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The Influence of Soil Salinity, Growth 
Form, and Leaf Moisture on-the 
Spectral Radiance of 
~ p a r t i n a  alterniflora Canopies 
Changes in the spectral radiance of salt marsh canopies were 
correlated with biomass, leaf moisture, and soil salinity. 

S ALT MARSHES dominated by Spartina alterni- 
flora Loisel. extend along the eastern United 

States from Maine to Florida (Reimold, 1977). This 
ubiquitous marsh plant also occupies a wide ele- 
vational range within the salt marsh. Inundation 
frequency (elevation) alters edaphic conditions 
and fosters differential growth by S .  alterniflora. 
The different height forms of S. alterniflora have 
been attributed to elevation (Adams, 1963), nitro- 

upland. The differential growth yields canopy ge- 
ometrv and com~osi t ion variations related to 
changes in stem density, leaf to stem ratios, leaf 
orientation, and proportions of live versus dead 
tissue maintained in the canopy. Increasing ele- 
vation can be associated with increasing soil sa- 
linity and decreasing plant height and biomass. 
Variations in S. alterniflora canopies exhibit dif- 
ferent spectral signatures, as evidenced by image 
formation on color infrared film (Reimold et al., 
1973). 

ABSTRACT: Natural populations of S. alterniflora, growing at apparent soil 
salinities of 12 to 45OIo0, exhibited a 12 percent range in leaf moisture content. 
Despite the limited range of moisture content, significant differences in canopy 
spectral radiance were correlated with changes in leaf and canopy moisture 
content. Highmarsh and ditchbank S. alterniflora showed a decrease in biomass 
and leaf moisture content and an increase in spectral radiance as soil salinity 
increased. 

gen limitation (Valiela and Teal, 1974), anaero- 
biosis (Linthurst, 1980), tidal subsidy (Odum 
and Fanning, 1973; Steever et al., 1976), inter- 
stitial soil salinity (Nestler, 1977), or a combina- 
tion of these and others. There probably is no 
singular causal agent; however, salinity is consis- 
tently implicated as a major contributor. 

Teal (1962) identified four height forms or dis- 
tinct marsh types supporting S .  alterniflora in a 
Georgia salt marsh. For a New England marsh, 
Niering and Warren (1980) have also characterized 
several S .  alterniflora growth forms. S .  alterni- 
flora is tallest and most productive on the creek- 
bank, becoming progressively less productive as 
one moves up the elevational gradient toward the 
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Besides changes in biomass or proportions of 
live versus dead biomass, an important conse- 
quence of increasing soil salinity is physiological 
changes in the S. alterniflora related to plant-soil 
water relations. Increasing soil salinity requires a 
lower water potential in plant tissues in order to 
maintain net water flux into the plant. Water up- 
take is essential for photosynthesis and the sur- 
vival of the plant. The osmotic drought induced by 
soil salinity suggests that a leaf water content gra- 
dient may be an aboveground indicator of soil 
water potential. 

Spectral detection of leaf water status has been 
accomplished in the 1.3 to 2.7 pm region where 
infrared radiation is strongly absorbed by water 
(Allen and Richardson, 1968). Reflectivity from a 
leaf measured in the 1.3 to 2.7 p m  region results 
from Fresnel reflections at internal and external 
interfaces (mainly cell wall-intercellular air 
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spaces) and absorption by water (Allen et al., 1969; 
Gausman et al., 1970). This phenomenon has been 
observed and documented by many authors (Gates 
et al., 1965; Allen et al., 1970; Knipling, 1970; 
Woolley, 1971; Gausman, 1974; Gausman et al., 
1974; among others). Thomas et al. (1971) demon- 
strated a higher middle infrared reflectance from 
corn leaves as leaf water content decreased. Simi- 
lar results from leaves of agricultural crops moni- 
tored over the growing season showed an increase 
of middle infrared reflectance as moisture content 
decreased (Sinclair et al., 1971; Gausman et al., 
1973). 

Soil salinity has also been associated with in- 
creased reflectance of single leaves in the reflected 
infrared spectral region. Thomas et al. (1966) 
working with cotton found reflectance in the in- 
frared to increase below about 80 percent relative 
turgidity. They also detected increased reflec- - - 
tance from cotton leaves exposed to high concen- 
trations of chloride. Changes in leaf thickness and 
color were suggested as morphological leaf 
changes associated with the higher reflectance. 
Additional work by Gausman et al. (1969) with 
cotton suggested a decreased leaf water content as 
a function of higher salinity generally increased 
infrared reflectance. They attributed near infrared 
reflectance in the 0.75 to 1.3 pm region to changes 
in cellular arrangement within the leaf. 

Laboratory measurements of increased infrared 
reflectance as moisture content decreased were 
reversed when spectral signatures of field 
canopies were considered. Thomas et al. (1967) 
and Meyers et al. (1966) found nonsaline cotton to 
be more reflective than salt-affected cotton. This 
they attributed to smaller leaves, fewer leaves, and 
increased amounts of soil reflectivity, characteris- 
tic of the salt affected canopies. These observa- 
tions for salt-affected cotton can be related to 
canopy variations in height forms of S. alterni- 
flora. 

The present research was concerned with 
canopy structure changes in height forms of S. al- 
terniflora and how spectral characteristics 
changed relative to growth form. Sampling of S. al- 
terniflora canopies relative to a salinity gradient 
seemed to be a logical approach. The objectives of 
this study were to identify the vegetative compo- 
nents of the canopy most related to the observed 
spectral changes and to equate leaf water content, 
canopy water content, and spectral response to 
ambient soil salinity regimes. 

SITE DESCRIPTION-HIGHMARSH 

The S. alternijlora salt marshes selected for 
study were within the drainage basins of Canary 
Creek and Old Mill Creek in the vicinity of 
Lewes, Delaware. Brackish and saline marshes 
supporting S. alternijlora were sampled in both 
creeks. A total of four sampling stations were cho- 

sen, representing the range of soil salinities under 
which highmarsh S. alterniflora would normally 
be found growing in the field. 

SITE DESCRIPTION-DITCHBANK 

A mosquito ditch, colloquially known as Rene- 
gade Ditch, was selected for study from within 
the Old Mill Creek drainage. Renegade Ditch ex- 
tended approximately 343 m from the mouth to the 
nodal point (the point from which tidal water ebbs . - 
or floods from opposite directions) and supported 
an even gradation of creekbank S. alterniflora 
along its ubanks. Five stations were identified to 
describe the gradual reduction in plant height and 
aboveground biomass as one progressed up the 
ditch to the nodal point. The stations were not 
evenly spaced up the ditch. 

HARVESTING PROCEDURE 

The aboveground vegetation was harvested at 
each of five stations on Renegade Ditch on 30 Au- 
gust 1980 and at the four highmarsh areas on 
12-15 September 1980. A 0.1 square metre circu- 
lar ring was placed in a representative area at each 
station and all the plants within were clipped at 
soil level. Three replicate harvests were per- 
formed at each sampling station in both the high- 
marsh and ditchbank areas. 

In the laboratory, a representative subsample 
was drawn from the harvested vegetation. The 
plant material was sorted into live leaves, live 
stems, and dead material. The sorted plant parts 
and the unsorted residual were washed with tap 
water, dried at 60°C to a constant mass, and 
weighed to determine dry weight biomass. Each 
plant component was estimated for the whole 
sample based on the biomass proportions deter- 
mined for the sorted subsample. 

MOISTURE CONTENT DETERMINATION 

Approximately 25 green healthy leaves were 
clipped from S. alterniflora plants directly adja- 
cent to each harvested plot. The leaves were im- 
mediately bagged and put on ice. Within three 
hours, the leaves from each sample were wiped 
clean with Kimwipes and the fresh weight deter- 
mined to the nearest O.lg. After drying at 60°C to a 
constant mass, the dry weight of the leaves was 
determined. The moisture content of the leaves 
was expressed as the percent moisture content 
based on the fresh weight of the leaf; PMC = 
(1-(DWIFW) x 100, where PMC was percent 
moisture content, and FW and DW were frish and 
dry weight biomass, respectively. 

SOIL SALINITY 

Soil salinity was determined from soil cores ex- 
tracted from each harvested plot. A small sample 
of soil was extracted from 15 to 20 cm below the 
soil surface and salinity was determined to the 
nearest part per thousand (Oleo) with a refractome- 
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ter. Soil salinity determinations were from below 
the most active root zone. Because salinity was a 
concentration measurement, water uptake by the 
plant, rainfall, or time since last tidal inundation 
likely caused variations in salinity concentrations 
within the active root zone. The deep salinity de- 
termination was thought to be more representative 
of the salinity regime experienced by the S. alter- 
niflora over the long term or the equilibrium sa- 
linity (Lord, 1980). 

SPECTRAL DATA COLLECTION 

Spectral radiance data were collected immedi- 
ately before harvesting and directly over the 
quadrat of marsh to be sampled. In situ spectral 
data were collected radiometrically using a pro- 
totype to the Goddard Space Flight Center Mark 
I1 three band radiometer (Tucker et al., 1981). The 
radiometer contained three wavelength bands 
spectrally configured with interchangeable inter- 
ference filters to match bands 3, 4, and 5 of the 
Landsat-D Thematic Mapper. The sensor head 
housed a red band (0.63 to 0.69 pm, RED) sensitive 
to chlorophyll concentration, a near infrared band 
(0.76 to 0.90 pm, NIR) sensitive to plant tissue 
structure or biomass, and a middle infrared band 
(1.55 to 1.75 pm, IR) sensitive to water content. 
Data were recorded simultaneously for all three 
bands. 

Three radiance measurements were taken over 
each plot to be harvested. The detector module 
was leveled using a bubble level affixed to the top 
of the module and held 88 cm above the marsh 
canopy. At 88 cm the instantaneous field of view 
was 0.1 square metre at the top of the canopy. The 
instrument operator always held the detector 
module at arms length over the plot and always 
stood facing the sun. Spectral data were collected 
within two hours of solar noon (1100 to 1500 hrs) 
and under sunny to partly sunny skies. 

Radiance data for each plot were averaged and 
the mean for each band was used in subsequent 
calculations. Spectral radiance data were ex- 
pressed as a normalized difference (Kriegler et al., 
1969) and are referred to as either the vegetation 
index (Rouse et al., 1973) or the infrared index. 
The vegetation index was expressed as VI = NIR - 
REDINIR + RED, where W equals the vegetation 
index and NIR and RED were the near infrared and 
red band radiance, respectively. The infrared 
index (11) was the same as the vegetation index 
except the middle infrared band (IR) radiance was 
substituted for the red band in the above expres- 
sion. Representing spectral radiance data as the 
vegetation or the infrared index had the effect of 
correcting for changing levels of irradiance. Be- 
cause radiance measurements were obtained 
under sunny skies and at the same time of year, we 
presume little change in irradiance conditions 
from site to site or day to day in this study. 

Significant differences in this paper will be as- 

sumed to be at the 95 percent probability level. 
Contrasts among variable means were according to 
Duncan's Multiple Range test. 

HIGHMARSH 

The results from the destructive harvest of the 
highmarsh S. alterniflora areas are depicted in 
Figure 1. Spectral data expressed as the vegetation 
index and the infrared index were similar; there- 
fore, only the infrared index is graphed in Figure 
1. Each sample location was represented by the 
ambient soil salinity on the x-axis. The dead com- 
ponent included dead leaves and stems, while the 
live component represented live leaves, stems, 
and inflorescences. The letters on the bars or next 
to point symbols indicated the statistical separa- 
bility of the respective components (live, dead, or 
total biomass and radiance) across the salinity gra- 
dient. A similar letter for the same component de- 
noted a lack of significant difference. 

Total aboveground biomass showed a signifi- 
cant decrease with increased soil salinity (Figure 
1). The major differential growth occurred as a re- 
duction in live tissue as soil salinity increased. 
The dead component was statistically similar for 
the two areas with soil salinities less than 23%0 
and for the two areas with soil salinities greater 
than 270/00. The infrared index showed a marked 
decrease for the plant canopies growing on in- 
creasingly saline soil. The infrared index values 
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FIG. 1. Biomass and infrared index of highmarsh S .  
altermiflora canopies experiencing various soil salinity 
regimes. Bars representing 2 one standard error of the 
mean are shown wherever they exceeded the size of the 
point symbol. 
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TABLE 1. COMPARISON OF S. alternijlora CANOPY coefficients were significant at the 0.01 probability 
PARAMETERS BY SOIL SALINITY FOR HIGHMARSH AREAS level. Leaf moisture content and CanoDv moisture 

Soil* Live Leaf Canopy content correlated well with radiance &ices. The 
Salinity Biomass Moisture Moisture infrared index was more highly correlated with all 

(Oleo) (%) (%I ( g  m - ~ )  the vegetative descriptors than was the vegetation . . . . . . .- . 
index. 

12 k 0 a 74 k 2 a 67 k0.6  a 1469 2 47 a 
22 k 0 b 71 2 1 a 68 % 0.7 a 959 2 52 b DITCHBANK 

* Values presented are means of three replicates ? one standard error 
of the mean. Means followed by similar letters were not significantly 
different. 

g m-' = grams per square metre. 

were not significantly different for the two freshest 
stations, but the 28OIoo and the 45OIoo areas yielded 
significantly lower values. 

Additional canopy characteristics for the high- 
marsh stations are listed in Table 1. The percent 
live biomass in the respective canopies decreased 
with increased soil salinity. Leaf moisture content 
was similar for the two fresher stations and similar 
for the two saltier stations. The total range of per- 
cent moisture was 12 percent. The canopy mois- 
ture content represented the water content of live 
leaves within the canopy per unit ground area. 
This representation of moisture content showed 
significant decreases in unit canopy moisture as 
soil salinity increased. Soil salinity was negatively 
correlated with leaf moisture (r = -0.79) and with 
canopy moisture (r = -0.88). 

The close association between moisture content 
and aboveground biomass was evident from the 
data. Total and live leaf biomass were considered 
covariates and the ANOVA was repeated. Differ- 
ences in leaf moisture and canopy moisture re- 
mained statistically significant when adjusted for 
biomass variation among stations. 

The vegetative descriptors of the S. alternijlora 
communities associated with the different soil sa- 
linity regimes were analyzed with linear regres- 
sion analysis to determine if any relationships 
existed between canopy parameters and observed 
spectral radiance indices (Table 2). All correlation 

Live and dead components of the S. alternijlora 
along Renegade Ditch are presented in Figure 2. 
The station numbered 1 was closest to the main 
creek. Letters denote statistical similarity for 
biomass or radiance data considered over the five 
stations sampled. Bars having different letters 
were significantly different. The infrared index 
and the vegetation index values were similar, so 
only the infrared index is shown in Figure 2. 

Live biomass density decreased significantly 
moving up the ditch (Figure 2). The dead compo- 
nent also exhibited a significant decrease up the 
ditch; however, the magnitude was much less for 
the dead than for the live biomass. One would ex- 
pect an increase in soil salinity and a decrease in 
tidal amplitude moving up the ditch. The reduc- 
tion in biomass was considered consistent with the 
increasing osmotic stress of increasing soil salin- 
ity. The infrared index declined in a similar pat- 
tern to the live biomass. The infrared index for 
station 1 was significantly greater than all other 
stations. The infrared index values for stations 2,3, 
and 4 were not significantly different but were 
significantly higher than station 5. 

The gradation in soil salinity generally in- 
creased toward the nodal point. Although some 
significant differences in soil salinity were ob- 
served, the magnitude of change was small with a 
fair amount of variability associated with the mean 
of each station (Table 3). Percent live biomass 
showed a decreasing trend from station 1 to 5. Leaf 
moisture content was not significantly different at 
the lower three stations. Leaf moisture declined 
significantly at both stations 4 and 5. The canopy 
water content showed the same trend as did the 
leaf moisture content. Soil salinity was negatively 
correlated with leaf moisture (r = -0.65) and with 
canopy moisture (r = -0.75). 

TABLE 2. CORRELATION COEFFICIENTS (r) DESCRIBING THE RELATIONSHIP BETWEEN CANOPY 
AND RADIANCE PARAMETERS FOR HIGHMARSH S. alterniflora AREAS 

Total 
Live Leaf Aboveground Live Leaf Canopy 

Radiance* Biomass Biomass Biomass Moisture Moisture 
Index (gdw m-%) (gdw m-2) (%) (%) (g m-P) 

vl = vegetation index; 11 = inbred index. 
gdw m-' = grams dry weight per square metre. 
g m-' = grams per square metre. 
n for all correlations = 12. 
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FIG. 2. Biomass and infrared index of ditchbank S. 
alterniflora canopies along Renegade Ditch. Bars repre- 
senting + one standard error of the mean are shown 
wherever they exceeded the size of the point symbol. 

Table 4 presents correlation coefficients be- 
tween radiance indices and the vegetation param- 
eters. All correlation coefficients were significant 
at the 0.05 level. The vegetation index was slightly 
better correlated with moisture content and live 
leaf biomass than was the infrared index. 

1 WHOLE MARSH 

When all stations were considered, leaf mois- 
ture and canopy moisture were more closely cor- 
related with the infrared index than with the veg- 
etation index. Moisture content and infrared index 
data for all height forms of S. alterniflora (high- 
marsh and ditchbank) were analyzed together in 
Figures 3 and 4. The infrared index explained 70 
percent and 61 percent of the variation in leaf 
moisture and canopy moisture, respectively, for all 
stations sampled. 

We would, in some ways, consider the use of the 
red spectral region (primarily sensitive to 
chlorophyll absorption) and the near infrared re- 
gion (primarily sensitive to cellular structure) as 
an indirect indicator of actual water content. It 
seems clear that morphological and physiological 
changes related to moisture stress are readily de- 
tected by combining these spectral regions (vege- 
tation index). However, longer wavelength in- 
frared energy would be expected to be a more di- 
rect indicator of water content. Tucker (1980), in a 
recent paper, used a stochastic leaf radiation 
model (Tucker and Garratt, 1977) to simulate the 
influence of leaf water content on spectral reflec- 
tance. A salient outcome of this work was that 
maximal differences in reflectance attributed to 
differences in leaf water content occurred in the 
1.50 to 1.75 pm spectral region. Based on this 
simulation, the middle infrared band used in this 
study should possess good moisture content dis- 
crimination capabilities. 

Our radiance data showed an improvement in 
estimating leaf moisture and canopy moisture 
content when the infrared index was used as op- 
posed to the vegetation index. This trend was in- 
dicated in the highmarsh samples and when both 
marsh types were considered together, but the in- 
frared index was not clearly superior in the ditch- 
bank samples. Previous work (Hardisky et al., in 
press) suggested that the vegetation index was 
more effective in describing tall form S. alterni- 
flora canopy parameters than was the infrared 
index. The physical limitation of light penetration 
of taller canopies apparently reduced spectral sen- 
sitivity more for the infrared index than the vege- 
tation index and contributed to the observed 
dichotomy between highmarsh and ditchbank 
areas. Overall, the infrared index was superior to 
the vegetation index for moisture content detec- 
tion. 

We used osmotic drought (induced by soil 
salinities) as opposed to soil moisture drought to 
study variations in canopy spectral radiance. The 
spectral responses we obtained were consistent 

Station* 

Soilf 
Salinity 

(Oleo) 

Live 
Biomass 

(%O 

Leaf 
Moisture 

(%I 

Canopy 
Moisture 
(g m-') 

1 32 + 1.2 a 76+2a  67 + 0.4 a 1226 +- 95 a 
2 31 ? 0.9 a 69+2 bc 68 + 0.8 a 1276 + 167 a 
3 34 + 0.9 ab 73 2 1 ab 66 + 0.3 a 1165 k 77 a 
4 38 ? 1.5 c 6 5 + 2 c  64 + 0.6 b 696 + 46 b 
5 37 + 2.3 bc 6 2 + 3 c  60 + 1.1 c 3022 21c 

* Station 1 corresponds to the mouth of the ditch and station 5 corresponds to the nodal point. 
t Values presented are means of three replicates e one standard error of the mean. Means followed by similar letters were not significantly different 

g m-' = grams per square meke. 
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TABLE 4. CORRELATION COEFFICIENTS (r) DESCRIBING THE RELATIONSHIP BETWEEN CANOPY 
AND RADIANCE PARAMETERS FOR DITCHBANK S. alternijlora STATIONS 

Total 
Live Leaf Aboveground Live Leaf Canopy 

Radiance* Biomass Biomass Biomass Moisture Moisture 
Index (gdw m-2) (gdw m-*) (%I (%) (g m-*) 

VI 0.77 0.74 0.66 0.80 0.74 
I1 0.73 0.78 0.84 0.72 0.71 

VI = vegetation inde.; II = infrared index. 
gdw m-' = grams dry weight per square metre. 
g m-' = grams per square metre. 
n for all correlations = 15. 

with laboratory and field results obtained by other 
authors working solely with soil moisture deficit. 
The drought switch was successful, but osmoti- 
cally induced stress is variable temporally and 
spatially. For the highmarsh stations, the estimate 
of soil salinity was probably a reliable indicator of 
the average salinity experienced by the plants. 
The position of the highmarsh areas away from the 
creekbank and the slightly higher elevation re- 
duced the frequency of tidal inundation and the 
rate of soil water movement relative to the ditch- 
bank stations. The ditchbank soil salinity data 
showed more variability, due to the presumably 
more rapid soil water movement, and were not as 
closely correlated with biomass. The influence of 
differential flooding regimes on the ditchbank as 
the tidal amplitude decreased up the ditch and 
lunar controlled variations of the initial tidal am- 
plitude, created a highly variable soil salinity re- 
gime. The long term indicator of salinity stress 
(biomass) was evenly graded up the ditch but the 
instantaneous estimate of salinity stress (soil sa- 
linity or plant moisture content) was not as con- 
sistent. 

l l - .213+.0089 (P) 

STD. ERROR OF EST. = ,029  

! Im INFRARED INDEX 
P =  LEAF MOISTURE 

I ,  I 

55 60 65 70 
LEAF MOISTURE (%I 

FIG. 3. Relationship between infrared index and leaf 
moisture for all S. alterniflora growth forms sampled. 

Spectral radiance measurements along naturally 
occurring salinity gradients have shown a reduc- 
tion in spectral radiance indices as soil salinity in- 
creases for the salt marsh plant S. alternijlora. 
Aboveground live biomass, spectral radiance indi- 
ces, and leaf moisture content showed a significant 
negative correlation with soil salinity. 

The infrared index was more closely correlated 
with moisture and other canopy variables than the 
vegetation index in the highmarsh areas. This was 
attributed to the better moisture detection 
capabilities of the middle infrared spectral region. 
Ditchbank (tall form) S. alterniflora characteristics 
were best described by the vegetation index. 

Remote spectral detection of plant vigor is pos- 
sible using a combination of spectral bands. The 
interdependence of aboveground biomass, leaf 
moisture content, and canopy height permitted the 
spectral discrimination of variation in canopy 
characteristics with both spectral radiance indices 
tested. Because natural, presumably equilibrium, 
communities of S. alternijlora were observed in 

11=.708 + . 0 0 0 0 9 ( C )  
rL..61 
STD. ERROR OF EST. - ,033  

I I .  INFRAREO INDEX 
C *CANOPY MOISTURE 

t . 1- 

500 1000 1500 

CANOPY MOISTURE ( g  m-2)  

FIG. 4. Relationship between infrared index and canopy 
moisture for all S. alterniflora growth forms sampled. 
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this study, we were not able to demonstrate direct 
spectral alteration solely from leaf moisture 
changes; rather, the composite reaction of the 
plant community to salinity stress was detected. 
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