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ABSTRACT _

HOBBS. A.,l. and SHENNAN, I.. 19H6. Remote sP!1sing of salt marshe reclamation in the Wash,
England. ,Journal of Con",lal Rl'.'warch, 2(2), lR 1-1 9H. Fort Lauderdale, ISSN 0749-020H.

Ground-based radiometry is used at a study site on the Wash estuary, England, to quantify
the spectral reflectance properties of surfaces within the salt marsh environment. Mea
surements are made in four wave bands (465-515; 539-578; 622-664; and 778-975nm),
which approximate bands 1-4 of the Landsat satellite Thematic Mapper. The aim of the
study is to determine the spectral separabili ty of the vegetation and sediment zones, and
thereby evaluate the potential of remote sensing techniques for monitoring the effects of
reclamation of salt marshes for agriculture. Results indicate that vegetated and non
vegetated zones maybe separated into discrete units. Wavebands 622-664 and 778-975nm
optimize separation of green vegetation groups, while 465-515 and 5:J9-578nm enhance
separation of non-vegetated surfaces.

ADDITIONAL INDEX WORDS: Int.ertidal enuimnments, redanuztiof1, spectral reflectance, Ul'!.wtat.ion

INTRODUCTION

The salt marsh environment has been recognized
as one of considerable physical, ecological, and rec
reational value. Salt marshes function as buffer
zones between land and sea. They tend to amel
iorate the adjacent land environment and act as
sediment and nutrient traps. For such reasons they
are attractive areas for shelter, feeding and breed
ing of diverse forms of wildlife.

Salt marshes support a wide variety of flora and
fauna, but in an extremely dynamic and sensitive
ecosystem. These areas are highly susceptible to
disturbance brought about by conflicting land use
activities. such as reclamation for agriculture and
urban development. and as such require timely
monitoring and careful management. Typically, salt
marshes are difficult to access which makes ground
monitoring and inventory a difficult and time
consuming process. Thus, the collection of data
from airborne or satellite platforms is an attractive
proposition.

Previous work has involved a qualitative inter-

1This project li'as financed by the l TniversiLy of J)urham. Research
Fund (or Special Projects. 85019 r('c('lLJ('d l:J May 19H5; accepted in
revision 11 September 1985.

pretation of aerial photographs for delineation,
classification, inventory, and monitoring of salt
marsh vegetation communities. Black and white
panchromatic and black and white infrared aerial
photographs are frequently used by land resource
management agencies. Color-infrared aerial photo
graphs have also been used to yield qualitative
information (e.g. HUBBARD and GRIMES, 1974).
Satellite multispectral data have been used for plant
community mapping, delineation of the wetland
boundary, and monitoring the impact of man in the
salt marsh environment (ANDERSON et ai., 1974;
WIESBLATT. 1977). Often a multistage remote
sensing approach is applied to the monitoring of
tidal wetlands (DENNERT-MoLLER, 1977). More
recently, effort has been directed towards the quan
titative interpretation of remotely sensed data for
the estimation of salt marsh biomass or primary
productivity (BUDD and MILTON, 1982; BARTLE'Ii
and KLEMAS, 1979, 1980).

Exploratory studies directed at assessing the
potential of the Landsat-4 Thematic Mapper for
application to resource management indicate that
the substantial increases, over the previous Landsat
series, in spectral, spatial and radiometric resolu
tion will especially benefit the monitoring of salt
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marsh because the ground resolution cell, or pixel,
of 30 meters, is of the same order of magnitude as
the vegetational zones of salt marshes within the
Wash estuary, England.

STUDY OBJECTIVES

The overall objective is to determine the ability
of remote sensing methods to distinguish between
salt marsh and non-salt marsh vegetated and non
vegetated surfaces, and thereby monitor the effects
of reclamation of salt marsh for agricultural exten
sion. The aim of this preliminary study is, by
ground-based radiometry, to determine quan
titatively the spectral separability of vegetated and
non-vegetated surfaces in, and bordering the salt
marsh in four spectral regions (465-515, 539-578,
622-664, and 778-975nm) each at 1 m diameter
spatial resolution. The measured ground reflec
tance values will then be used as a basis for deter
mination of the optimum spectral bands for maxi
mizing separation of salt marsh surfaces and re
claimed areas. These ground data will, in a subse
quent study, assist in interpretation of Landsat
Multispectral Scanner (MSS) and Thematic Map
per (TM) data.

STUDY AREA

The Wash is a large tidal embayment on the east
coast of England (Figure 1) into which flow the
rivers Great Ouse, Nene, WeIland, and Witham.
The Wash is characterized by shallow offshore
topography and it provides a sheltered, low-energy
environment in which large, destructive waves rarely
occur. This environment favors sediment accretion

Salt marsh development has been greatly influ
enced by land reclamation; 1245 km2 of land has
been reclaimed around the Wash margins since the
16th Century for agricultural purposes (COLLINS et
aL, 1981). Enclosure of the upper areas of the salt
marsh, through construction of a seabank, prevents
inundation by sea water within the newly enclosed
area and, by vegetation colonization to the seaward
of the embankment, permits further seaward exten
sion of the land.

Older sections of marsh are characterized by
greater botanical and structural diversity, par
ticularly in their upper reaches because they are
subject to less frequent and shorter periods of tidal
inundation. The salt marshes of the Wash are
primarily important as wild fowl habitat. This area
is the second most important in the United Kingdom

and fourth most important in Europe for wading birds
(NERC, 1976). Some species e.g. black-headed gulls
(Larus ridibundus) nest regularly on the salt marsh,
while others use the marshes for over-wintering, or as a
resting site between north and south Some of the birds
feed directly on plants of the intertidal zone, the most
important of which are Enteromorpha, Salicomia and
seeds ofAster. Reclamation of land for agriculture has
resulted in the systematic removal of vegetation and
wildlife displacement The reclaimed land is charac
terized by poor species diversity.

The selection of the study site at ButteIWick Marsh
(Figure 1) was based largely on accessibility. The devel
opment of ButteIWick Marsh has been influenced by
the construction of the 1971 seabank for reclamation
by a local land-owner for agricultural use. The marsh
consists of a series of vegetation zones which run
approximately parallel to the shore, each containing
distinct plant communities. ButteIWick Marsh is rela
tively immature and as such has not developed a dis
tinct upper marsh zone. Its upper margin is marked by
the presence of a borrow pit which is dissected by a
large creek This represents the zone of excavation for
bank material and is now a zone of accretion following
stabilization The borrow pit is characterized by rapid
mud sedimentation and the presence of Salicornia sp.
andPuccinellia maritima. Prominent vegetation species
ofthe mid- salt marsh are Halimione portulacoides, Puc
cinellia maritima, Aster tripoliW71; and Suneda maritima
Halimione dominates the creek sides and is significant
in creek bank stabilization Puccinellia and Aster are
more common in the slightly lower-lying inter-creek
areas. Aster, Suaeda, and Puceinellia, together with
Salicornia ssp. are fOlll1d in approximately equal pro
portions in the transition zone from mid-to lower
marsh Small amOlll1ts of green algae are also present
The lower marsh, or pioneer zone, is dominated by the
presence ofSalicornia, which gives way to mud flat in its
lower reaches. This zone consists of we~ rme-grained
material which may have some brown algae cover, Zos
tera, and many pools of standing water. Stands ofSpar~
tina townsendii are infrequent at Butterwick The sand
flat was difficult to access and dangerous at Butterwick
and additional sample points were established at Gib
raltar Point (Figure 1) where reflectance data were
collected from coarser sandy material of the sand flats
and sand dlll1es.

FIELD METHODS

The spectral properties of specific vegetated and
non-vegetated surfaces within and bordering the salt
marsh were established through collection of surface
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Figure 1. Location of the study area: Butterwick Marsh, Lincolnshiret UK (52 0 59'; 0° 3'E).



type and radiance data at 1 m2 scale using a 1 m2

sampling grid and a portable Milton 4- band radi
ometer during July and September 1984. The Milton
radiometer is comprehensively described in MILTON
(1980). For the purpose of this study the sensor
head was suspended from a vertical 2 m high
aluminum mast in order to achieve an effective field
of view of 1 m diameter. The four detector/filter
combinations were configured to approximate the
sensitivities of Landsat Thematic Mapper bands 1
to 4. (R1 = 465-515nm; R2 = 539-578nm; R3 =

622-664nm; R4 = 778-975nm; approximately
equivalent to the blue, green, red, and near-infrared
wavebands respectively). The system was standar
dized prior to each reading by sensing a Kodak grey
reference card, which was removed from the field of
view for sample measurement. However, variations
are known to exist in the reflectivity of the grey card
as a function of wavelength (MILTON, 1982). For
this reason the grey card was standardized to a
barium sulphate plate and the correction factor,
KA, was applied to the radiance data as follows:
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Band (R)
R1
R2
R3
R4

KA
18.97
19.15
19.45
22.06
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descriptions were made at each of these points
using a 1 m2 grid which was subdivided into 25
equal units, thus allowing frequency estimations of
vegetation cover, substrate, and standing water to
be made. Where the environments or zones were
less distinct and/or more homogeneous in terms of
surface type the transect was not used but random
points within that environment were sampled and des
cribed using the grid square and the radiometer as
before. In totaL 155 sample points were visited both
within the salt marsh and in nearby agricultural land

ANALYTICAL METHODS

Initially the 155 samples were classified into non
predeteImined groups based on surface type, which was
expressed as a percent of total cover within the 1 m sam
pling grid Sixteen classes ofsurface type were identified
and recorded as shown in Table 1. Other parameters
were also recorded and were considered for the analysis
of the reflectance data such as, the presence of silt on the
leaves of some vegetation types, particularly Salicomia
and Puccirwllia, and coarseness, ancL therefore, the
water retention capacity of the sandflat

Table 1. Sixteen ClaH~H's of SurfacE' Typet .

Class Surface TypE'

1. Salicornia

t Identified by field sampling.

The ratio of the flux reflected by the sample and
that reflected by the grey card was calculated and
the KA function applied, so as to reduce the effects
of irradiance changes. This term is referred to as
Bidirectional Reflectance Factor~ BRF (ROBINSON
and BIEHL, 1979):

Es/Ec x KA = BRF

Where: Es = radiance of sample
E c = radiance of grey reflectance card
KA = correction factor

2.
:L

4.

6.
7.

R.

H.
10.

11.

12.

t:L
14
1!l.

16.

Pu('cinellia

Aster

f!alimione
,,-",'uaeda

Mud
Water
Algae
Spartina
Sand
SperRularia

Seabank
Field: Soil
Field: Harley
Sand Dune
z()." [('ra

In addition, radiometer readings were repeated
three times at each position to minimize the effects
of fluctuations in incident radiation and recording
error. Thus, a total of twelve readings were obtained
at each sampling point

Various ecologically distinct environments and
salt marsh zones were identified and mapped. In
each of the distinct salt marsh vegetational zones, a
30 m transect was established perpendicular to the
shore. Radiometer measurements were taken at 2
m intervals along the 30 m transect and surface type

A number of problems were caused by the dis
tribution of the data because several types were
recorded either as Oc,;, or 100 rlc cover (e.g. Seabank,
Barley, Soil, Sand). The data relating to the sixteen
surface types were positively skewed due to the
number of O(/{ records. Neither the nature of the
field sampling nor the distribution of the data jus
tified the application of rigorous statistical classi
fication techniques, therefore various statistical
analyses already accepted in the ecological litera
ture were employed. A decision was then made,
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essentially on subjective grounds, as to which
method to accept. The main criterion was that
greater weight should not be given to surface types
which occur in low frequencies. Such indicators
may be considered to be highly significant in the
definition of ecological communities, but for the
purpose of this study, the a priori decision was
made that dominant surface types would dominate
the radiance of a 1 m2 surface.

Each of the vegetation data were transformed,
following the recommendation of NoY-MEIR et al.
(1975), using:

where: Yik = transformed data score
Xik = original data score for kth species

in ith site.
qi = sum of squares of x - scores for

site

The site normalized analysis emphasizes the
most widespread dominant surface types giving
equal weight to each site, rather than allowing the
most abundant types to dominate the results, as
would occur with no transformation, or allowing
species-rich sites to dominate the results, as would
occur with transformation by species.

These transfonned data were subjected to various
clustering algorithms (minimum variance and near
est neighbor) using the euclidean measurement for
the dissimilarity coefficient These clustering pro
cesses were carried out using the MIDAS (Fox and
GUIRE, 1976) statistical package (Minkowski{2) was
used as the correct dissimilarity coefficient because
the euclidean option in MIDAS does not provide
the generally accepted definition of euclidean dis
tance). The transformed data were also ordinated
using Principal Components Analysis (PCA) based
on the variance-covariance matrix and then clus
tered using the clustering algorithms described
above.

These analyses revealed a relatively robust set of
groupings from which the results of the minimum
variance cluster analysis (Ward's method) were
taken as the final groups. The decision behind this
final grouping was ultimately subjective, although
the following criteria were considered important:
first, the use of the variance algorithm gave weight
to the dominant surface types rather than the low
frequency types. Second, there were relatively
even-sized groups produced where required (i. e.
where the grouping was not predetermined by a

series of 100 percent surface type, 4 cases). Third,
and perhaps most important, the groups were
sensible. The similarities between the major vege
tation groups as defined by the minimum variance
(MINVAR) clustering method are summarized by
the dendrogram in Figure 2. In the first instance the
clustering procedure was performed using all the
data (155 sites). The procedure was then repeated
using data from 124 sites, which excluded those
sites where the surface consisted of a single cover
type (i. e. Seabank; Field: Soil; Field: Barley; and
Sand Dune). Identical clusters were produced with
both data sets but clearly the levels at which the
single cover type groups join the dendrogram, in the
first case, are of no significance. Thus, the den
drogram for the 124 sites was selected for illustra
tion of the vegetation clusters produced by MINVAR.
The main features of each of the final groupings are
summarized in Table 2.

The PCA did not improve the interpretation of
the groupings. The first few principle components
showed high loadings for surface types which recor
ded either 0 or 100 percent. In order to include t~e

majority of the surface types, 14 out of 16 principle
components had to be considered and therefore
classification of these effectively duplicated the
minimum variance cluster analysis of the trans
formed data.

The third method of surface group determination
employed was the Two-Way Indicator Species
Analysis, TWINSPAN (HILL, 1979). This is a di
visive method of classification based on the classi
fication of the samples in the first instance and then
on species classification according to their ecologi
cal preferences. The data were weighted using
"pseudo- species," i. e. different quantitative values
were used as "different" species and as indicators.
Thus, to give weight to low frequency indicators
which may be of ecological significance 0%, 5%,
26(/';,51 (j{1, and 76% levels would be applied. For the
purpose of classification according to reflectance
properties levels 0%, 21 %, 41 %, 61 %, and 81 %
were considered more appropriate. Due to the
utilization by TWINSPAN of low frequency values,
the groups Mud and Salicornia, and Water and
Mud were divided into two separate groups.

Differences found between MINVAR and
TWINSPAN are summarized in Table 3. The main
discrepancies occur in the classification of sites
with greatest richness, because the dichotomies in
TWINSPAN were defined by the pseudospecies
levels. The table indicates that many of the cases
that classified differently are those having max-

.Journal of Coastal Research, Vol. 2, No.2. 1986
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Figure 2. Dendrogram of the results of a minimum variance cluster analysis of vegetation types according to their surface cover ((/; ) in the
intertidal environment

imum or minimum values for that class, and thus,
are most likely to change class when an alternative
classification procedure is applied.

RESULTS

Figures 3a and 3b show the generalized reflec
tance curves for vegetated and non-vegetated sur
face types. It may be seen that the groups are sep
arable, to a greater or lesser extent, on the basis of
their characteristic reflectance spectra. Typically
the green vegetation exhibits reduced reflectance
at 463-515 and 622-664nm, which represents
absorption by chlorophyll a and b of blue and red
light. The slight visual peak at 539-578nm rep
resents reflectance of energy in the green portion of
the spectrum, hence the green appearance of most
plants. There is a considerably higher reflectance
peak at 778-975nm, due to near-infrared reflec
tance by refractive-discontinuities at the cell wall
airspace interface of the mesophyll cells of leaves
(GAUSMAN, 1977). Reflectance levels vary accord
ing to a complex of factors, of which species is one

and it is this which enables us to discriminate be
tween vegetation species. The reflectance curves of
non-vegetated surfaces are typically flatter than
those of vegetated surfaces. They differ as a func
tion of particle size, moisture status and mineraV
organic content. Figure 3b indicates that the dry
sand flat readings were higher in each waveband
than wet sandflat and mud flat readings. This is
largely due to absorption by water of all visible
wavelengths and particularly of infrared. Thus, for
all subsequent analyses of the reflectance data the
sandflat data were subdivided into the two groups.

The descriptive statistics (Table 4) and the scat
terplots (Figure 4a and 4 b) of the raw data indicate
that the highest variance occurs in data collected in
the infrared portion of the spectrum. The data col
lected in the visible wavelengths are highly cor
related. However, inspection of Figures 3 a, band
4a, b reveals that some information relating to the
discrimination of surface types may be gained by
using combinations of all four bands rather than
just the R3 and R4 which reveal the greatest sep
aration for any combination of two bands.

,Journal of Coastal Research, Vol. 2. No.2, 19R6



Table 2. Summary of the Main Features of Each of the Final Surface Groups.

Group Numbert

1. Field: Soil :3
2. Field: Barley :1
3. Seabank 20
4. Halimione 17

5. Puccinellia 26

6. Mud and Salicomia 21

7. Water and Mud 18

8. Mud 14

9. Spartina :3

10. Sandflat 20

II. Sand Dune 5
12. Salicornia 5

MIN% MAXC
;{: MEAN%

Soil 100 100 100
Barley 100 100 100
Seabank 100 100 100
Aster a 12 4.5
Halimione 40 97 65.8
8uaeda 0 LO 2.6
Mud 0 5 0.9
Salicornia 0 1 0.1
Puccinellia 2 53 26.1
Aster 0 25 9.7
Halimione 0 26 5.0
Suaeda 0 25 7.1
Mud a 20 3.0
Water 0 20 1.7
Spergularia 0 4 0.2
Salirornia 0 :35 7.3
Purcinellia :35 92 65.5
Algae 0 8 0.5
Aster 0 4 1.0
Suaeda 0 8 2.5
Mud 24 75 44.0
Water 0 25 3.5
Salicornia 2 50 32.0
Puccinellia 0 24 2.9
Algae 0 30 14.9
Aster 0 7 0.6
Mud 0 64 26.6
Water ~O LOa 53.6
Salicornia 0 30 10.0
Puccinellia 0 25 4.1
Algae 0 34 5.1
Mud 85 100 97.5
Water 0 15 2.5

Aster 0 2 1.3
Spartina 80 98 92.0
Water 0 20 6.7
Water 0 50 8.5
Sandflat 50 100 90.7
Zostera 0 5 0.8
Sand Dune 100 100 100
Mud 3 15 9.6
Water 0 10 3.0
Salicornia 80 95 87.0
Puccinellia 0 2 0.4

t Number of cases in group.

Principal Components Analysis (PCA) has fre
quently been applied (e.g. BUDD and MILTON, 1982;
SINGH and HARRISON, 1985) to assist interpreta
tion of remote sensing data. PCA was performed
using both the correlation matrix and the variance
covariance matrix. The results of which are presen
ted in Table 5.

Scatterplots were inspected for each combina
tion of bands in which ground reflectance data were
collected and each combination of PC's 1-4 (Figures
5a and 5 b). Because the first two principal com
ponents, using both the correlation and the variance-

covariance matrix, contribute over 98% of the total
variance and given the loadings shown in Table 5
and that bands 1, 2, and 3 are highly correlated, it is
not surprising that the plots ofPC1 vs PC2, for both
methods of PCA, and the plots of the raw data are
very similar. The PCA effectively condenses the
information from four spectral bands into two new
variables but apparently offers little to enhance the
separation of groups beyond the combination of
raw data collected in the R3 and R4.

Of the eleven sites which were classified differen
tly by MINVAR and TWINSPAN (Table 3), nine

,Journal of Coastal Research, Vol. 2, No.2, 1986
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Figure 3a. Generalized reflectance curves of vegetated surface groups in and bordering the salt marsh. Refer to text for bandwidth of
radiometer bands RI-4.

form either outliers, on figures 5a, b, from the main
cluster or are at the edge of the cluster for their
group as defined by MINVAR.

Thus, the difficulty, and also the subjectivity, of
grouping a transitional change in vegetation assem
blages is equally expressed in the ground reflec
tance data. From both the raw and ordinated
reflectance data the following groups may be dis
tinguished, although there is some overlap at the
boundaries: Field; Soi~ Field:Barley; Sand Dune; Dry
Sand Flat; and Seabank Salicomia and Spartina
appear indistinguishable from Halimione. It should,
however, be stated that only three sites ofSpartina
were measured, due to infrequent presence of this

group. There is some overlap between Halimione
and Puccinellia, but these groups are separable for
the main part. Apart from the outliers identified,
the Mud and Salicornia group apppears as a clus
ter. The main zone of overlap of the original groups
is as follows: Wet Sand/Mud and Water/Mud.

Canonical variates analysis (CVA) is a method by
which differences among the means of a number of
groups, for which several variables have been
measured, may be examined (BLACKITH and
REYMENT, 1971; CHATFIELD and COLLINS, 1980).
The computations for canonical variates are similar
to those for principal components. Transformed
axes are produced, where the first axis is aligned to

Journal of Coastal Research, Vol. 2, No.2, 1986
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Table ;~. Summary of Differences Hetween MINVAR and TWINSPAN

MINVAR TWINSPAN Site II; Surface Covert

Halimione (~r()up =- 40-97 H 2-;;:~ p 0-12 As 0-]0 Su 0-5 M

P ~2 40 H s:~ p 4 As 1 Su 2M
P 114 40 H 47 P 7 As 6 Su

Puccindlia Group =- ()-:~;\ ~a :~S-9~ P 0-20 M 0-20 W

M& Sa 40 I;) Sa 7'2 P 12 M lW
M& Sa 44 :J5 Sa ;~[) P 20M lOW

M& Sa 45 H Sa ()() I) 12 M 20 W

Mud & Salicornia (;roup = 2-;;0 Sa 24-7[) M ()<~[) W

Sa :J;) 0-50 Sa 2[) M 2;) W

Water& Mud Group =- O-;Hl Sa 0-64 M :W-l{; 0-25 P 0-7 A~ 0-:~4 Al

M& Sa :Hi 10 Sa (jOM :W \'.

M& Sa 4:J 10 Sa :~[) M :W W

M& Sa (;; ~ 19 Sa 9M 40 W L , 1 As 19 AI

M& Sa 10f) 22 Sa IH M :~4 W 4 P 7 As 15 AI

M& Sa 100 :~O Sa ]4 M :lH W 2 P 1 As 14 Al

t The first row indicates thp range of surfacp cover (II:) for each group (defined by MINVAR). while subsequent r('ws indicate the surface

cover (I,;) of those sites classified differently by TWJNSPAN.

AI =- Algae; As = Aster; H = Halimioll('; M =- Mud; P =- Puccinellia; Sa = 8alicornia; Su = 8uaeda; W = Water.
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Table.s. peA Results for the Ground Reflectance Data. t

Tahle 4. Descriptive Statistics for Ground Reflectance Data.

t Loadings of original variables for each Principle Componpnt

using (a) correlation matrix and (b) variancp-('(wariance matrix.

indicate the greatest variability between means of
the groups. The second axis is perpendicular to the
first and is inclined in the direction of the next

greatest variability (BLACKlTH and REYMENT, 1971).
The groups used are those defined by analysis of
the vegetation and surface data. Canonical variates
analysis may be employed as a discrimination
technique to assess the numerical differentiation of
the groups by use of the available reflectance data.
In further analyses, unassigned cases could be
allocated to the group with the nearest mean value.
To test the significance of the separation between
any pair of groups, it is assumed that the variables
are normally distributed within each group and that
the variance-covariance matrices of the groups are
equal (BLACKITH and REYMENT, 1971; DAVIS,

1973). Furthennore, a logical prerequisite is that
the groups are indeed separate (MATHER, 1976).

The data analysis was carried out by the CAN
VAR2 program of BLACKTTH and REYMENT (1971)
as modified by H.tJ.B. Birks (pers. comm., 1985).
Not all the assumptions about the data may be
tested. Tests for multivariate normality are not
well-developed (MATHER, 1976) and because the
group sizes vary between:3 and 26 cases, normality
should not be accepted without reservation. Sum
mary statistics for each variable in each group (i. e.
reflectance measured in each spectral band) indi
cate that the worst measure of skewness is -1.38,
although most values lie between +1.0 and -1.0.

The program was unable to perform the test of
homogeneity of covariance matrices given the con
dition that the number of groups less one was greater
than the number of variables. Some tests were car
ried out to investigate the situation where the num
ber of groups equalled the number of variables (i. e.
4). The chi-squared test revealed that, in such cases,
the assumption of homogeneity of dispersion mat
rices was valid. The equality of the means in each
group is tested by the Wilks-Lambda criterion. In
each analysis the null hypothesis could be rejected
at the 0.01 (X level, i. e. it could be assumed that the
group means were indeed different.

Although all the statistical requirements of the
method could not be evaluated, most authors tend
to agree that even moderate departures from the
assumptions will not seriously affect the discrimini
nant functions (BLACKITH and REYMENT, 1971;
DAVIS, 1973; MATHER, 1976). In the first case, eVA
was carried out on the thirteen groups identified by
the previous analyses, with the sand flat being
treated as two groups, broadly described as wet
sandflat and dry sandflat. Sixty-two percent of the
total variance is explained by the first canonical
variate and 29 percent is explained by the second
Cfable 6). Nevertheless, the third and fourth
canonical variates should not be ignored because
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Figure 4. (Facing page) Scatterplot of the hidirectional reflec

tance values of saltmarsh ~urfaces (a) Hand R:~ (= red) data plot·

ted against Hand R4 (= infrared) data and (b) Band Rl (= blue)

data plotted against Band R2 (= green) data. The 12 groups are

those shown in Table 2.
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Figure F>. (Facing page) The reflectance data plotted on the first
two principal components, using (a) the variann'-covarian('(> mat

rix and (b) the correlation matrix.

A. (; Total Variance Explained.

B. Standardized Canonical Coefficients.

C. Correlations Between Original Variables and

Canonical Variates.

Table 7. Significance levels (>0.01) for the rejection of

the null hypothesis of no difference between multivariate

means based on canonical variates analysis for group pairs

taken from the l:~ original groups.

Table 6. Results of CV A for 1:~ Groups and

4 Reflectance Hands.

CVl CV2 CV3 CV4

A. 62.J 2R.7 6.6 2.4
B. R1 -O.ll} 0.0;) O.fjI 0.67

R2 O.2;~ -O.:H) O.2H -0.71
R;~ -0.62 O.RH -0.74 -O.O;~

R4 -0./;) -O.2:l 0.00 0.17

C. RI -0.42 0.H4 ().;~4 -0.01

R2 -0.69 0.61 O.;~ 1 -0.24

R:~ -0.;);) O.R2 0.11 -0.09

R4 -0.91 -0.42 -0.01 0.01

transformed scores using each of the pairs of
canonical variates. It remains difficult to represent
on a series of two-dimensional plots the separation
of groups which lie on four separate axes. Figure 6
shows a number of mutually exclusive groups and
also some (the main inter- tidal groups) which exhibit
varying degrees of overlap when the range of each
group is considered. The main feature of the third
canonical variate is the separation of the mature
barley crop from the rest of the sample points. The
Halimione and Seabank groups are also shown to be
mutually exclusive.

The second method involves use of the distance
between the multivariate means of each pair of
groups. The distance measure is referred to as the
Mahalanobis distance. The significance of the
separation of the two means may be assessed using
an F-test.

Of the thirteen groups used in the analysis, those
pairs for which the null hypothesis is rejected at a
significance level of 0.01 (1 (;1,:.) or higher, are shown
in Table 7. The significance levels shown in Table 7
give one indication of the efficiency of the analys~s

in discriminating between groups. These levels
should be interpreted with caution due to the prob
lems discussed earlier regarding the assumptions
required of these data. Inspection of the plot of the
data on CVl and CV2 (Figure 6) and the significance
levels shown in table 7 reveals that, while some of
the groups have statistically separate multivariate
means, based on the four canonical variables ob
tained from the surface reflectance data, there is
some overlap associated with outliers from each
group. The Spartina and Salicomia groups are clearly
indistinguishable from the Halimione group.

The efficiency of the discrimination analysis can
be further investigated using the Mahalanobis dis
tance and F-test for each case to each group. Each
of the 155 cases are then classified into groups
according to these measures. The results are sum
marized in Table 8. These values were obtained
using the stepwise discriminant analysis in the
BMDP package (DIXON, 1983).

A significant difference between the multivariate
means of groups does not indicate that there will be
no overlap of the groups when plotted on the canoni
cal variates. Generally, the lowest values for "Per
cent Correctly Classified" are for the same groups
indicated in the table of significance levels (Table
7) - but any single case can only be assigned into
one group. Therefore, where two or more groups
have similar multivariate means the figures for the
misclassification of cases (Table 8) will not show

0.72
0.14
O.O:l
0.10
n.;)!}

Significance LevelGroups

Halimione v Spartina
Halimione v Salicornia
\Vater & Mud v Mud
Mud \. 'vVet Sand

Spartina v Sal/cornia

BLACKITH and REYMENT (1971) claim that canoni
cal discriminators with small latent roots may be
efficient identifiers. Data collected at 622-664nm
and 778-97 5nm wavelengths contribute most to the
first two canonical variates. On the first variate,
both the wavebands combine to aid discrimination
between the groups, on the second the 622-664nm
data are most influential. The correlations between
the original variables and the canonical variates
help to explain the similarities between the plots of
the transfonned individual scores on the first two
canonical variates (Figure 6) and the plots of the
reflectance data (Figures 4a. b) and the first two
principal components (Figures 5a, b). The orienta
tion of these axes differ but the relative locations of
the groups on the graphs are essentially similar.

The efficiency with which the discriminant func
tion separates the thirteen groups using the trans
formed data may be assessed in numerous ways.
First, by visual interpretation of the six plots of

.Journal of Coastal Research, VoL 2, No.2, 19R6



~ ffi

f:? 4 0
EB

EEl

EEl
EB

EBEB
EB

194

CV 2,.

8

4

0

2 0

0
0

0

-2

-4

-8

o

o

Hobbs and Shennan

COVER TYPE

• Soil

• Barley

ffi Seabank

+ Ibll[nione

o )( Puccinellia"* Mud& Salicomia..

n Mud & Water

Mud

"* SpartlnJ

o SandOat

o Sand Dune

ee. Sallcornia

-8

-n -e -7 -5 -3
CV 1

-1 3 5

Figure 6. The reflectance data plotted on the first two canonical variates.

Table 8. Classification Matrix t .

Number of Cases Classified into Groups
Group No.* %0 F:S F:B S H P M&Sa W&M M Sp WS DS SD Sa

Field: Soil 3 100 3 0 0 0 0 0 0 0 0 0 0 0 0
Field: Barley 3 100 0 3 0 0 0 0 0 0 0 0 0 0 0
Seabank 20 95 0 0 19 0 0 0 0 0 0 0 0 0 1
Halimione 17 47 0 0 0 8 5 0 0 0 1 0 0 0 3
PuccineIlia 26 65 0 0 0 1 17 2 2 0 0 0 0 0 4
Mud & Salicomia 21 95 0 0 0 0 0 20 1 0 0 0 0 0 0
Water & Mud 18 44 0 0 0 0 0 4 8 4 0 2 0 0 0

Mud 14 71 0 0 0 0 0 0 2 10 0 2 0 0 0

Spartina 3 100 0 0 0 0 0 0 0 0 3 0 0 0 0
Wet Sand 15 80 0 0 0 0 0 0 0 3 0 12 0 0 0

Dry Sand 5 100 0 0 0 0 0 0 0 0 0 0 5 0 0

Sand Dune 5 100 0 0 0 0 0 0 0 0 0 0 0 5 0
Salicornia 5 60 0 0 0 0 2 0 0 0 0 0 0 0 3
Total 155 75 3 3 19 9 24 26 13 17 4 16 5 5 11

t Based on discriminant analysis of the reflectance data from the 155 cases and the 13 predetennined surface groups.
*Number of cases in group.
°Percent correctly classified
F:S = Field: Soi~ F:B = Field: Barley; S = Seabank.; H = Halimione; P = Puccinellia; M&Sa = Mud & Salicornia;

W&M = Water & Mud; M = Mud; Sp = Spartina; WS = Wet Sand; DS = Dry Sand; SD = Sand Dune; Sa = Salicornia.
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Table 9. Classification Matrix. t

Number of Cases Classified into Groups
Group No.:): %0 F:S S:B S H P M&Sa W&M M WS DS SD

Field: Soil 3 100 3 0 0 0 0 0 0 0 0 0 0
Field: Barley 3 100 0 3 0 0 0 0 0 0 0 0 0
Seabank 20 95 0 0 19 1 0 0 0 0 0 0 0
Halimione 25 72 0 0 0 18 7 0 0 0 0 0 0
Puccinellia 26 73 0 0 0 3 19 2 2 0 0 0 0
Mud & Salcornia 21 95 0 0 0 0 0 20 1 0 0 0 0
Water & Mud 18 44 0 0 0 0 0 4 8 4 2 0 0
Mud 14 71 0 0 0 0 0 0 2 10 2 0 0
Wet Sand 15 80 0 0 0 0 0 0 0 3 12 0 0
Dry Sand 5 100 0 0 0 0 0 0 0 0 0 5 0
Sand Dune 5 100 0 0 0 0 0 0 0 0 0 0 5
Total 155 79 3 3 19 22 26 26 13 17 16 5 5

t Based on discriminant analysis of the reflectance data from the 155 cases and 11 surface groups. Halimione includes the Spartina and
Salicomia cases.

:I: Number of cases in group.
°Percent correctly classified
F:S = Field: Soi~ F:B = Field: Barley; S = Seabank; H = Halimione; P = Puccinellia; M&Sa = Mud & Salicomia;

W&M = Water & Mud; M = Mud; WS = Wet Sand; DS = Dry Sand; SD = Sand Dune.

clearly how the efficiency of the analysis may be
improved. This may be achieved by comparing the
results from Figure 6 and Tables 7 and 8. The dis
criminant analyses were repeated using eleven sur
face groups, with Spartina and Salicornia cases
included in the Halimione group. The matrix (Table
9) reveals an improvement in the classification of
cases based on the discriminant functions. Those
groups not from the inter-tidal zone, i. e. Field: Soi~
Field: Barley, Seabank, and Sand Dune, are mutually
exclusive (only one misclassification) and also dis
tinguishable from all the inter-tidal groups. The
three vegetated inter-tidal groups, Halimione (includ
ing Spartina and Salicomia), Puccinellia and Mud
and Salicomia, can be discriminated with reason
able success (all>70% correctly classified). The
most difficult groups to differentiate are those
characterized by wet, unvegetated surfaces: Water
and Mud, Mud, Wet Sand.

The clearly distinguishable non inter-tidal groups
were removed from the analysis to determine if the
discriminating power of the four canonical variates
could be enhanced. The analyses were repeated for
the nine inter-tidal groups (Halimione, Puccinellia,
Mud and Salicornia, Mud and Water, Mud, Spar
tina, Wet Sand, Dry Sand, Salicomia) and then for
seven inter-tidal groups (as above but withSpartina
and Salicomia included in the Halimione group
again). The results show marginal improvement in
the ability to distinguish between the wet inter- tidal
non- vegetated surfaces. These are illustrated in
Table 10.

It has been noted throughout the analyses that
the combination of the R3 and R4 data dominate
the results. In order to examine this effect more
closely the discrimination function was limited to a
consideration of the data from only these two
wavebands. The CVA and stepwise discriminant
analyses were repeated for 13, 11, 9, and 7 groups.
In every case the results show that the use of the
reflectance data from four bands enhances the
overall discrimination compared to just using two
bands. Consistently there is an improvement of 15
19% correctly classified for the Puccinellia group,
10-14% for the Mud&Salicomia group and 14% for
the Mud group. Only the Wet Sand group is less
well classified, by 13%.

DISCUSSION

The vegetated marsh is clearly distinguishable
from the non- vegetated, and there is little chance of
mis-classification at the boundaries. Especially
because the zones of overlap contain those indi
viduals most likely to have been grouped differently
if an alternative classification procedure is used.
For example, the major outliers identified from the
Puccinellia group, which overlap with the Mud and
Salicornia group when CVA is applied to 13
groups/4 variables, are cases 40, 44, and 45 which
are those classified differently by MINVAR and
TWINSPAN analyses of the vegetational groups.
Separation of vegetated from non-vegetated marsh
will be most effective using imagery acquired in late
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Table 10. Classification Matrixt .

Group No.:I: %0 H P M&Sa W&M M WS DS

Halimione 25 72 18 7 0 0 0 0 0
Puccinellia 26 69 4 18 4 0 0 0 0
Mud & Salicomia 21 91 0 0 19 1 1 0 0
Water & Mud 18 56 0 0 2 10 4 2 0
Mud 14 71 0 0 0 2 10 2 0
Wet Sand 15 87 0 0 0 0 2 13 0
Dry Sand 5 100 0 0 0 0 0 0 5
Total 124 75 22 25 25 13 17 17 5

t Based on discriminant analysis of the reflectance data from 124 cases and 7 surface groups. HalimioTU' includes the Sparana and Salicor
nia cases.
:I: Number of cases in group.
°Percent correctly classified
H = Halimione; P = Puccinellia; M&Sa = Mud & Salicomia; W&M = Water & Mud; M = Mud; WS = Wet Sand; DS = Dry Sand

summer (September), when the transition zone
contains mature Salicornia. By September the
Salicornia zone is indistinguishable in spectral
terms from the mid-marsh, or Halimione group;
whereas in July the Salicornia zone is classified as
Mud and Salicornia, according to the MINVAR and
TWINSPAN analyses. The Mud and Salicornia
group reveals some outliers overlapping with the
non-vegetated sites (Figure 6) whereas the Halimione
grolip is mutually exclusive from them.

Sites where 5-35% Salicornia was recorded in
July showed 90-100% cover in September. Thus,
comparison of July and September images are
required to assess the extent of the Salicornia zone,
or pioneer marsh, by subtraction.

The reflectance values of Puccinellia range from
Halimione to Mud. A likely explanation for this
phenomenon is that this group was marked by vary
ing degrees of silt cover on the foliage. Thus, it may
be expected to exhibit reflectance properties typi
cal of vegetation where silt cover is absent or mini
mal but behave more like a non-vegetated surface,
in spectral terms, where silt cover is greater. Little
improvement in discriminating power is noted when
inter-tidal groups alone are considered, i. e. if the
seabank and landward groups are excluded. A case
could be made for also excluding the Dry Sand group,
in a stepwise approach, to further enhance the dis
criminating power for separation of the groups hav
ing more similar reflectance properties.

Based on reflectance properties, Spartina is
indistinguishable from the Halimione group of the
mid-marsh. This does not pose a problem for dis
crimination of the major salt marsh zones at Butter
wick because Spartina cover is sparse. However, in
cases where Sparlina is well established throughout
the marsh, discrimination of the various vegetated

zones could be problematic.
The considerable overlap of the original groups

of Wet Sand, Mud and Water, and Mud may be
explained by the fact that the water present in these
media strongly influences their spectral properties
by absorbing most of the incoming wavelengths,
especially the near-infrared, and as a result of this
they all appear quite similar. As can be seen from
the spectral data, sand, when dry, is clearly separ
able from other non- vegetated surlaces. The sep
aration of sandflat from mudflat using reflectance
data is difficult However, is should be stated that
visual separation of these two groups is difficult
even in the field because the sandflat commonly has
a veneer ( approximately 1 cm) of silt/mud and,
therefore, appears very similar to the mudflat when
wet. Maximum discrimination between these two
surfaces is likely to be achieved when the sandflat
has been dry for a few hours as the sand will drain
more rapidly than the mud and will therefore be
more reflective. However, discrimination is im
proved when all four spectral bands are used as the
465-515nm and 539-578nm wavebands enhance
separation of non-vegetated surfaces. Data should
be acquired at a mid-to-Iow-tide level on a rising
tide, thereby allowing for a maximum drying period
for the sandflat.

In the statistical analysis of the reflectance data,
it is difficult to determine whether principal com
ponents 3 and 4 add any more useful information to
that gained from PCs 1+2, or if this additional
information amounts to 'noise.' Visually, there ap
pears to be little separation of the data into surface
groups on PC3, except for the Field: Barley group
(for both the correlation and variance-covariance
matrix). This apparently resuh~ from the high
separation of these points on the red band due to
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the ripeness of the barley. In the ripe state there is
generally a shift in reflectance of vegetation from
green to red wavelengths, which results from decline
of the chlorophyll molecule and decrease in near
infrared reflectance, caused by a degeneration of
the mesophyll structure of the foliage (Figure 3a).

OveralL PCA is a useful technique for exploring
the structure of the data set. But when the data have
been previously classified, discriminant analysis is
the more logical method to apply and it would form
the basis for classification of unallocated data
points to known groupings.

CONCLUSIONS

Vegetated saltmarsh is separable from non
vegetated saltmarsh and landward surfaces are
separable from inter-tidal surfaces, based on their
spectral properties as determined by ground
measurement

Vegetated and non-vegetated inter-tidal zones
may be further separated into discrete units.
Halimione, Puccinellia, and Mud and Salicornia are
distinguishable, although with some overlap. Spar
tina and Salicornia are not separable from the
Halimione group. Dry Sand, Wet Sand, Mud, and
Water and Mud are also distinguishable, with the
latter group being the most difficult to identify
based on spectral properties.

The use of all four spectral bands optimizes dis
crimination among surface types. R3 and R4 bands
(622-664 and 778-975nm) are best for separation
of green vegetation groups while R1 and R2 bands
(465-515 and 539-578nm) enhance separation of
non-vegetated surfaces, silt-coated vegetation sur
faces, and ripe (senescent) vegetation.

The acquisition of ground reflectance data in
July and September improves discrimination among
salt marsh sunaces by exploitation of the seasonality
exhibited by various vegetation groups. The optimum
stage in the tidal cycle for discrimination of both
vegetated and non-vegetated surfaces is mid- to
low- water mark on a rising tide.

These analyses indicate the potential of using
remotely sensed data for monitoring change in the
saltmarsh and inter-tidal zone, prior and subse
quent to reclamation, given the appropriate com
bination of sensor, spatial resolution, and timing of
data acquisition
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