact sites
during siphon operation anddormancy.
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Figure 2.8 Mean salinity at high and low freshwater impact sites during siphon operation
and dormancy.
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Table 2.1 Pre- and postsiphon operationsatellite image dates and associated freshwater
flows at WPH siphon diversion project

Presiphon operation (no flow)
Satellite image dates

Postsiphon operation
Satellite image dates Freshwater flow (cfs)

04/06/1984 04/02/1994 2023.82
01/19/1985 09/25/1994 118.80
10/08/1987 04/07/1996 1519.67
01/28/1988 02/08/1998 787.01
2/13/1988 02/24/1998 903.08
11/01/1990 01/26/1999 1311.58
11/17/1990 04/18/2000 721.22
03/09/1991 09/17/2000 777.25
02/08/1992 11/20/2000 783.88
10/05/1992 02/27/2002 1327.31

10/20/2003 1057.15

02/25/2010 530.66

Table 2.2 Twelve satellite image dates during siphon operation and nearest salinity data
dates

Satellite image dates/
siphon operating

Nearest salinity data dates

04/02/1994 03/29/1994
09/25/1994 09/13/1994
04/07/1996 04/02/1996
02/08/1998 02/17/1998
02/24/1998 02/17/1998
01/26/1999 01/25/1999
04/18/2000 04/18/2000
09/17/2000 09/28/2000
11/20/2000 11/21/2000
02/27/2002 03/07/2002
10/20/2003 10/13/2003
02/25/2010 03/03/2010
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Table 2.3 Seventyone slinity data dates corresponding to no flow periods (siphon not
operating for at least 7 days prior to each salinitydata date)

No flow dates with available salinity data

10/11/1994 10/12/1999 01/16/2006
11/09/1994 11/16/1999 02/24/2006
12/07/1994 12/14/1999 03/28/2006
01/04/1995 01/19/2000 04/28/2006
02/15/1995 02/22/2000 05/26/2006
03/14/1995 05/02/2001 06/27/2006
04/10/1995 08/15/2001 07/28/2006
04/26/1995 09/04/2001 08/31/2006
05/23/1995 10/08/2001 09/27/2006
06/06/1995 10/26/2001 10/24/2006
06/07/1995 08/16/2002 08/27/2007
06/22/1995 09/03/2002 10/02/2007
10/17/1995 10/10/2002 11/01/2007
11/02/1995 11/07/2002 11/30/2007
11/14/1995 12/28/2002 12/28/2007
12/12/1995 07/17/2003 08/22/2008
01/17/1996 08/18/2003 09/26/2008
09/16/1997 09/03/2003 10/28/2008
10/21/1997 09/10/2004 12/03/2008
11/17/1997 10/13/2004 01/07/2009
12/16/1997 11/09/2004 02/16/2009
03/16/1999 10/14/2005 10/15/2009
08/25/1999 11/21/2005 10/14/2010
09/16/1999 12/19/2005
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Table 2.4 Mean salinity for high and low freshwater impact sites by siphon flow

High freshwater Low freshwater Meansalinity (ppt) Meansalinity
impact sites impact sites (siphon flow) (ppt) (no
siphon flow)
BA04-01 - 5.68 11.13
BA04-02 - 5.59 11.89
BA04-03 - 7.57 13.18
BA04-05 - 6.13 11.38
BA04-07 - 9.90 14.17
BAO4-11 - 8.11 11.64
BA0O4-12 7.07 9.83
BAO4-16 - 8.13 10.64
BAO4-55 - 11.53 14.91
- BAO04-06 10.85 13.96
- BA04-08 11.42 14.64
- BA04-09 11.70 14.16
- BA04-10 11.49 13.97
- BAO4-15 12.24 14.59
- BA0O4-17 11.33 12.59
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Chapter3Opt i mal Digital G|l obe and Spe
Combi nathidowegetation I ndices for
Characteristics Related to Nutr-ri

Loui si ana Mar sh

Abstract

This study was conducted to evaluate the relationships between vegetation biophysical
characteristics and spectral refleata patterns associated with a coastal Louisiana marsh
impacted by the introduction of turbid Mississippi River water. The primary goal was to use field
spectra and DigitalGlobe WorldView 2 (D@V?2) satellite image data to identify the bands and
vegetationindices most highly correlated with field measurements of vegetation parameters
associated with wetland nutrient enrichment. To accomplish this goal, measurements of Leaf
Area Index (LAI), plant height, and chlorophyll concentration were collected asegs$ation
productivity and freshwater impact gradients and correlated with spectral data. The
Atmospherically Resistantegetation Index (ARVI) usin@G-WV2 near infrared image band 8
(860-1040 nm) was optimal for estimating chlorophyll concentrationnbuiands or indices
correlated well with LAI or plant height. The resulting spatial distributioestimated
chlorophyll concentration was related to proximity to the source of introduced freshwater, with
chlorophyll concentration decreasing with in@ieg distance from the freshwater source.
Additionally, areas most consistently impacted by freshwater introduction were associated with
high chlorophyll concentration, while least impacted areas were associated with low chlorophyll
concentration. Theseguelts suggest that remotely sensed imagery combined with field measured
vegetation parameters hold promise for effectively identifying freshwater impacted marsh areas

vulnerable to eutrophication.
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Introduction
Loui sianads coast ahldingant disappahrsng due te naturalpndd | y d

anthropogenic causes. Artificial flood control levees have effectively isolated the Mississippi

River from its delta, exacerbating natural subsidence, erosion and storm effects (Lopez, 2009;
Dayet al, 2009a). Tk construction of extensive networks of canals for oil and gas exploration

and the extraction of natural resources have also contributed to subsidence and erosion and
promoted saltwater intrusion into letayi si anads
2009a). Over the last half century a major strategy for reducing or reversing wetland loss in
Louisiana has been the construction of river diversions designed to reintroduce freshwater from
the Mississippi River into wetland ecosystems to combat sa&ltwdtusion and stimulate marsh

growth (Dayet al, 2009a). During this same period, runoff of fertilizers, pesticides and other
pollutants from agricultural and urban areas has increased, adversely affecting water quality in

the rivers and streams ofet!3 million knf Mississippi River Basin (Cloern, 2001; Mitsatt,al,

2005; Sicilianogt al, 2008). Excess nitrogen, in the form of nitrateogen, is transported in

the Mississippi River to coastal areas in Louisiana, where the subtropical climate, associated
warm water temperatures, and long growing season facilitate high nutrient updake an
denitrification rates (Mitschetal.,2 005) . Since Louisianabds river
enriched Mississippi River water and sediment into wetland areas, eutrophication is a major
concern(Sklar and Browder 1998; Lissnetr al, 2003; Lane ah Day, 1999; Mitsclet al.,2005;

Dayet al, 2009a).Eutrophication generally refers to gradual nutrient enrichment in water

bodies (Christropherson, 2009; Ferradtal., 2011), but when loading rates are very high,

nutrients also accumulate in soilsdavegetation (Dettmann, 2001; Kanetral, 2001). In the
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presence of excessive nutrient loadings, wetland ecosystem processes are altered, resulting in
measurable changes in plant productivity, including increases in net primary productivity (U.S.

EPA,2002; Ferreiraet al, 2011). Functional indicators of eutrophication include increased

biomass production and stem height, and increased leaf nitrogen and phosphorus content (U.S.

EPA, 2002), all of which are associated with increased chlorophyll coAahtionally,
Haboudanet al (2002) found that estimates of chlorophyll concentration based on leaf and
canopy spectra can provide a proxy measurement of N coi@ewneral studies have shown
however, that despite increased above ground biomass, exiteest loading in salt marshes
reduces below ground plant growth, root and rhizome biomass, and carbon accumulation,
decreasing geomorphic stability and causing significant loss in marsh elevation (Darby and

Turner, 2008a, 2008b; Turnet al, 2009; Tuner, 2010; Deegaet al, 2012). Dayet al.

(2009a) chall enged Darby and Turneroés (2008a;

studies showing that the loading rates they used far exceeded nutrient loading rates in the outfall

area of the Caaarvon, Louisiana river diversion. Dayal.(2009b) also reported finding high
belowground biomass in marshes impacted by the river diversion at Caernarvon, Lo¥siana.
Howes et al. (2010) reported preferential erosion in response to Hurricanes&atrd Rita in
Louisiana marshes that received diverted freshwater for 18 years prior to those storm events.
Despite the lack of consensus, studies of the effects of river diversions on nutrient enrichment
and eutrophicati on oleenlnotad (Baetaln20@s; Bousany, a n d s
2010).

One strategy for detecting and monitoring nutrient enrichment of wetland ecosystems is
to characterize nutrient dynamics through periodic water sampling performed weekly or

monthly, a strategy that maytfolly capture the effects of nutrient pulsing (Siciliaebal,
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2008). Since estuarine plant tissues integrate the nutrient regime over time, another approach is
to harvest plant tissues seasonally to examine nutrient content as an indicator bfcaitoop
(Boyer and Fong, 2005; Cohen and Fong, 2006; Sicilieinal, 2008). When applied over large
areas in wetland environments, both strategies are resource intensive and often impractical in
terms of safety and accessibility (Siciliambal, 2008; Bethelget al, 2011). Since data are
generally collected from the most easily accessible sites during a limited number of campaigns,
the value of the data may be limited both spatially and temporally, often requiring interpolation
over large areas drextended time periods (Siciliaret,al, 2008 Volpeet al.,2011).
Remotesensing offers a practical, but underutilized approach for monitoring nutrient
enrichment and eutrophication of coastal Louisiana marsimadysis of spectral reflectance
datahas proven useful for assessing vegetation biophysical characteristics, including biomass
and nutrient content (Hardislet al, 1984; Hardiskyet al,, 1986; Guo and Price, 2000;
Rundquistet al, 2001; Sicilianoet al, 2008). Working in a wetland envxonment Hardisket
al. (1984) found that biomass estimates based situindices were comparable to estimates
from traditional harvest techniques. In a 1986 study of salt marsh vegekédiainskyet al.
again used field spectroradiometer data to find that biomass and plant canopy height were
significantly correlated with red and near infrared (NIR) spectral reflectance of salt marsh
vegetation species, replicating earlier findings ghhsorrelation beteen spectral data and
green biomass. A 1998 study by Jenseal found that noantrusivein situ LAl measurements
of salt marsh vegetation were significantly correlated withituaboveground biomass
measurements, suggesting that field samplingahass can be obtained using +u@structive
means. Results of a 2002 study by Jems$erh again found that the NIR band and selected

vegetation indices, including the Normalized Difference Vegetation I(BX1), were highly
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correlated with biomasg&Al, and chlorophyll concentration in an estuarine salt marsh. In

support of these findings, strong correlations between NDVI and plant primary productivity,
NDVI and biomass, and NDVI and LAI have been reported in the literature (Tucker and Sellers,
1986;Justiceet al, 1998, and Wanet al, 2004).

The utility of NDVI is based on the difference between low red reflectance and high NIR
reflectance of healthy vegetation (Gitelssiral, 1996; Gitelson 2004). Once red reflectance
saturates at its lowestJel, however, there is little change in NDVI even as NIR reflectance
increases (Gitelsoet al, 1996; Gitelson, 2004). The result is reduced sensitivity to changes in
green biomass when vegetation density is moderate to high (Gitelson, 2004). Qdesr ind
developed in response to the observed saturation of NDVI and of particular interest for wetland
vegetation studies include the Green Normalized Difference Vegetation Index (GNDVI),
developed by Gittelsoet al. (1996), the Wide Dynamic Range Vegetatindex (WDRVI),
developed by Gittelson (2004), and the Atmospherically Resistant Vegetation Index (ARVI),
developed by Kaufman and Tanre (1992). The GNDVI, which replaces the green band for the
red band in the NDVI, has been used to successfully aseesads variation (Gittelscet al,

1996; Vigieret al, 2004). The WDRVI enhances the dynamic range of the NDVI using a
weighting parameter based on vegetation density characteristics within a stu(fyite¢son,

2004). The ARVI has been shown to kighdly more sensitive to vegetation changes and less
sensitive to atmospheric and soil affects than other indices in the presence of moderate to high
vegetation cover (Q@t al., 1994). Each of these indices has been used to successfully
characterize spial patterns of salt marsh biomass (Gitelsbal, 1996;Zhanget al, 1997;

Gitelson, 2004), suggesting their utility for delineating regions of high marsh biomass relative to

introduced nutrient rich freshwater based on remotely sensed data.
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Researclio developeffectivemethods for assessing and monitoring nutrient enrichment
of Louisianads coastal wetlands is needed. T
relationships between vegetation biophysical characteristics and spectral reflectance pattern
associated with a coastal Louisiana marsh receiving freshwater from the Mississippi River. The
primary goal was to use field spectra and satellite image data to identify bands and vegetation
indices most highly correlated with field measurements of e¢igetparameters that respond
rapidly to nutrient enrichment. The ability to accurately map potentially eutrophic and relatively
unenriched wetland areas allows for more informed and efficient sample collection protocols and
contributes to effective assessnt and monitoring of eutrophication associated with freshwater

introduction into Louisianab6s wetl and ecosyst

Study Area
The study area (Figu@1) is an approximately 138 Krportion of the Barataria Basin in

Lower Plaguemines Parish, Louisiana.eTarataria Basin is an interdistributary estuarine

wetland system of the Mississippi Delta severely impacted by wetland degradation and loss,
having experienced some of the highest rates
and Day, 1987; Betiet al, 2011). Within the Barataria Basin, wetland vegetation is

characterized by a progression of fresh, brackish, intermediate and salt marshes, moving to open
water (Conner and Day, 1987). The study area within the basin is bordered by the pississi

River to the east and stretches beyond the Bayou Grand Chenier ridge toward the open waters of
Barataria Bay to the westt incorporates both highly degraded and fragmented marsh areas

north and northeast of Bayou Grand Chenier Ridge, as well &iseblantact core marsh west

and southwest of the ridge, a juxtaposition allowing compelling comparisamsl within the

study area is generally characterized by high density marsh vegetation. It is generally dominated
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by salt tolerant species, suchSgsartina alterniflora, Spartina patenandDistichlis spicata
although fresher species, sucH@smoea sagitatta, Vigna luteolandSchoenoplectus pungens
are also found within the study area.

The West Pointe a la Hache Siphon Diversion Projdoceted within the study area and
has been operational since 1993. The project was designed to introduce freshwater and sediment
for marsh restoration and land building (OCPR, 2010; LaCoast, 2008). It is a relativdlgwow
diversion consisting of eighit8 m diameter steel siphon pipes that cross over the levee, run
underground, then discharge river water into an outfall pond. Four channels radiate southward
from the pond to distribute freshwater to the surrounding marsh (Richardi, 2013). Although
maxmum discharge for the siphons is estimated as 2#44(®1 n¥s?), based on high river
stage and all siphons in full operation, freshwater flow at WPH typically ranges between 500
1000 fés? (14-28 nst) when the siphon is operational (Richardi, 2013). It is estimated that the
siphon has operated approximately 60% of the time since flow began in January, 1993 (Richardi,
2013). Although the siphons at WPH have had some effect in reducing salinitiei®siais

still occurring in the project area (Boshart areh Cook, 2007; Richardi, 2013).

Methods

Landsat 5 Thematic Mapper Satellite Image Data

Water Turbidity Frequency Datasets
Water turbidity frequency datasets were produced for this study by thétng Corps

of Engineers (USACE) based on a technique developed by étllain(2008) and outlined in
Appendix A. The datasets are based on time series-leed.andsat images captured between
1984 and 2010 and corresponding to periods of prel possiphon operation of the WPH

diversion project.Satellite image specifications are provided in Table Bdr.the possiphon
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operation time period, optimal Landsat image dates were chosen to coincide with siphon
freshwater flow based on records obtdifimm Louisiana Coastal Protection and Restoration
Authority (CPRA) Strategic Online Natural Resources Information System (SONRIS, 2011).
Pre and postsiphon operation satellite image dates and associated frestiloats are provided
in Table 32.

The USACE datasets consist of two turbidity frequency maps, adapted versions of which
are provided in Figure®2 and3.3. The prel993 turbidity map (Figurd.2) depicts the
frequency of classification of water pixels as turbid during thesyieon time pead between
1984 and commencement of siphon operation in 1993. This turbidity frequency dataset was used
to estimate baseline turbidity. The pd$X93 turbidity map (Figur8.3) depicts the frequency of
classification of water pixels as turbid for imagéedecaptured during periods of siphon

operation between 1993 and 2010.

Estimating Highest and Lowest Turbidity Pe&iphon Operation
The USACE turbidity frequency datasets were used to derive an estimate of turbidity

attributed to siphon operation. Thigs accomplished by comparing pamd postL993

turbidity. The USACRurbidity frequency datasets were reprojected to UTM, Zone 15, GRS

1980, NAD 83and checked for consistent alignmefdr each turbidity frequency map, five

classes of water turbidityere identified using natural breaks in ArcGIS, a geographic

information system (GIS) software. The highest turbidity classes in thaneostsiphon

datasets were compared and areas of intersection were removed from-8iphmrsturbidity

data. he resulting subset provides a map layer representing areas of highest turbidity associated
with freshwater flow during siphomperation thus indicating locations thabnsistently received

distributions of sedimeraden freshwater from the siphoillen et al, 2008) This procedure
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was repeated for the lowest turbidity classes in thegme posisiphon datasets to create a map

layer delineating areas of lowest turbidity associated with sifleshwater flow.

Mapping High and Low Freshwater Impactelllarsh Areas
ArcGIS was used to identify marsh areas subject to relatively high and low freshwater

impacts. Landsd TM imagery captured April 17, 2011 was reprojectedTiM, Zone 15,

GRS 1980, NAD 8&nd checked for consistent alignment with the tutipiiequency maps.

The imagery was subset to the study area and aNater map was developed using a hybrid
classification method described by Betaehl (2011)and outlined in AppendiB. A

vegetatioronly layer was created from the lamndter magy masking pixels representing water

and developed land. Restricting subsequent remote sensing and geographic information system
processing to vegetatieanly pixels minimized the influence of neegetation pixels and

insured that final results were bdssolely on analysis of pixels classified as marsh vegetation.
The vegetation layer was then included in a GIS with the map layers produced from the turbidity
frequency data delineating highest and lowest turbidity associated with freshwater flow during
siphon operation.

In the GIS environment 15 m buffers were created around areas of highest and lowest
turbidity associated with siphon operation. Those areas within the highest turbidity buffers were
classified as high freshwater impact areas and thosenwlith lowest turbidity buffers were
classified as low freshwater impact areas. Vegetated areas within the highest turbidity buffers
were identified as marsh areas most consistently exposed to freshwater introduction, while
vegetated areas within the losteéurbidity buffers were identified as marsh areas least impacted
by freshwater introduction. Figured3hows the resulting freshwater impacts map delineating

vegetated marsh areas subject to high and low freshwater impacts.
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Accuracy Assessment of Fsawater Impacs Map

Hydrographic salinity data obtained from SONRIS were used to assess the accuracy of
the freshwater impact map (SONRIS, 2012). FiguBsshows the locations of salinity data
collection sites within areas of high and low freshwater ingp&or salinity estimates during
siphon operation 2 salinity data dates were identified as dates of siphon operation nearest the
Landsat image capture dates (Teh®). For no flow salinity estimates, 71 salinity data dates
were identified for periods which the siphon had not operated fonimimum of 7 daysTable
34). Estimates of mean salinity (ppt) during siphon freshwater flow and no flow periods were
calculated for the 9 salinity data collection sites in high freshwater impact areas dreddor
salinity data collection sites in low freghter impact areag éble3.5). All salinity estimates
were based on hourly bottom and surface salinity readings. The-Whitney statistical
method was used to test for differences in mean salinity mdng low freshwater impact areas

during both freshwater flow and no flow period&ésarStats, 2014).

Mapping the Vegetation Productivity Gradient

To aid in the identification of appropriate field data collection sites, a map of the study
areabs vegetation productivity was <created.
Landsat 5 Thematic Mapper (TM) image acquired over the study area ddA®D11 and

classified into areas of high, medium, and low NDVI values (Figu8e

Field Data

Sample Site Selection

A randomized opportunistic sampling approach was used for field data collection. This
allowed the use of preexisting sample sitesimn@n ned by Loui si anabds Coas

Restoration Authority (CPRA), many of which include infrastructure in the form of boardwalks
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conducive to field sampling in the marsh. Sample sites were selected to insure data collection
across vegetation pradtivity and freshwater impact gradients within the study area. A GIS
dataset of existing CPRA sample sites, the ND¥$ed Vegetation Productivity Gradient map
(Figure 3.6), and the Freshwater Impacts map (Figure 3.4) wesgistered in ArcGIS to

derive 6 classes of potential sample sites: low freshwater impact/low NDVI; low freshwater
impact/medium NDVI; low freshwater impact/high NDVI; high freshwater impact/low NDVI;
high freshwater impact/medium NDVI; and high freshwater impact/high NDVI. Bas#gteon
sample site classification a field investigation was conducted to determine the suitability of each
potential site for data collection in terms of accessibility and sufficient area of contiguous
emergent marsh vegetation. Figure 3.7 shows the 24 saitgd identified with 4 sites
representing each of the 6 classes described above. All but8s#rtiple sites chosen were

preexisting CPRA sample sites.

Field Data Collection

Field data collection was accomplished during peak growing season on Ruast
August 3, 2011, and included measuring vegetdtimsed indicators of marsh health and
possible nutrient enrichment, including spectral reflectance as an indicator of overall health,
chlorophyll concentration as a proxy for leaf nitrogen content]eafdarea index (LAI) and
plant stem height as a proxy for above ground biomass (U.S. EPA, 2002; &ethe2011).
Al field data were collected within single, approximately 4 Dphots located at each
sample site. The sites were GPS located using a Trimble Nomad 900GLC hand held computer
and were accessed by boat. An Ocean Optics USB4000 Field SpectroradiometdiO@=8356n
at ~ 0.2 nm resolution), mounted on a pole to minirmgerference with data collection, was

used to simultaneously measure incoming solar radiation and top of canopy (TOC) reflectance at
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each sample site. TOC reflectance was measured approximately 0.75 m above the canopy.
Reflectance measurements were catéd once at each site using a white (99% reflectance)
Spectrolon calibration panel, after which three reflectance measurements distributed within the
sample plot were collected and averaged. £&ar 2000 LAI meter was used to estimate foliage
biomass teach of the sample sites. Three sample sequences, each consisting of one above
canopy for every four below canopy measurements, were taken at each site and averaged. The
above canopy measurements were taken to calibrate the LAl readings for atmaspiuttions
(LAI-2000, 1992). Average stem height at each sample site was calculated based on
measurements of the five to ten tallest stems of dominant species within each sample plot
according to procedures outlined by U.S. EPA (2002). A Field ScouDGMahlorophyll meter

was used to measure relative leaf chlorophyll concentration. Within each sample plot, average
chlorophyll concentration was derived from five CM1000 measurensefiested using
standard procedures out | r(RiedScolty009)hThe CMMOXD 0 0 6 s
senses reflectance at 700 nm, the wavelength absorbed by chloep@imglat 840 nm, a
wavelength unaffected by leaf chlorophyll content that serves as an indicator of how much light
is reflected due to leaf physical chateristics. The ratio of reflectance at 700 nm to reflectance

at 840 nm is multiplied by a constant to derive an index value between 0 and 999, with higher
values indicative of higher chlorophyll content (FieldScout, 2009). A study by Murdbak,

(2004) found that the Field Scout, measuring reflectance, rather than transmittance and
absorbance, and offering the advantage of canopy measurement rather than single leaf
measurement, performed as well as the SPAD 502 chlorophyll meter for obtaining meassirem

in the field.
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All field data were collected at ground level outside the boat whenever possible. When
necessary for reasons of safety or adequate access, the boat was positioned adjacent to the shore
at the sample site and data were collected froor flevel of the boat or from a specially

designed platform and ladder apparatus within the boat (Figure 3.8).

Digital Globe WorldView 2 Image Data

Data acquisition, preprocessing, and accuracy assessment
DG-WV2 satellite images were acquired over the pia on August 1 and August 6,

2011 (within 4 days of field data collection). Each image covered the aerial extent of the study
area delivered as georeferenced and radiometrically corrected products scaled to absolute
spectral reflectance (DigitalGlob2010). Satellite image specifications are provided in Table

3.1. The raw digital numbers (DN) of each image were converted {oftapmosphere radiance

and an empirical line method was used to relate radiance to band equivalent reflectance (BER) of
field spectra as described by Staketrgl (2011). This was accomplished for each image band

by extracting values for the brightest and darkest pixels and for pixels corresponding to a random
selection of 12 of the field sample sites. The extracted pitetsavere used to generate a
regression equation for each image band to convert radiance values to reflectance values.
Accuracy assessment was based on computing the root mean square error (RMSE) for each
image band by comparing the pixel values of tliectance image to the corresponding BER of

field spectra at the sample sites not selected to generate the regression equations. The RMSE
represents the average magnitude of error, providing a measure of the spread of the data around
the regression linAnalysis of the computed RMSE values revealed that sample site-BXD1
contributed disproportionally to the total error for each band, suggesting that it was an outlier.

Examination of field notes and photos taken at the site confirmed that the datshpaoid be
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excluded based on the extent of exposed dark soils unique to that sample site. The data point
was removed from further analysis and revised regression equations were developed. The
regression equations used to produce the final reflectarmgesrand the associated RMSEs are

provided n Table3.6.

Removal of cloud contamination and creation of composite image

Since the two satellite images covered the same areal extent and were captured within a
six day period, cloud contamination was remolgareating a composite of the two images.
Clouds and cloud shadows were masked from each image using the hybrid classification method
described by Bethat al (2011) and outlined in Appendix B. This procedure was followed by
digitization to remove renant hazy areasPixel values were extracted from both images at 400
random points located within intersecting clefugle areas of the images. The extracted pixel
values were used to generate regression equations for each image band to predict the missing
values in the clouinasked August 1 image based on values from the August 6 image. The
resulting composite image retained the original reflectance values of the August 1 image at all
field sample sites and in all other areas not contaminated by clowdsakwhere cloud
contamination had been removed from the August 1 image the composite image incorporated
values predicted by the regression equations. Regression equations relating the two images are

provided in Table.7.

Classification of composite iage, classification accuracy assessment, and creation of
vegetation indices

The composite image was classified into three classes, water, vegetation, and developed
land, using the hybrid classification method descritpeBethelet al. (2011)and outlinedn

AppendixB. Developed land consisted of an exceptionally small percentage of the total pixels
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in the scene, making accuracy assessment of that class unfeasible. Following close visual
inspection developed land was masked from the classification. Agcasaessment of the

resulting water/vegetation classification was performed using 150 stratified random points. The
water pixels were then masked from the classified image and vegetation indices were calculated
using the vegetatieanly data. The indicecalculated included the NDVI, GNDVI, WDRVI,

and ARVI. Based on vegetation density characteristics within the study area, including moderate
to high LAl values, a weighting parameterG®2 was used to calculate WDRVI, as

recommended by Gitelson (200&Wwo of each of the indices were calculated, one using DG

WV2 NIR band 7 (776895 nm) and one using D@&V2 NIR band 8 (864L040 nm). The

formulas used to calculate the vegetation indices are provided in38ble

Statistical Analysis

Estimating biophysichcharacteristics

Pearson produghoment correlation analysis was used to analyze the linear relationships
between biophysical characteristics (LAI, chlorophyll concentration, and average stem height)
and field spectra, image bands, and vegetation inditesresulting correlation coefficients
were testedusingatatoai | test of significance at the p (
most highly significantly correlated spectral data to predict marsh biophysical characteristics,
empirical models we developed using regression analysis. The Jackknife Cross Validation
approach was used to assess the accuracy of the resulting predictions. This approach was
implemented by withholding the data from one sample site and building a regression model
usingdata from the remaining sites. This process was repeated until all sites had been withheld.

Each regression model was tested for its ability to predict the withheld value by comparing
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actual and predicted values and computing the root mean squar@R®®E) values. Based on

correlation and regression results an estimated chlorophyll concentration map was generated.

Testing the correlation between estimated chlorophyll concentration and proximity to the
siphon

To investigate the relationship betweetireated chlorophyll concentration and
proximity to the source of introduced freshwater, an analysis of the spatial distribution of
predicted chlorophyll values was conducted. The estimated chlorophyll map was classified into 5
classes using a Jenks natumadaks classification in ArcGIS, after which 29 concentric;-non
overlapping buffers, each 500 m wide, were created around the siphon. Within each of the
buffers, the percentages were calculated for pixels classified as highest chlorophyll
concentration, ipels classified as highest chlorophyll concentration within high freshwater
impact areas, and pixels classified as highest chlorophyll concentration within low freshwater
impact areas. This procedure was repeated for pixels classified as lowest chlorophyl
concentration. The linear relationships between these percentages and distance to the siphon
were investigated using Pearson proguciment correlation analysis. The resulting correlation

coefficients were tested using a th@l test of significanceathe p O 0. 05 | evel

Visual comparison of the estimated chlorophyll concentration map with ancillary data

To further assess its accuracy, the chlorophyll concentration map was compared to two
Jenks natural breaks 5 class colorized NDVI maps. The visogdargson was intended to
identify any conflicting patterns that might exist between estimated chlorophyll concentration
and overall vegetation health. The first NDVI map was derived from th&\M2 composite
image used to create the chlorophyll map. Tloeseé NDVI map was derived from an August

23, 2011 Landsat 5 TM image, captured within 22 days of the images from which tW&/RG
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composite image and the chlorophyll concentration map were created. The estimated chlorophyll
map was also compared to a Jen&iural breaks 5 class digital elevation model (DEM) adapted
from a 2010 LiDARderived DEM (ArcGIS online; LOSCO, LSU, C4G, 2010). Since

differences in marsh elevation are known to affect species composition and overall health, thus
affecting chlorophylkconcentration, this visual comparison was intended to identify any
chlorophyll concentration patterns that might be related to differences in eleVatalty,

available Google Earth imagery was examined for evidence of vegetation patterns that

conformed or conflicted with the estimated chlorophyll concentration map.

Results
High and Low Freshwater Impacts

The spatial distribution of high and low freshwater impact areas depicted on the
freshwater impacts maigure 34) suggests a generalduction in impact with increasing
distance from the siphon diversion along a north to south gradient. The location of the Texas
Company Canal coincides with a relatively abrupt change from high freshwater impacts north of
the canal to low freshwater imgta to the south. In contrast to this general trezidfively
discontinuous and isolated areas of high turbidity were found distant from the siphon to the south
and southwest between Bayou Grand Chenier Ridge and Bays Chene Fleur, Batiste, and
Sansbois.

Greater fluctuation in mean salinity was observed among high freshwater impact sites
compared to low impact siteBigure 39). With the exception of site BAG42, both high and
low freshwater impact sites exhibited greater variation in mean salinitygdperiods of siphon
operation compared to siphon dormaniéig(re 3.10. During siphon flow periods both high

and low freshwater impact sites had significantly lower mean salinity-809, P = 0.001 and
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Z =-2.8, P =0.003, respectively) compared eeflow periods Figure 311). Although no

significant difference was found between high and low freshwater impact sites during periods of
siphon dormancy, mean salinity during siphon operation was significantly lower at high
freshwater impact sites compdrto low impact sites (Z 2.65, P = 0.004) The results suggest

that siphon operation freshens water throughout the study area, but that water is freshened to a
greater extent in areas classified as high freshwater impact areas as compared tesifessh cla

as low impact areas. Furthermore, when salinity data for all dates (freshwater flow and no flow
periods) were tested, this finding was replicated. That is, high impact sites were found to be
statistically significantly lower in mean salinity thimv freshwater impact sites (22.42, P =

0.008), suggesting that the overall effect of the siphon is to freshen the high impact areas
significantly more than the low impact areas and also suggesting that this effect may extend

beyond siphon operation qpeds.

Image processing, classification, and accuracy assessment

Conversion of the satellite images to reflectance was judged acceptable based on the
resulting RMSE values (Tab86) and guidelines outlined by Stabemnal (2001). The
water/vegetatiorlassification of the composite image yielded an overall accuracy of 98% with
an overal/l Kappa statistic of 0.96. For the
98.65% and 97.33%, respectively. acEunaciest he veg

were 97.37% and 98.67%, respectively.

Field spectra correlation analysis

The strongest statistically significant correlations between field spectra and chlorophyll
were positive correlations found in the near infrared (NIR) region of the speatith the

highest r value of 0.79 found at 749.9 nm. Regression using the first polynomial yielded an r? of
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0.64. Correlations between field spectra and LAl and between field spectra and stem height
were weak. The strongest correlation for LAl wagsiibin the near infrared region (r = 0.49 at
896 nm), while the strongest correlation for stem height was found in the red edge region (r =
0.59 at 705.9 nm). Figui@12provides a graph representing the resulting correlation

coefficients.

Image bands andegetation indices correlation analysis

Figures3.13 and3.14 show the correlation plots depicting the strength and direction of
the relationships between the tested vegetation indices and the biophysical variables and between
the image bands and the bigpltal variables, respectively. Correlation values representing
relationships between vegetation parameters and image bands and between vegetation
parameters and vegetation indices are provided in Ba®leAs indicated in Figur8.13, the
strongest stistically significant correlation was a positive relationship between chlorophyll
concentratiorand ARVI using DGWV?2 near infrared band 8 (8640 nm) (r = 0.88 <
0.05). Figure3.14illustrates the positive correlation found between chlorophyitentration
andDG-WV2 near infrared band 8 (8640 nm)(r = 0.76,p < 0.05) and the negative
correlation found between chlorophyll concentration B&EWV2 red band 5 (63890 nm)(r =
-0.76,p < 0.05.) No bands or indices correlated well with LAI @rplheight and those

parameters were removed from further analysis.

Regression analysis and predicted chlorophyll concentration

The ARVI using NIR image band 8 was optimal for estimating chlorophyll concentration
(r? = 0.77), performing slightly better than the NDVI usBG-WV2 near infrared band 8 (860
1040 nm)(r? = 0.74) and the WDRVI usinDG-WV?2 near infrared band 8 (86040 nm)(r? =

0.74). Figures 33 (a) and (b) provide graphs of thegression model used tlevelop the
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predicted chlorophyll concentration map and the associated 95% confidence intervals,
respectively.Basedon an index of 0 to 999, the relative chlorophyll concentration values
measured in the field ranged from 89 to 472, with a mean of 234#&knife Cross Validation
of the predictive equation yielded a root mean square error (RMSE) of 42.96 §TEpldhe 5
class estimated chlorophyll map is providedrigure3.16 and amap classifying the leveif

confidence associated with predattehlorophyll concentration is provided in Figure?.1

Spatial analysis of predicted chlorophyll concentration

The chlorophyll concentration map with an overlay of 29 concentricpreriapping
500 m buffers is provided in FiguBel8. The spatial disibution of predicted chlorophyll values
indicates that estimated chlorophyll concentration is related to proximity to the siphon. A
statistically significant negative correlation was found between the percentage of total vegetation
pixels in the highestidorophyll concentration class and distance to the siphorQi83; p <
0.0001), indicating decreasing chlorophyll concentration with increasing distance to the siphon.
Within areas most highly impacted by freshwater introduction an even strongeicathtis
significant negative correlation was found (¥0:91; < 0.0001). No statistically significant
correlation was found between the percentage of highest chlorophyll pixels and distance to the
siphon within areas of low freshwater impact.

In contrasta statistically significant positive correlation was found between the
percentage of total vegetation pixels in the lowest chlorophyll concentration class and distance to
the siphon, indicating that low chlorophyll concentration and distance to siphotogather.

This relationship was evident throughout the study area (r = 080;@)01) and within low
freshwater impact areas (r = 0.8350.0001), while a slightly weaker correlation was found

within high freshwater impact areas (r = 0.7k 9.00A). Graphs depicting the relationships
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between predicted chlorophyll concentration and distance to the source of freshwater are
provided in Figure8.19, 3.20, and 3.2Correlation coefficients {values) relating distance to
siphon with percentage ofxals in highest and lowest chlorophyll classes by level of freshwater

impact argrovided in Table 3.11

Visual comparison of the estimated chlorophyll concentration map with NDVI maps
and LiDAR-based DEM
Visual comparisons of the estimated chlorophydijpmvith the DGWV2-based and

Landsat 5 TMbased NDVI maps suggest a high level of agreement in their depiction of
vegetation condition. The chlorophyll map reveals areas of interest exhibiting high levels of
chlorophyll concentration southwest of the siplbeyond the Bayou Grand Chenier Ridge that
are also evident on both NDVI maf@fSgures 3.22b and ¢. Although differences in marsh
elevation are known to affect species composition and overall health, thus affecting chlorophyll
concentration, there are no corresponding patterns evident in the thiagédd DEM (Figure

3.22d). This suggests that highlorophyll concentration in the areas of interest may not be
explained by differential effects of elevation on marsh vegetation. Examination of Google Earth
imagery from various dates did not reveal a discernible difference in the appearance of
vegetationwithin the areas of interest compared to surrounding areas. The patterns evident in
the chlorophyll and NDVI maps, therefore, were not apparent in the Google Earth imagery,

underscoring the need for further research to understand these areas of interest.

Discussion

The lack of a statistically significant link between vegetation spectral response and LAl
and stem height measurements respectively, prevented the use of those parameters for predicting

vegetation productivity within the study area. The relataok of variation among the sample
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sites in LAl and in plant stem height, especially when compared to variation in chlorophyll,
suggests a high degree of homogeneity of vegetation type tloatitie study ared @ble3.12).

In contrast, the relativelyigh degree of variation in chlorophyll content among the sample sites
suggests a significant gradient exists for vegetation condition, allowing an acceptable degree of
accuracy in predicting chlorophyll concentration throughout the studyAseadicatedn

Figure 3.5 (b), at the 95% levetonfidence in the accuracy pfedictedchlorophyll

concentrations greatet for valuesin the midrange The map based on the 95% confidence
interval for predicting chlorophyll concentratiordicates that, with thexception ofa very

limited areaof extremely high chlorophyll content nearest the siptfmmmodel can be used

most confidently to assess chlorophyll concentrations closer to the WPH siphon.

Measurable differences in plant productivity, as evidencedifigrences in chlorophyll
concentration, were found to be spatially related to the location of the Pointe a la Hache siphon
diversion, the source of introduced freshwater. Plant productivity appears to be greatest nearest
the siphon and to decrease witbreasing distance from the siphon, suggesting that introduced
freshwater is positively impacting plant productivity. This impact appears strongest in regions
that have most consistently received introduced freshwater and weakest in areas that have least
consistently received introduced freshwater, suggesting that plants within high freshwater impact
areas ee photosynthesizing at a rate different from vegetation within low freshwater impact
areas. Results of the chlorophyll concentration map are seddoytthe digital elevation model
that suggests that nutrient enriched freshwater flows from the higher elevation siphon to lower
elevation areas south and west of the siphon. Flow rate is assumed to decrease as introduced
freshwater moves away from corgthareas near the siphon and into more open areas south and

west of the siphon, causing nutrient enriched sediment to settle out and potentially enrich
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vegetation. The spatial distribution of predicted chlorophyll concentration suggests the higher
elevation Bayou Grand Chenier Ridge then acts as a natural barrier to the flow of freshwater to
areas south and west of the Chenier. The spoil banks created in the dredging of the Texas
Company Canal may function similarly to slow or block the flow of freshwtitereby helping
to explain the spatial distribution of areas of highest and lowest freshwater impacts and the
corresponding differences in chlorophyll concentration.

Areas of unusually high chlorophyll concentration are apparent between 7500 and 9500
m souhwest of the siphon (Figuse8.5, 3.18, and 3224d). Vegetation within those areas exhibit
consistently higher NDVI values for both Landsatd DGWV2-derived NDVI maps (Figure
3.22b and c)Although this suggests possible differences in elevatiam wegetation species
composition, close examination of the DEMdure3.22 d), satellite imagery, and Google Earth
imagery from various dates did not reveal visual clues to support either possibility. The patterns
of natural streams near the regionsuestion suggest hydrological influences that may account
for differences in chlorophyll concentration and NDVI values. Additional detailed analysis of
vegetation and hydrology may be necessary to further understand the evident vegetation

differences.

Conclusions

Remotely sensed imagery and field measured vegetation parameters were used to
successfully identify spectral bands and vegetation indices most highly correlated with
vegetation characteristics suggestive of wetland nutrient enrichment. High canrbltiveen
ARVI using near infrared image band 8 and field measured chlorophyll content allowed the
prediction of estimated chlorophyll content across the study area. The resulting spatial

distribution of estimated chlorophyll concentration was reladguaximity to the source of
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introduced freshwater, with chlorophyll concentration decreasing with increasing distance from

the West Pointe a la Hache siphon diversion. Additionally, areas most consistently impacted by
freshwater introduction were assoegtwith the highest levels of chlorophyll concentration,

while least impacted areas were associated with the lowest levels of chlorophyll concentration.

These results suggest that remotely sensed imagery combined with field measured vegetation

parametersan be used to accurately identifgshwater impacted marsh areas vulnerable to

eutrophication.
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Figure 3.1 Location of the approximately 138 kn% study area in the Barataria Basin
(adapted from ArcGIS basemap with April 17, 2011 Landsat 5 TM image overlay).
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Figure 3.2 Pre-1993 turbidity map adapted from USACE turbidity frequency data.
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Figure 3.3 Post1993 turbidity map adapted from USACE turbidity frequency data.
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Figure 3.4 Map of study area delineating vegetated marsh areas subject to high and low
freshwater impacts.
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Figure 3.5 Map of study area showing salinity data collection sites in consistently high and
low freshwater impact areas.
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Figure 3.6 Map of study area showing areas of high, medium, and low NDVI values.
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Figure 3.7 Sample sites across vegetation productivity and freshwater impact gradients.
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Figure 3.8 (a) Platform and ladder apparatus for data collection from the boat; (b)
Computer for spectroradiometer datacollection; (c) Improved vantage point for collection
of vegetation survey data; (d) Data collection with the Ocean Optics USB4000
spectroradiomeer system; (g Data collection with the LAI-2000 Plant Canopy Analyzer.
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Figure 3.9 Distribution of meansalinity at high and low impact sites during siphon operation and siphon dormancy.
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Figure 3.10 Standard deviation of mean salinity at high and low freshwater impact sites
during siphon operation and dormancy.
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Figure 3.11 Mean salinity at high and low freshwater impact sites during siphon operation
and dormancy.
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Figure 3.12 Correlation coefficients for relationships between field spectra (every 10th band between 400 and 900 nm)
vegetation biophysical parameters.
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Figure 3.13 Correlation coefficients for relationships between vegetation indices and
vegetationbiophysical parameters.
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Figure 3.14 Correlation coefficients for relationships between DGVV2 image bands
and vegetation biophysical parameters.
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Figure 3.15 (a) Optimal regression model for predicting chlorophyll concentration.
(b) 95% confidence intervals for predicted chlorophyll concentration
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Figure 3.16 Estimated chlorophyll concentraion based on ARVI using DGWV2 near
infrared band 8 (860-1040 nm).
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Figure 3.17 Map depicting level of confidence in estimated chlorophyll concentration.
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