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ABSTRACT

Elkhorn Slough is the largest open coast, tidal wetland in central California, and it has a complex
history of changing land wses, agriculture and agricultural run-off, manipulations of marsh
hydrology and topography, dredging, and power plant cooling intakes. Wetlands with different
histories and/or exposure to dfferent environmental stresses were compared with HyMap
hyperspectral imagery (126 kands, 440-2500 nm; 13-17 nm bandwidths;, 2.5 - 3.0 m spatid
resolution) from two seasons (Fall 1999 and Spring 2000. We concentrated on spedral shiftsin
pickleweed (Sdicornia virginica), the dominant saltmarsh plant, and its responses to natural and
anthropaogenic disturbance, looking especially for spedral correlates of salinity and elevation
gradients. Maps of pickleweed abundance and health (e.g. based on density, degree of tida
submergence) were prepared by sequential use of: (1) Minimum Noise Fradion transformations;
(2) Isodata unsupervised classifications; and (3) supervised clasdfications (Matched Filtering).
We conclude that: pickleweed habitats can be differentiated along exposure (el evation) gradients;
pickleweed canopy water content (determined by 970 mn absorption) is correlated with
elevation; and areductionin NDVI values in pickleweed classes may be wrrelated with stressof
hypersaline habitats.

1.0INTRODUCTION

Elkhorn Slough is of great value, ecologically and emnamicdly, as critical wetland
habitats for fish nurseries and bird rookeries, and scientifically because part of it lies within a
National Estuarine Research Reserve. Particular management isaues include: erosion control,
water quality maintenance and rutrient uptake. With synopic, non-intrusive data collection over
large areas, remote sensing offers distinct advantages for: delineating habitat boundaries and
partitioning ecosystems into functional units; monitoring temporal change; and examining
biophysicd properties of wetland vegetation in regions where fieldwork is difficult (Zhang et d.,
1997 Phinn et a., 1999 Harvey and Hill, 20QL). Due to the fine-scde spatial heterogeneity and
narrow eatones in most wetlands, remote sensing studies using multi spectral instruments are
limited largely to mapping broad cover patterns (Phinn et al., 2000, Harvey and Hill, 20QL).
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Hyperspectral sensors, with many narrow, contiguous ectra bands, offer considerably greaer
potential for correlating the spectral responses of wetland vegetation with environmenta
variables. We used HyMap airborne hyperspedral imagery to evaluate spectra resporses of the
pickleweed Salicornia virginica L., the dominant marsh vegetation of Elkhorn Slough, across
gradients of both salinity and elevation.

Elkhorn Slough is the largest open coast, tidal wetland in central California and it has a
complex history of changing land wse, agriculture and agricultural run-off, dredging, and
construction that includes power plant cooling intakes. Additional manipulations of marsh
hydrology and topography have dtered tidal flows, rendering some marshes hyposaine and
others hypersaline. S. virginica responds to sainity and elevation gradients with significant
changes in plant architecture (Seliskar, 198). Physical and ptysiological changes, particularly
those associated with canopy architedure and water content, are readily detectable in wetland
species, including S.virginica, by using a handheld spedroradiometer (Zhang et a., 199; Phinn
et a., 1999). To test the hypothesis that spectral variation within communities of S.virginica in
Elkhorn Slough is (at least partialy) attributable to variation in eevation and salinity, we
examined spectra of pickleweed in a hyposaline marsh (Porter Marsh) and a hypersaline marsh
(Estrada Marsh) during two contrasting seasons, October 1999 (autumn; minimum biologica
adivity) and May 2000(spring; maximum biologicd activity).

2.0METHODS
2.1Study Site

Elkhorn Slough is located approximately midway between Santa Cruz and Monterey, on
the mast of Monterey Bay, centra California. The main channd is approximately eleven
kilometers in length and it includes over 1,000 ta of wetlands. Two marshes with dfferent
histories were seleded for analysis (Figure 1). Estrada Marsh contains the largest swath of high
marsh in Elkhorn Slough. It is sparated from the main channel by a berm suppating arailroad; it
reaives flooding from North Marsh only at high tides and is therefore considered hypersaline
becaise of evaporation. Porter Marsh, separated from the main channel by Elkhorn Road, hes
aternated historicdly between freshwater and saltwater influences. Since the tide gates beneath
Elkhorn Road were closed in 1990, Porter Marsh is usually hypaosaline relative to the main
channe due to freshwater inputs largely from Carneros Creek (K. Wasson, personad
communication).

Figure 1. Location of study sitesin Elkhorn Slough. Grayscale mosaic of October 1999HyMap imagery.



HyMap imagery (126 kands;, 4402500 mim; 13-17 rm bandwidths; 2.5 - 3.0 m spatial
resolution) over Elkhorn Slough was acquired on 10 Oct 1999 at 11:13 am PST (start time) with a
+1.65m tide and on 3May 2000at 1:26 pm PST (start time) with a +0.91 m tide. Data were
delivered preprocessed using the amospheric correction ATREM (Center for the Study of Earth
from Space University of Colorado, Boulder, CO) and the smocthing function EFFORT&
(Boardman, JW., Anaytical Imaging and Geoplysics, LL C, Boulder, CO).

2.2 Processing Procedures

We processd all imagery using the ENVI version 35 (Research Systems Inc., Boulder,
CO). Ead flightline was processd individually as a nongeoreferenced image (6 lines for
October; 5 lines for May). We excluded bands 58-67 and 9298 (12931457 i and 17762004
nm) to avoid large amospheric water vapor absorptions, and masked ou al terrestrial and upland
habitats. For specific investigations related to sdinity and elevation, we focused onore flightline
for each season and spatially subset each line to the marshes of interest (Estrada and Porter). We
used severa techniques to classify al wetland habitats in the images: (1) density dlicing of
Minimum Noise Fradion transformation bands; (2) Isodata unsupervised clasdficaions, and (3)
supervised classifications (Matched Filtering). We identified classes as pickleweed by
groundruthing and refined their boundaries with field olservations. Accuracy assessments were
performed using a 2x2 namalized error matrix (Congalton 199). Subsequent spectral analysis
was restricted to pickleweed-only classfications.

2.3 Spectral Anaysis

To assess canopy water content, we used the Continuum Removal algorithm to analyze
wavelengths between 900-1000 nm, encompassng the 970 nm water absorption (Zhang et a.,
1997. Since the location d the red edge is indicative of plant chlorophyll content, health and
biomass(Filella and Penuelas, 199), this was determined from first derivative analysis. Because
the position of the red edge was invariable among all examined picklewed classes, we performed
a Normalized Difference Vegetation Index (NDVI) to compare pickleweed biomass between
marshes of different salinity regimes. Mean differences between corresponding NDVI classs in
Estrada and Porter marshes were ampared with a two-sample t-test. We @mpiled a synthetic
spectral library by mixing field spectra wllected with a GER 1500 spectroradiometer (512 band;
3501050 nm, 3.0 nm FWHM) to examine effects of algag mud, and water on pckleweed
spectra. We asumed linear mixing and weighted each spectral comporent equally (Joyce and
Phinn, 2002).

3.0RESULTS AND DISCUSSION
3.1 Mapping S.virginica Habitats with Hyperspedra Imagery

From wetland maps of the entire slough, made from both October and May imagery, we
distinguished pickleweed from mixed grasss, algal cover, microbia cover, mud, and water.
Overal acaracies of pickleweel classifications for Estrada and Porter Marsh were 98.5% and
63% respectively (Figure 2). Within each marsh, pickleweed additionally clustered into several,
digtinctively zones classes. Preliminary examination of the October imagery, displayed as a alor
infrared image, reveded striking divisions among pickleweed habitats related to elevation and
degreeof tidal submergence The most prominent division of pickleweed habitats was on oppaite
sides of a linea feature (i.e. fault or fracture), pcssibly derived from the 1989 Loma Prieta
eathqueke, running approximately east-west perpendicular to the slough and marked by a major
drainage channel (Figure 3a, b).



Figure 2. Accuracy assesanent of pickleweed classificaions for ead marsh. (a) Normalized overall
acairacy for Estrada Marsh is 98.5%. (b) Normalized overall acairacy for Porter Marsh is 63%.

Figure 3. Digtinctive devation dfferencesin Sdicornia virginica habitat related to probable fault
displacement from the 1989 oma Prieta eathquake. (a) Color infrared image of October 1999 HyMap
imagery displaying linea feaure (white line) marking hebitat division. Pickleweed is submerged to the

north of the line, therefore does not refled strongly in the infrared. (b) October 1999 habitat
clasdficaion overlaid on agrayscde image. The linea feaure (red line) marks a strong distinction at
high tide between pickleweed/algal habitats (green/yell ow) and shallow, flooded regions (cyan).

3.2Digtribution o S virginica Along Elevation Gradients

Unsupervised classifications were the most useful techniques for separating pickleweed
classes along an elevation gradient from high to low marsh (Figure 4a). To investigate whether
these habitat groupings could also be ascribed to dfferences in canopy water content, we
examined the 970 nm absorption fedure, identified by Zhang et a. (1997) as agood pedictor of
canopy water content in Salicornia virginica, Sartina foliosa, and Scirpus robustus. The relative
amourt of canopy water content in S, virginica, described by the continuum removed area of the
970 nmm water absorption, generally trends along an exposure gradient. We observed that high
marsh pickleweed classes had lower overall absorption areas, hence lesswater content, than low
marsh pickleweed classes (Figure 4b). Consistent with the work of Zhang et al. (1997), who
describe adecline in absorption area with increasing salinity, owu results auggest that salinity
increases at higher elevations in Estrada Marsh.

3.3 Comparisons Between Hypersaline and Hyposaline Marshes



Salinity has often been proposed as the variable that determines marsh zonation, dant
architedure and biomass in wetland species (Ustin et al., 198; Seliskar, 1985; Zhang et al.,
1997). Plant biomassis related to chlorophyll content and can be assessed by the position of the
red edge, the maximum slope in vegetation reflectance spectra between 680and 750nm (Filella
and Penuelas, 19H). We predicted that changes in biomass correlated with salinity would be
detectable by the red edge shifting to shorter wavelengths in hypersaline aeas, but first derivative
analysis srowed novariation in red edge position among pickleweal classes within and between
Estrada (hypersaline) and Porter (hyposaline) marshes. We then hypothesized that the reduced
saline conditions of Porter Marsh would contribute to greaer biomassand, hence, greaer NDVI
values as NDVI isa strong correlate of biomass Indeed, Porter Marsh had a greater proportion of
pixels with higher NDV1 values than Estrada Marsh (Figure 5). The mean NDVI value for Porter
Marsh (x = 0.576) was sgnificantly greaer than the mean for Estrada Marsh (x = 0.517) (two
sample t-test, p < 0.007), indicating that salt stressmay reduce the relative amount of biomassin
the more sdine Estrada Marsh. This pattern is consistent with higher reflectance in visible
wavelengths and reduced reflectance in near infrared wavelengths in stressed pepper plants
(Filella and Penuelas, 1994).

Figure 4. Pickleweed distributions in Estrada Marsh based on elevation versus canopy water content. (a)
| sodata unsupervised classfication displays a distinct elevation gradient (highest elevation—red; lowest
elevation—purple). (b) Relative canopy water content based on areaof 970 nm absorption (red—shall owest
water absorption; purple--deepest water absorption). (c) Trend of increasing water absorption with
deaeasing elevation (blad circles represent density of pixels).



Figure 5. Results of NDVI applied to Porter Marsh from May 2000and compared to Estrada Marsh from
the same season. (a). Distribution of NDV 1 classes, determined by density dlices, through Porter Marsh. (b)
Mean spedra of May Porter Marsh NDV | classes. (c) Proportions of pixels within each NDVI class
compared between Estrada and Porter Marshes for May 2000 The mean NDV I value for Porter Marsh (x =
0.576) was sgnificantly greaer than the mean for Estrada Marsh (x = 0.517) (two-sample t-test, p<0.001).
The frequency distribution within NDV I classes was al so significantly different between Porter and Estrada
Marsh (c? = 34,984, df = 5, p<0.001).

3.4 Contribution of Mixed Pixelsto Spectral Response

The spedral differences observed between analogous Estrada and Porter marsh
pickleweed classes could be aproduct of unequal substrate mixing between counterpart classes.
To test this, we anayzed synthetically mixed field spectra of pure substrates: in mixtures of
pickleweed plus any one of algag mud a water, overal reflectance values decreased from the red
edge position (724.7 m) through near infrared wavelengths. Mixed pickleweal and algae
signatures had higher reflectancein visible wavelengths than pickleweead aone, and the red edge
shifted from 724.7to 6990 nm. This result suggests that any observed red edge shift among
pickleweed classes could be dtributed to mixing with algal substrates rather than to a decrease in
chlorophyll production caused by stress NDV1 values also decreased for synthetic mixtures with
pickleweed and al other substrates (Figure 6). Further work will evaluate the extent that observed
reflectance differences between marshes with different hydrological regimes are true correlates of
salinity or results of spectral mixing.



Figure 6. Influence of mixed pixelson NDVI scores. (a) GER 1500field spedra of pickleweed (dark
grean), agae(light green), mud (orange) and water (blue), with associated NDV | scores. (b)
Syntheticdly mixed spedra, assuming linea mixing and equal weighting, with lower NDV | scores
relative to hedthy pickleweed. (Green-hedthy picklewedd; light green-pickleweed + algae orange-
pickleweead + mud; blue-pickleweed + water).

4.0CONCLUSIONS

We mnclude that pickleweal habitats may be differentiated along expasure (elevation)
gradients; that pickleweed water canopy content as (determined by the 970 mm absorption)
appears correlated with elevation and/or salinity; and that a reduction in red-edge (680-750 m)
spectral length of pickleweed classes and reduced NDVI values may be rrelated with stress of
hypersaline environments. Although we restricted our examination to elevation and salinity as
possible orrelates of pickleweed distribution and hedth, S. virginica aso responds
physiologically and spectrally to cther variables, such as nutrient inpus from nonpadnt source
pallution (Page, 1995 Siciliano et al., 200Q. Further work evaluating these patential correlates
will aid managersin targeting areas for monitoring and restoration.
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