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The feasibility of using aerial photography from fixed winged

aircraft to differentiate species of aquatic macrophytes and estimate

their biomass was investigated. A Spectral Data Model 10 multi-

spectral camera with Kodak Infrared Aerographlc 2424 film and a hand

held 35 mm camera with panchromatic, color, and color-IR film were

used during four flights along the shallow margins of the Pamlico

River estuary during the summer and fall, 1973. Remote sensing

flights were made in conjunction with the acquisition of ground truth

data from 27 transects randomly located in the upper one-half of the

river. Ground truth consisted of species density, water depth,

perpendicular distance from shore, and turbidity. Submerged plant

beds were discernible with all film types but less desirable results

were obtained in the near-IR band of the raultlspectral photography.

Even though biomass estimates were not possible with existing

techniques, two species, Valllsnerla americana and Potamogetón

perfoliatus var. bupleuroldes, were differentiated using color

patterns due in part to differences In plant density and growth form.

Plant density, species distribution, and phytosoclologlcal

relationships (ground truth data) as related water depth and distance

from shore were also investigated. Maximum mean plant density,

26 plants/0.1 m^, occurred at 60 cm. Minimum mean density.
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2 plants/0.1 occurred between 130 and 160 cm depth. No plants

were recorded beyond 160 cm In the study strata. Plant density values

between 50 and 90 cm were shown to be significantly different from

values at other depths. Correlation analyses revealed that the

depth-density relationship of Najas guadalupensis and Potamogetón

perfoliatus var. bupleuroides were significantly correlated vjith

water depth. Najas guadalupensis was positively correlated whereas

Potamogetón perfoliatus var. bupleuroides exhibited a negative

relationship. No significant correlations were determined for water

depth and Vallisnerla americana or Ruppia marítima. No significant

relationships were determined for species density and distance from

shore.

Twelve different combinations of species were observed during the

study. Vallisnerla americana was the dominant species in the estuary

and was found in 83% of all quadrats containing vegetation either as a

single species or in combination with one or more species. Quadrats

containing only one species other than V. americana accounted

for only 16% of the total quadrats which contained vegetation.

Potamogetón perfoliatus was the sub-dominant species in the study area

followed by Najas guadalupensis and Ruppia marítima.
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INTRODUCTION AND LITERATURE

REVIEW

Ecological studies of aquatic ecosystems are difficult and time

consuming. Sampling problems often occur In estuaries where the

species composition of communities can vary greatly In time and space

as influenced by changing physical and chemical gradients. This can

lead to problems In sampling efficiency and accuracy, especially In

attempting to estimate biomass and determine community relationships

over large areas where populations are clumped (over-dispersed).

The distribution of submerged aquatic macrophytes (seed plants and

larger filamentous algae) of the Pamlico River estuary. North

Carolina represents an example of such differences In the species

composition of communities as related to variations In the physical

and chemical conditions of an estuary. Aquatic macrophytes are

Important components of the Pamlico River ecosystem.

The present research was designed to assess the feasibility of

using aerial remote sensing as a rapid and accurate method for deter-

mining macrophyte biomass and species distribution In the Pamlico

River estuary. In order to properly analyze aerial photographs

reliable data (ground truth) are needed to calibrate and extend the

Information developed from the aerial photographs. A major portion

of this study Is concerned with the collection and analysis of sub-

merged macrophyte ground truth data by traditional methods with

emphasis on the relationship between plant density and water depth
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and/or distance from shore. The ob.iectives of this study are:

1) to assess the feasibility of using remote sensing as a method of

rapid evaluation of this important ecosystem component, the aquatic

macrophytes, and 2) to establish baseline data concerning the dis-

tribution of aquatic macrophytes along the depth gradient. Infor-

rnation from this study in conjunction with data from present and

future studies of component parts of the Pamlico River ecosystem

will be vital for an effective long-term management of this estuary.

Importance of Aquatic Macrophytes

Submerged macrophytes play an Important role in many aquatic

ecosystems as primary producers and are associated with numerous

physical and chemical Interactions that can modify the environment

(Sculthorpe, 1967; Hynes, 1972; Boyd, 1971; Reid, 1961). Photo-

synthesis and respiration by aquatic macrophytes can result in their

being either a source or a sink of dissolved oxygen and carbon dioxide

in the aquatic system. In relatively clear streams and rivers, photo-

synthesis by aquatic vegetation releases large amounts of oxygen to

the waters, particularly during cloudless days (Odum, 1971). In a

slow moving shallow stream or river containing a fair abundance of

rooted aquatic plants, photosynthetic production of oxygen during the

daytime may exceed the rate of turbulent diffusion of oxygen from the

water into the air (Reid, 1961). This generally results in a diurnal

fluctuation of oxygen during the day (Hynes, 1970) while at night

oxygen concentrations generally drop to 100 percent
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saturntion or less (Reid, Odum, 1971). Otlier fnctora InfluenclnR

oxygen concentration are water temperature, water depth, degree of

turbulence, and the momentary oxygen demand by decomposition processes

(Hutchinson, 1957). Most recorded instances of extreme diurnal oxygen

variation have also been associated with dense growths of aquatic

plants. Butcher et_ al. (1930, 1937) were the first to describe this

phenomenon (which is sometimes associated with polluted streams) in

several rivers in England. Owens and Edwards (1964) reported that even

in the absence of pollution, as in the River Yare, England, variations

of dissolved oxygen up to 10 mg/1 during 24 hours have been observed.

Therefore, where moderate growths of aquatic plants are present, a

large decrease in oxygen concentration from afternoon to dawn is probably

normal. In densely overgrown rivers the oxygen fluctuation may have a

great impact on the aquatic community.

The form of Inorganic carbon available to aquatic plants depends

upon the pH of the water which alters the well known C02'^HC0^C02 buffer
system. Variations in pH can affect other processes such as uptake of

Inorganic nutrients. Aquatic plants may then function as sources and

sinks of inorganic nutrient elements depending on the pH (Sculthorpe,

1967).

Aquatic macrophytes are important in food webs of many aquatic

ecosystems. Submerged and floating-leafed species tend to produce

small standing crops but have much higher nutritive value than highly

productive emergent plants. Submerged, floating-leafed, and floating

plants are usually less productive than emergent and terrestrial
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plants of the same climate (Westlake, 1963; Boyd, 1971). However,

generalizations concerning the production of an individual species may

differ greatly between habitats (Boyd and Hess, 1970). Depending on

the suitability of a system for macrophyte growth, the percentage of

total primary productivity contributed by macrophytes will vary. In

most lakes and rivers the area and volume of water occupied by rooted

macrophytes are much less than that occupied by the phytoplankton community.

Furthermore, most macrophytes are not grazed extensively by herbivores,

but contribute to the organic detritus pool and food chains when death

and decay occurs (Odum, 1971).

Nutrients taken up by macrophytes in excess of requirements early

in the growing season may be used later for growth. This early absorp-

tion may give macrophytes a competitive advantage over other species

of macrophytes and the phytoplankton community. At the end of the

growing season death and the resulting decomposition returns nutrients

back to the aquatic ecosystem. Submerged macrophytes decompose at a

faster rate than emergent vegetation owing to the more finely dissected

structures of the submerged species (Boyd, 1970). A large proportion

of the nutrient content released by the decomposing macrophytes will

be rapidly released into the water and made available to other

organisms.

There are other more subtle functions that aquatic macrophytes

may contribute to the ecology and water quality control of the Pamlico

River estuary. Aquatic macrophytes serve as a substrate for various

aufwuchs (plant and animal organisms attached to stems and leaves of
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rooted plants or other submerged structures) and provide shelter for

smaller fish and other animals from predation. However, the very fact

that smaller fish abound In these areas results In predator activity

In and around the beds. Certain families of fishes such as the

Centrarchldae and Percldae use these aquatic plant beds for nesting

areas during the spawning season (Prescott, 1973).

Few aquatic plants are of direct economic Importance to man,

but some plants are consumed by economically important organisms

(Guppy, 1897; Prescott, 1973). In a study of the food of game ducks

of the D. S. andC añada, Martin and Uhler (1939) reported that Chara

spp., Potamogetón perfollatus, Valllsnerla americana, Ruppla marítima

and Najas guadalupensls were Important duck food of the Atlantic coast

region. All of these species of macrophytes have been observed In the

Pamlico River estuary.

In a negative sense, aquatic macrophytes may Interfere with

swimming, net fishing, boating, and utilization of beaches. They may

also produce odoriferous and possibly toxic substances and create

anaerobic conditions through their decay. Turk et^ al. (1972) report

some catastrophic events that have occurred In the Nile, Congo and

Mississippi Rivers as a result of rampant growth of water hyacinth

(Elchhomla crassIpes) . Eurasian watermllfoil (Myrlophyllum splcatum)

Infested 100,000 acres In the Chesapeake Bay in the mid-1960'8 and

hampered swimming In that area. In addition, this rampant growth

Interferred with seafood harvest, increased slltatlon, and encouraged

mosquitoes in that area. The Currituck-Back Bay areas of North Carolina

and Virginia are presently affected by some of these same problems as a
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result of Eurasian watermilfoll.

The complex Interrelationships among aquatic vascular plants,

associated biota, water quality, and the activities of man call for a

case-by-case evaluation In assessing the need for management programs.

In view of this. If the appropriate management of this Pamlico River

estuary Is to become a reality, extensive work needs to be Initiated

to obtain more data concerning the Intraspeclflc and Interspecific

relationships that exist among all of the biological components of

this estuary. Including aquatic macrophytes.

Plant-Depth Relationships

A variety of factors are known to affect the distribution of sub-

merged macrophytes. Curtis (1959) considers water depth the most

Important because of Its relationship to light Intensity. Pearsall

(1920) considered that light conditions did not determine the dlstrl-

butlon of vegetation except for Imposing limits only In the deeper

waters (l.e. beyond the littoral zone). Spence (1967) Interpreted

Pearsall as referring not to the absolute minimum Irradiance In a lake

In which a given species can survive, but the depth limits at which

Insufficient Irradiance prohibits all vegetative growth. Spence also

(1967) pointed out that It seems unusual that light should not operate

as a limiting factor In the former Instance but does In the latter.

Consequently, It seems reasonable to speculate that Irradiance as

related to water depth could be an Important factor (limiting) In the

distribution of Individual species along a depth gradient as In the

Pamlico River estuary.
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Some species of submerged macrophytes nre able to tolerate reduced

levels of light Intensity better than others. Chara spp. and Nitella

spp. are seemingly adapted to relatively low light intensities (Schmid,

1965; Martin and Uhler, 1939). Pondveeds (Potamogetonaceae) in general

were found in water deeper than one meter by Spence (1967) in his

studies of the macrophytes of the lochs of Scotland.

Spence (1967) also concluded from this study that broad leafed

species such as Potamogetón amplifolius were most often found in deeper

water (160 cm) while the narrow, linear leaved species were more evenly

distributed along the depth gradient. He indicated that this dlstrl-

bution of macrophytes was also seemingly associated with water depth and

consequently Irradiance. Schmid (1965) reported in his study of

Long Lake, Wisconsin that the linear, narrow leaved species such as

Najas flexis. Potamogetón pectinatus, and Heteranthia dubia were often

found in the shallow water areas. He attributed this distribution

pattern to the ability of these narrow leaded species to withstand more

intense wave action associated with shallow water conditions.

Substrate types also affect the distribution of submerged macro-

phytes. Schmid (1965) indicated in his study of Long Lake, that

the coarse substrate coupled with Intense wave action may have limited

the growth of the broad leaved forms such as Potamogetón amplifolius,

Potamogetón zosteriformis, Elodea canadensis, and Myriophyllum

exalbescens in shallow water. However, he further indicated that these

conditions seemed more favorable for the growth of such narrow leafed

species as Najas flexis. Potamogetón pectinatus, and Heteranthia dubia.
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In general, the Kttoral region of aquatic systems Is divided

Into three distinct vegetation zones: 1) zone of emergent vegetation,

2) zone of floating leaved vegetation, 3) and the zone of submerged

vegetation. Rooted aquatic plants as are common In the Pamlico River

estuary generally form concentric rings within the littoral zone and

often one group (genus) replaces the other with Increasing water depth

(Odum, 1971; Reid, 1961; Hutchinson, 1967). Martin and Uhler (1939)

In their study of food of waterfowl of the U. S. and Canada observed

that some species of aquatic plants are generally found In deeper water

than others. They reported that most pondweeds (Potamogetón spp.) were

found In deep water ( 1 m) and that Potamogetón perfollatus Farwell

was most often found In deeper water than most other pondweeds. Other

species were described as having depth ranges for optimal growth. They

observed Ruppla marítima growing In depths varying from a few Inches to

several feet but most often recorded In shallow areas. Najas

guadalupensIs was reported growing In fresh or mildly brackish water at

depths ranging from 1 to 20 ft and most often on muddy substrates.

They Indicated that this species apparently required less light for

successful growth than most other aquatic seed plants.

These Investigators also reported that Valllsnerla americana

grew well In fresh water at depths of 1-5 ft and on substrates having

a large proportion of sand and/or coarse silt. The most extensive beds

of V. americana In the U. S. are known to occur In the fresh water

sections of the tidal streams along the Atlantic Coastal Plain (Martin

and Uhler, 1939). Anderson (1972) has also reported dense beds of
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the species In the Chesapeake Bay area.

Based on the results of the above studies, water depth seems to

be the one parameter that is definitely correlated with these factors:

1) light intensity, 2) substrate type and 3) wave action. Consequently,

the present study is concerned with the distribution of the aquatic

macrophytes of the Pamlico River estuary as related to water depth, as

well as other factors which may also affect species distribution along

the depth gradient.

Remote Sensing - Multispectral Photography

Remote sensing is the acquisition of information about the bio-

sphere by noncontact methods, usually from aircraft, in any portion of

the electromagnetic spectrum (Odum, 1971). The application of remote

sensing techniques to ecological problems has been increasing for the

past decade (Boyer, 1973; Colwell, 1973; Anon, 1974). Remote sensing

studies in forestry and agriculture have dominated the literature during

this time probably because of economic importance. Extensive work has

been done on the salt marsh vegetation with relatively good results in

spéciation and mapping (Stroud and Cooper, 1968; Carter and Anderson,

1972; Hubbard and Grimes, 1972; Anderson and Wobber, 1972; and others).

However, less attention has been given to the application of these tech-

niques to the purely aquatic environment and especially submerged

vegetation (Anderson, 1971).

Remote sensing carried out simultaneously in several bands of the

electromagnetic spectrum is known as multispectral sensing. This is a

relatively new technique in the study of aquatic ecosystems. By use
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of a special camera and filtn-fliter system, the electromagentlc

energy reflected from features of the earth's surface can be photo-

graphed and analyzed. The radiation of these features is not bound to

one wavelength or even within one band, but is distributed throughout

most of the electromagnetic spectrum. The atomic, molecular, and

macromolecular composition of an object will determine the spectral

composition of the energy that emanates from that feature. Therefore,

it is possible that each type of feature (l.e. aquatic macrophytes) will

exhibit a unique "total signature". Scherz (1971) has shown that water

reflects ultraviolet directly from the surface, while the middle wave-

lengths (blues and greens) best penetrate the water revealing bottom

features. Near infrared (IR) energy is absorbed by the first few inches

of water and is therefore of little value in studying submerged

vegetation.

One of the earliest records of remote sensing of submerged aquatic

macrophytes was by Edwards and Brown (1960). They obtained a good cover

map of a shallow stream in England with black and white film and a camera

suspended from a home-made balloon. A study by Kollplnskl and Higer

(1970) of the benthic communities of Blscayne Bay showed that bottom

t3rpes (soft-hard) could be differentiated with a sophisticated computer-

linked multiband system. No spéciation of bottom communities was re-

corded, but sea grasses characterized the soft bottom conanunltles while

macroalgae and sponges were characteristic of the hard bottom communit-

ies. Anderson (1971, 1972), using color and color Infrared film. Is

actively engaged in multlspectral sensing of emergent and shallow water
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distribution.

Wile (1973) mapped submerged vegetation In Kawartha Lakes, Ontario,

using color IR film In the blue and green bands. Two plant density

ratings were possible with this Imagery: 1) light to moderate, and

2) heavy plant growth. However, plant spéciation based on available

Imagery was not possible. Gustafson and Adams (1973) also obtained

good water penetration with the blue and green bands of color IR film

In their study of Lake Wlngra, Wisconsin. They Identified four species

of aquatic macrophytes using a mlcro-densltometer-spectrophotometer.

However, only those species growing 3-4 cm from the surface (the range

of the IR penetration) could be Identified. These investigators are

quick to point out that while attempting to photograph deeply submerged

aquatic plants much of the advantage of Infrared band of the color IR

film Is lost since It Is readily absorbed by the first few cm of water.

Many Investigators have shown that the film wavelengths that penetrate

water best are those of the green and blue-green (450-550 cm), (Wile,

1973). Scherz (1971) concluded from field experimentation that the best

wavelengths to see bottom characteristics are those In the blue-green

portion of the spectrum and this can be achieved with normal color,

color Infrared, and multlspectral scanning within these bands.



DESCRIPTION OF STUDY AREA

The Pamlico River has been described as a ollgohallne-mesohallne

system according to the Venice classification of brackish waters

(Tenore, 1972). The major tributary of this estuary Is the Tar River

which flows through northeastern North Carolina until It becomes the

Pamlico River at Washington, North Carolina. From Washington, the

estuary extends 65 km before emptying Into the Pamlico Sound.

The river Is as a broad (maximum 15 km), shallow (mean depth,

2.5 m) estuary with annual temperature ranging from 3-34 C

(Hobble, 1970). Virtually no emergent or floating leaved plant beds

are present but some shallow areas do contain extensive beds of sub-

merged rooted vegetation. Tenore (1972) and others report the average

depth of the shallow areas as being 1 m with large beds of Potamogetón

spp. and Ruppla marítima L. occurring In the sandy areas along shore.

Potamogetón perfollatus var. bupleuroldes (Femald) Farwell Is common

In the upper reaches while Potamogetón pectlnatus L. Is present but

rare. (Hereafter Potamogetón perfollatus var. bupleuroldes will be

referred to as Potamogetón perfollatus.) In addition to these species,

Valllsnerla americana Michaux and Najas guadalupensls Margus are also

common In the upper reaches of the estuary.

Hobble (1970) reported that salinities within the estuary range

from 0 to 18 ppt (parts per thousand) and the amount of freshwater Inflow

Is correlated with these variations. Annual fluctuations at any location

may range as much as 13 ppt. This low salinity regime results from the

buffering effect of the North Carolina Outer Banks which also serve to
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reduce the amplitude of the lunar tides (Tenore, 1972). However, wind

tides have an observable effect on the water level of the river.

Hobble (1971) has suggested that the high turbidity is a result of the

suspension and resuspension of fine particles caused by wave

action due to winds. The suspended solids load in the Tar River, the

largest tributary, is generally quite high, averaging 243 tons/day over

a five-year period (Upchurch e_t al., 1974). This is Indeed an Important

factor influencing turbidity. In addition. Hobble (1971) also specu-

lated that the Inflow of tannin colored waters from nearby swamps

Increases turbidity.

Calm wind conditions and the Inflow of large quantities of fresh

water can initiate stratification in the deeper portions of the estuary.

Variations in vertical temperature and salinity are slight (4* C and

4 ppt maximum variation, respectively). Bottom waters may become anoxic

shortly after stratification has been initiated. Periods of stratlfl-

cation are short lived, however, since high wind conditions reoccur

often to remix the water in the wide, shallow estuary (Hobble, 1970).

Hobble (1971) has identified nitrogen as the limiting factor in

phytoplankton productivity of the estuary. His explanation is that

during periods of low temperature nitrogen from tributaries accumulates

but phytoplankton production is temperature-limited. If still more

nitrogen is Introduced into the estuary, through agricultural runoff or

other means, large phytoplankton pulses may occur during the warm summer

months. Nitrogen may also be the limiting nutrient in the productivity

of aquatic macrophytes of the estuary.
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A variety of salt water fish (i.e. stripped bass, herring, flounder,

and shad) as well as some freshwater species (I.e. sunflsh, largemouth

bass) are found In the estuary. The commonly occurring blue crab and

shrimp are of commercial Importance as are some of the above mentioned

fish species (Copeland and Hobble, 1972). The Paimllco River also serves

as a recreational area for boating and sport fishing In addition to

supporting the commercial fish and shellfish Industries.

Until the establishment of an open pit phosphate mining facility,

Texasgulf, Inc., on the south side of the river In 1964, biological

studies on this system had been few. Since that time, many publications

Involving hydrography, phytoplankton, benthic Infauna and nutrient

levels have become available. Most of the scientific Information has

been gathered by personnel of North Carolina State University working

at the Pamlico Marine Laboratory near Aurora, North Carolina. It Is

anticipated that the data from this and future studies of the aquatic

macrophytes of the Pamlico River estuary will. In conjunction with

other ecological studies, be vital to the proper biological management

of this system.



MATERIALS AND METHODS

Ground Truth

Ground truth (identification of subaqueous features corresponding

to photographic image features) data were collected from 5 August until

21 August 1973, from the Pamlico River estuary. On the basis of hydro-

graphic data, the estuary was divided into six strata based on those

established by Tenore (1972). Twenty-seven random transects were

established in the upper one half of the river (Strata A, B and C) known

to contain submerged vegetation (Fig. 1). Studies of the river in the

summer of 1973 Indicated submerged plants were absent in the lower

half (Reed, 1973).

Transect locations were measured from the nearest natural or

cultural feature (l.e. creek mouth, single tree, duck blind, pier, etc.)

and recorded for later correlation with Imagery. At each transect

location a 1.0 cm diameter nylon line marked at A m Intervals was ex-

tended perpendicular from the shore to a point beyond plant growth.

With the use of diving masks in shallow water and SCUBA in deeper water,

0.1 m^ square iron quadrat ^rame was placed diagonally at each mark

along the line. Plant species, density per species, and water depth

were recorded at each 4 m interval. Density values were expressed as

the number of shoots per unit area. Data were recorded underwater with

a soft leaded pencil on sheets of matte finish white plastic underwater

paper (Appleton Papers Inc.) held on a clipboard. Schmid (1965) and

Lind and Cottam (1968) have reported the use of SCUBA and similar under-

water data recording devices. Species identifications were made from



10

Figure 1. Map of the Pamlico River estuary showing location of
strata (letters) and transects (dots). Transects
mentioned in text are numbered.

^

O'
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Radford, Ahles and Bell (1968), Fassett (1957) and Muenacher

(1967).

Remote Sensing

Four flights were made along the shallow margins of the Pamlico

River estuary in summer and fall of 1973 using several combinations of

cameras, films, and filters. Flights were scheduled whenever possible

on clear, calm days and at times (mid morning) of low sun angle to

avoid sun glitter on the waters surface.

The initial flyover was made on 16 August 1973, while ground truth

was being collected. Secchl disc data were taken the day of the flyover

at 200 m intervals in the littoral down both sides of the estuary at

appropriate depths. Both of these transects originated in Blounts Bay

and extended eastward to the mouth of South Creek on the southslde

and to the mouth of North Creek on the northslde. This flight employed

a Spectral Data Corporation Model 10 multlspectral camera with standard

filters (Table 1). The camera, property of North Carolina State

University, was operated by Dr. Charles Welby of their Department of

Geosciences. The airplane was rented from the North Carolina Forestry

Service and is especially adapted for this camera system. Because of

the small size of the plane and the bulk of the camera system, it was

not possible for me to accompany Dr. Welby on this flight. Film used

on this flight was aerial black and white infrared (Kodak, EK 2A2A).

The 200 ft roll of film was processed by the North Carolina Highway

Commission for a nominal fee.
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Three subsequent flights were made from a Cessna 172 when conditions

were favorable. All exposures were made from an open side window of the

aircraft using hand held cameras and various film types (Table 2).

Analysis of Photographs

Manuals by Avery (1968) and Thompson (1966) were used as guides in

analyzing the vertical photographs. An attempt has been made to corre-

late ground truth data with Imagery on the basis of species morphology

and density. By knowing the exact location of the transect on the

photograph and the determined scale, it was possible to reconstruct the

transect on the photograph and determine the exact location of selected

sample quadrats. Consequently, comparisons of photographic images with

species density ground truth data from these quadrats were possible.

Exposures were enlarged from the original scale to aid in these analyses.

The most modern Instrumentation was available for photographic

analyses designated to differentiate submerged species of aquatic plants

from other water features and from each other. A Spectral Data Corpora-

tion Model 65-66A color additive viewer was available through the Depart-

ment of Geosciences, North Carolina State University. Positive trans-

patencies and the original negative film were viewed on this instrument.

Slides (35 mm) were made perpendicular to the viewing screen for later

qualitative analyses. This instrument enabled the viewing of one, all,

or any combination of the 4 bands recorded on film by the camera. Each

individual band viewer has four colors that could be added at the dis-

cretion of the operator to enhance tonal differences. A variable light
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intensity selector for each band viewer was available for further

enhancement of the imagery.

In an attempt to obtain some quantitative differences in tonal

signatures of the submerged aquatic macrophytes, a Calnalco Model F

mlcrodensltomer was employed with some modifications. Positive trans-

parent strips of selected study areas were analyzed with this Instru-

ment which Is normally used in studies with gel electrophoresis. En-

larged transparencies were trimmed to the width and length of a stand-

ard microscope slide with the transect imagery in the center and

parallel to the longer side. A trimmed photograph was then placed

between two scratch-free slides and edges sealed with opaque tape.

Additional masking with opaque tape was necessary to reduce the size

of the slit for light passage from 0.9 to 0.3 cm, which gave the max-

imum sensitivity of the instrument. This slide of a known scale was

marked by opaque lines perpendicular to the transect at 0.5 cm Intervals

for orientation purposes on the recorder. The maximum and minimum

absorbancy values were adjusted to the Individual photograph. Each time

an opaque line was encountered as the Instrument scanned the length of

the transect a maximum absorbancy value would be charted which acted as

a reference point on the recorder output. Thus, with such known vari-

ables as the speed of the recorder, the scale of the photograph, and the

distance between two maximum absorbancy values (which represented the

opaque lines at the distance of 0.5 cm on the actual photograph)

distances on the recorder output corresponding to distances on the

transect could be determined. Consequently, it was possible to obtain
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relative absorbancy values from the microdensitometer output that

corresponded to actual sample sites along the transect. Correlation

analyses (Schefler, 1969) were made to establish any relationships

between actual plant density values and absorbancy values (from the

recorder) at sample sites along selected transects.

Density slicing analysis of selected study areas was conducted

In another attempt to establish some objective means of Identifying

submerged aquatic macrophytes. The system employed was a Spatial Data

Systems V. C. 20, Model 703 which Is capable of colorfully depleting 32

different densities from a given photograph (Colwell, 1973; Welby, 197A) .

The resulting Image was observed on a viewing screen which is part of a

closed-circuit television system designed to produce various electronic

enhancements. Colors were added and density steps varied at the dis-

cretion of the operator. Positive panchromatic (black and white)

transparencies as well as color slides (35 mm) from the color additive

viewer were analyzed using this Instrument. Color slides were made for

later analyses by photographing the viewing screen.

Plant-Depth Relationships

Ground truth data were further analyzed for any relationships

between species density and water depth within each stratum. In

addition, data from all transects were combined In an attempt to estab-

llsh any relationship between species density and water depth In the

upper half of the estuary. Mean plant density values with confidence

limits (t ■ .05) were determined for each 10-cm depth interval within
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each strata and for the upper half of the estuary, as a whole. The

relationship of plant density and depth were further tested for each

stratum and the entire study area (Strata A, B and C) using analysis

of variance and correlation statistics (Schefler, 1969; Sokal and Rolf,

1969).

An Index of affinity was used to determine the depth intervals

within and between atrata which contained similar densities and dlstri-

bution patterns of aquatic macrophytes. Results were displayed by a

trellis diagram after Tenore (1972). Each stratum was divided into

50-cm depth intervals and the percentage composition of each species

in that interval was calculated. All possible pairs of intervals were

compared. Values were determined for each pair by summing the smaller

of the two percentages for the species present in both Intervals. The

index values were then entered in the trellis diagram and range values

determined.

Basic phytosoclologlcal relationships between the aquatic macro-

phytes of this system were also Investigated using ground truth data.

The percent occurrence of a single species, combination of two or more

species, and those quadrats containing no vegetation was computed for

all samples from all 27 transects (Schmid, 1965; Lind and Cottam, 1968).



RESULTS

Remote Sensing Techniques

Two types of photographs resulted from the overflights of the

study areas: vertical and oblique. Vertical photographs were obtained

on the 16 August flight with the multlspectral system and low oblique

photographs were obtained on the three subsequent flights. Vertical

aerial photography was found to give the best results with the ana-

lytical equipment available and was used exclusively in photo-lnterpre-

tatlon. In light of this, oblique Imagery was used mainly as a ref-

erence material In describing variations In growth patterns among strata.

Submerged vegetation was discernible with all combinations of

films and filter systems (Tables 1 and 2) except In the near IR band

of the multlspectral photography. Poor results in this band were

attributed to the limited water penetration (3-A cm) of this wave-

length with most plants growing below this depth. The blue and green

bands of the multlspectral photography yielded the best underwater

imagery. In these bands submerged plant beds were easily discernible

from those areas that contained no vegetation as Is shown In transects

5 and 7 (Figs. 2 and 3). However, the quantitative evaluation of these

photographs related to density and biomass proved more difficult.

Two study areas corresponding to Transects 5 and 7 were selected

for extensive analyses. Transects throughout the estuary generally

contained mixed stands of Valllsnerla americana and Potamogetón

perfollatus with extreme variations in distribution and density. Ground

truth data from Transects 3, 5, 12 and 22 illustrated this degree of
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Table 1. Filter specifications of the multlspectral camera used
in the 16 August 1973 flight of the Pamlico River estuary.
Film used on this flight was Kodak Infrared Aerographlc
(EK 242A).

Filter
No.

Peak

Wavelength
(nm)

1/2 Peak
Band Pass

(nm)

Maximum
Transmission

(%)

225 848 775-920 75
(IR)

350 447 412-480 42
(BLUE)

351 535 505-560 54
(GREEN)

352 675 600-700 80

(RED)
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Table 2. Photographic equipment used In three subsequent flights
along the shallow margins of the Pamlico River estuary
during the fall of 1973.

Flight
Date

Camera

Type(s)
Film
Used

Filter
Used

Aug. 31 35 mm SLR*
Camera

(Hand Held)

High Speed
Ektachrome
(EH-135)

Polarizing

Sept. A 16 mm Movie
Camera

(Hand Held)

Color Skylight

Sept. 4 35 mm SLR

(Hand Held)
Color-IR None

Nov. 11 Two 35 ram SLR
Camera

(Hand Held)

Panchromatic
Plus-X Pan
(PX-135)

1 - Kodak 47 (C5)
Blue

1 - Kodak 58(B)
Green

*Slngle Lens Reflex
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Figure 2 Aerial photograph of Transect 5 in the blue and
green bands (A12-560 nm) of the multispectral system.
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Figure 3. Aerial photograph of Transect 7 in the blue and green
bands (412-560 nm) of the multispectral system.
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variability (Figs. 4, 5, 6 and 7).

Transect 5 (Fig. 5) was studied more Intensely because it contained

two distinct monospecific beds of P. perfollatus and V. americana.

These monspeclflc beds were essential in providing ground truth for

dlfferention of these two submerged species. The P. perfollatus bed was

located 12-24 m from shore while the V. americana bed was 28-30 m

from shore. An increase of 20 cm in H2O depth between these two
locations existed (Fig. 5).

Examination of a positive transparency of this transect with the

color additive viewer showed a qualitative difference between the

two beds (Fig. 8). In addition, microdensitometer analysis of the same

transparency revealed a quantitative difference in optical density

between the two plant beds (Table 3). The P. perfollatus bed found

between 12-16 m from shore had an optical density value 20% greater

than the maximum density for V. americana at 60 m from shore (Table 3).

Correlation analyses within each bed have shown that these two varibles,

optical density and actual plant density, were not significantly re-

lated to one another. Identical analyses of data from Transects 7 and

10 (Tables 4 and 5) also revealed no correlation with these two vari-

ables. Hence variability associated with this technique proved unsult-

able for differentiating between density and/or biomass values within &

monospecific bed. However, visual differences between monospecific beds

on the photographs were easily translated Into quantitative values with

the use of the microdensitometer. Thus, this method was suitable for

differentiating between two species of aquatic macrophytes, V. americana
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Figure 4. Ground truth data from Transect 3.
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Figure 5. Ground truth data from Transect 5.
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Figure 8. Photograph of Transect 5 made from the screen of the
color additive viewer depicting two distinct beds of
macrophytes indicated by light and dark areas near
shore. (Scale: 1 cm ■ 2A m).
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Table 3. Comparison of actual plant density and optical density for
sample sites along Transect 5. Species abbreviations:
V - Valllsnerla americana
P « Potamogetón perfollatus

Sample
Site

Species Plant

Density
(plants/0.1 m2)

Optical
Density

(%)

Water

Depth
(cm)

1 - - A2 75

2 - - 53 80

3 P 51 70 80

A P A9 80 90

5 P 37 79 90

6 P 27 76 95

7 V 10 70 95

8 V 32 68 95

9 V 29 67 95

10 V 35 65 95
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Table A. Comparison of actual plant density and optical density for
sample sites along Transect 7. Species abbreviations:
V • Vallisneria americana
P ■ Potamogetón perfoliatus

Sample
Site

Species Plant

Density
(plants/O.l m2)

Optical
Density
(%)

Water

Depth
(cm)

1 - - 45 40

2 - - 62 50

3 P 7 61 60

4 P 1
V 7 59 60

5 P 19 50 70

6 V 9 51 70

7 V 16 42 70

8 V 33 42 75

9 V 47 40 75

10 V 38 40 75
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Table 5. Comparison of actual plant density and optical density for
sample sites along Transect 10. Species abbreviations:
V - Valllsneria americana
P ■ Potamogetón perfoliatus

Sample
Site

Species Plant

Density
(plants/0.1 m2)

Optical
Density

(%)

Water
Depth
(cm)

1 - - 25 70

2 V 11 38 75
P 10

3 V 33 31 75
P 9

4 V 46 33 80
p 2

5 V 15 32 80
p 23

6 V 51 31 85
p 4

7 V 46 24 90
p 12

8 V 43 23 90

9 V 48 17 95
p 8

10 V 16 18 100
p 3

11 V 13 18 100
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and P. perfollatus, under the prevailing conditions.

Further analyses of Transect 5 (Fig. 5) was made using the density

slicing technique. Variation in photographic densities (as a result

of plant densities) was enhanced by the level of color which had been

arbitrarily assigned to that density value. Photographic density

values depicted by variations in colors (Fig. 9) are relative to each

other. Thus, by knowing the actual plant densities values at a

specific location in the photograph it seemed possible to associate

the color of this area to areas of unknown density and speculate not

only the species present by also the density and/or biomass of that

species.

However, this technique yielded extremely variable results In areas

of similar density and biomass as was shown In Transect 5 (Fig. 5). A

color slide of Transect 5 was made from the screen of the density

slicing Instrument and projected with standard equipment onto a scaled

grid (Fig. 10). The dark red color observed at the 12 m mark on this

photograph was found to be unique to P. perfollatus and corresponded with

the maximum density data for that species at 12 m from shore (Fig. 10).

This was also In agreement with results obtained from microdensitometer

analysis for this species. However, at the 36 m and 60 m Intervals,

which corresponded to the maximum density values for V. americana on this

transect, visual color association with density was not apparent. In

fact, there seemed to be an Inverse relationship between actual plant

density and optical density as represented by the colors from the

density slicing technique and microdensitometer analysis. The visual

color from this photograph and the optical densities as recorded from
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Figure 9. Photograph of Transect 5 made from the screen of the
density slicing Instrument depicting areas of
varying densities. (Scale: 1 cm ■ 12 m).
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Figure 10. Photograph of Transect 5 made from the screen of the
density slicing Instrument. Reconstruction of
scaled transect Indicates location of selected
sample sites. (Scale: 1 cm 12 m).
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the microdensitometer output at 36 m for V. americana was greater than

the visual and optical density values recorded at 60 m, the site

with the greater plant density. No correlation existed between optical

density values from the density slicing technique or microdensitometer

analysis and ground truth density data for this species on this part of

the transect.

Optical density values were also observed to vary within mono-

specific plant beds without proportional variations in actual plant

density. Data from sample sites 8, 9 and 10 from Transect 7 illustrate

this point (Table 4). Note that only V. americana is present at these

three sites which have the same water depth (75 cm). Again, there appeared

to be no relation between the actual plant density and the optical

density recorded by the microdensitometer (Table 4). For example, an

increase of 14 plants/O.l m^ from sample site 8 to 9 actually resulted

in a 2% decrease in optical density. A decrease in plant density of

11 plants/0.1 m^ from sample site 9 to site 10 resulted in no difference

in the recorded optical density at these two sites (Table 4).

Plant growth form and related factors seemed to contribute to the

variability of the underwater imagery. Reflectance and absorbance

properties of individual species affected optical density values. For

example, sample site 5 on Transect 5 contained only IP. perfoliatus at a

density of 37 plants/0.1 m^ and sample site 10 on the same transect

contained only V. americana at a density of 35 plants/0.1 m^ (Table 3).

The similarity in actual plant densities at these two sites was not

reflected in either the microdensitometer or density slicing analyses.
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Instead, a difference of 14% was observed by the mlcrodensltometer for

these two sites. A similar situation was observed for the same two

species at sample sites 3 and 6 on Transect 7 (Table 4). Here the

measurable difference between sites from the microdensitometer output

was 10% for a variation of only two plants/0.1 m .

Other physical factors affectinp the photographic images and

ultimately the analyses of these Images were wind conditions, water,

turbidity, bottom composition (hard-soft), sun angle at the time of the

flight (time of day) and exposure setting of lens system. All of these

factors could vary reflectance properties from area to area. Turbidity

varied along the north and south shores (Figs. 11 and 12). Variations

observed in localized turbidity along each shoreline superimposed on the

other physical factors appeared to be responsible for the inability to

estimate actual plant density and/or biomass using the optical density

data obtained from the mlcrodensltometer and density slicing techniques.

However, with these techniques it was possible to qualitatively and

quantitatively differentiate between monospecific beds of V. americana

and perfoliatus in water less than 75 cm.

Plant-Depth Relationships

Transect data were further analyzed to establish any relationships

existing between species density and water depth as well as species

density and distance from shore. Analyses were based on transect data

per stratum and also combined data from all the transects from the

upper half of the estuary.
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Strata

Figure 11. Secchl disc data taken at 200 m intervals in the
littoral down the north side of the eatuary from
Broad Creek Point in Stratum A (Blounts Bay) to
the mouth of North Creek (east of Stratum C).
The desiarcatlon of each stratum is indicated
by the appropriate letters. (Data collected
16 August 1973).

Depth(cm)
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Figure 12. Secchi disc data taken at 200 m intervals in the
littoral do%m the southslde of the estuary from
Hills Point in Stratum A (Blounts Bay) to the
mouth of South Creek (east of Stratum C). The
demarcation of each strata is indicated by the
appropriate letters. (Data collected 16 August
1973).
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The growth pattern of submerged plants in Stratum A was relatively

uniform to a depth of 100 cm (Fig. 13). Few areas had clumped (over-

dispersed) beds in this stratum. Maximum mean plant densities at 10-cm

depth Intervals from Stratum A are given in Fig. 14. Three species of

aquatic macrophytes were recorded in this stratum and Vallisneria

americana was the dominant with a mean density of 14/0.1 m^ to a depth

of 150 cm. Maximum density values of V. americana occurred at depths

of 50 and 60 cm. The density of V. americana differed significantly

from the densities of all other species at depths less than 130 cm.

Najas guadalupensis was the most abundant species in deep water

and was not generally found in abundance in shallow water (Fig. 14).

The maximum mean density value for Potamogetón perfoliatus was

observed at a depth of 60 cm and, like the mean density of y_,

americana, gradually decreased with depth.

Density values for V. americana and P^. perfoliatus exhibited a

significant negative correlation with water depth (r • -0.42; r ■ -0.26,

respectively) as is shown in Table 6. Both correlations were signifl-

cant at a level equal to or greater than IZ. This trend was also

observed in Fig. 14 in which maximum plant density for both species

was recorded at 60 cm with a gradual decrease in plant density in

deeper water. Neither species exhibited a significant correlation

with distance from shore. Density values for N. guadalupensis were

found to be positively correlated with depth (r ■ 0.25, t ■ 0.05)

and distance (r ■ 0.37, t ■ 0.01) as is shown in Table 6.
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Figure 13. Oblique aerial photograph illustrating the typical
growth pattern of submerged aquatic macrophytes in
Stratum A.
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Figure 14. Mean densities and 95Z confidence Intervals for
plant species found in Stratum A at 10-cm •
depth Intervals.
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Table 6. Results of product-moment correlation analyses (r) of species density with
depth and distance in Stratum A during August, 1973. Significance levels
(t) are Indicated.

Species Number of
Samples

Density and Depth Density and Depth

Correlation
Coefficient (r)

Significance
Level (t)

Correlation
Coefficient (r)

Significance
Level (t)

N. guadalupensls 61 0.25 0.05 0.37 0.01

P. perfoliatus 40 -0.42 0.01 -0.11 *NS

R. marítima - - - - -

V. americana 192 -0.26 0.01 -0.10 *NS

Combined species 293 -0.11 0.05 -0.19 0.05

*Not Significant
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The growth pattern of submerged species in Stratum B was observed

to be relatively uniform as shown in Fig. 15. Four species of aquatic

plants were recorded in Stratum B; V. americana, P. perfoliatus, N.

guadalupensis, and Ruppia marítima. The dominant species was again V.

americana whose mean density of 12 plants/0.1 m^ was 3-4 times the

values for any of the other species within this stratum (Fig. 16). Max-

imum plant density of V. americana occurred at 80 cm and decreased rapidly

as water depth Increased (Fig. 16). Potamogetón perfoliatus was found

to be the subdominant species in shallow areas (less than 90 cm) while

N. guadalupensis was recorded only at 130 cm and was the dominant species

at that depth. Ruppia marítima was observed to have the least density

of all species but was recorded at various intervals between 50-130 cm.

Based on non-overlapping confidence limits at the 95% level (Fig. 16),

no significant differences were observed between depth Intervals of the

same species. No vegetation was found beyond a depth of 130 cm in

Stratum B.

Product-moment correlation coefficients based on combined densities

for all species in Stratum B revealed a significant positive correlation

with water depth, but not with distance from shore (Table 7). Only V.

americana and P. perfoliatus, exhibited a significant positive corre-

latlon with water depth. The calculated correlation coefficients were

r ■ 0.26; and r = 0.27, respectively. Both correlations were

significant at a level equal to or greater than 5% (Table 7). Density

values for individual species in this stratum were not found to be

significantly correlated with distance from shore.
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Figure 15. Oblique aerial photograph illustrating the typical
growth pattern of submerged aquatic macrophytes
in Stratum B.
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Figure 16. Mean densities and 95Z confidence Intervals for plant
species found in Stratum B at lO-cm depth intervals.
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Table 7. Results of product-moment correlation analyses (r) of species density with
depth and distance In Stratxm B during August, 1973. Significance levels
(t) are Indicated.

Species Number of
Samples

Density and Depth Density and Depth

Correlation
Coefficient (r)

Significance
Level (t)

Correlation
Coefficient (r)

Significance
Level (t)

N. Ruadalupensis 8 0.54 *NS -0.21 *NS

P. perfollatus 64 0.27 0.05 0.17 *NS

R. marítima 16 0.05 *NS -0.03 *NS

V. americana 229 0.26 0.01 -0.15 *NS

Combined species 317 0.20 0.01 -0.04 *NS

*Not Significant
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The growth pattern of macrophytes In Stratum C was clumped

(overdispersed) (Fig. 17) as opposed to the uniform growth pattern

observed in the other strata. All species except N. guadalupensls

observed in Stratum B were also found in Stratum C. The absence of

N. guadalupensls is thought to be related to its low tolerance of

salinity which is usually higher here than in either of the other

strata. Dense overdispersed monospecific beds of perfoliatus were

observed in this stratum and such dispersal patterns were not as

pronounced in the other strata for any species. Potamogetón perfoliatus

was the dominant species (Fig. 18) with a mean density of 16 plants/O.1 m^ which was 4-5 times greater than the mean density for either of

the other two species present. Maximum density for £. perfoliatus

occurred at 50, 60, and 80 cm and decreased sharply beyond this 40 cm

Interval. Generally plant growth was limited to a range of 50 cm

(40 - 90 cm) except for R. marítima which was recorded at 100 cm (Fig. 18).

Product-moment correlation coefficients revealed that plant

density was not correlated with water depth or distance from shore in

Stratum C. This lack of correlation was attributed to the clumped

growth pattern of the plants and narrow range of water depth in which

plant growth occurred.

Species data from Strata A, B, and C were combined and analyzed to

establish overall trends in plant density as related to water depth

and distance from shore in the upper half of the estuary.

Mean species densities with 95% confidence limits were

determined for each 10 cm depth Interval in Strata A, B,and C (Fig. 19).
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Figure 17. Oblique aerial photograph Illustrating the typical
growth pattern of submerged aquatic macrophytes
in Stratum C.
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Figure 18. Mean densities and 95Z confidence Intervals for plant
species found In Stratum C at 10-cm depth Intervals.
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Figure 19. Mean species densities and 95Z confidence limits at
10-cm Intervals down the depth gradient In the upper
half of the estuary (Strata A, B and C).

f
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The maximum mean density was 26 plants/0.1 m^ and occurred at 60 cm.

The minimum mean value was 2 plants/0.1 m^ and occurred at two depths,

130 and 160 cm. For all practical purposes, no plants were recorded

beyond a depth of 160 cm in the estuary. The mean density values that

occurred between 50 cm and 90 cm of depth ranged from 18-26 plants/

0.1 m^ and were significantly different from the mean values determined

for all other depths (significance was based on non-overlapping 95%

confidence limits). In general, most plants were concentrated in the

depth range of 50-100 cm.

Variation in individual species densities related to water depth

and distance from shore in the upper half of the estuary were analyzed

using correlation statistics (Table 8). Product-moment correlation

coefficients reveal that the density of N. guadalupensls and ]P.

perfoliatus were significantly related to depth. Najas guadalupensls

was positively correlated (r ■ 0.25) whereas P. perfoliatus exhibited

a negative relationship, (r ■ -0.16). Both correlations were signifi-

cant at the 5% level. No significant correlations were

determined for V. americana or R. marítima and water depth. Correlation

coefficients also revealed that no significant relationships existed

between species density and distance from shore.

Within and Between Strata Comparison

Density data from each stratum were grouped into 50-cm depth

Intervals and compared using an index of affinity (Fig. 20). Similarity

coefficients were calculated for all possible combinations of the three

strata and the four depth intervals based on plant species and density



Table 8. Results of product-moment correlation coefficients (r) of species density with
depth and distance in the upper half of the estuary (Strata A, B, and C) during
August, 1973. Significance levels (t) are indicated.

Species Number of Density and Depth Density and Depth
Samples

Correlation
Coefficient (r)

Significance
Level (t)

Correlation
Coefficient (r)

Significance
Level (t)

N. guadalupensis 69 0.25 0.05 0.18 *NS

P. perfoliatus 129 -0.16 0.05 0.13 *NS

R. marítima 29 -0.04 *NS -0.02 *NS

V. americana 537 -0.07 *NS -0.002 *NS

Combined species 764 -0.12 *NS -0.01 *NS

*Not Significant

Ln
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Figure 20. Trellis diagram of index of similarity of submerged
macrophyte density at 50 cm depth Intervals in
Strata A, B and C. Numbers represent depth
Intervals: 1 (0-50 cm), 2 (51-100 cm), 3 (101—150 cm),
and 4 (151-200 cm); letters represent strata.
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data.

The greatest degree of similarity for within and between strata

comparisons was found for Strata A and B. Depth Intervals Al (0-50 cm)

and A2 (51-100 cm) within Stratum A exhibited a similarity index value

of 93.7Z while the same depth intervals in Stratum B (B1 and B2) were

found to have a similarity index value of 9A.3% (Fig. 20). This high

degree of similarity which occurred between the first two Intervals

(1 and 2) of Strata A and B, respectively, was attributed to the dom-

inance and similar distribution patterns of V. americana in these areas.

Stratum C exhibited the least similarity for within and between

strata comparison for a 11 depth Intervals (Fig. 20). This lack of

similarity for within comparisons appears to be due to plant growth

being almost entirely limited to the 51-100 cm depth interval. Conse-

quently, when comparisons were made with other depth intentais that were

virtually void of plant growth, low similarity coefficients resulted.

In addition, perfoliatus, the dominant species in Stratum C, was

the only species to exhibit a significant difference in plant density

between strata as is shown by the results of the analysis of variance

statistics given in Table 9. These results Indicate that the IP.

perfoliatus community in Stratum C was significantly more dense than

in the other two strata (A and B). The lack of similarity between the

depth intervals in Stratum C and the depth Intervals of the other strata

is seemingly a combination of two factors: 1) plants growth was limited

to a single Interval in Stratum C, and 2) the dominant species in

Stratum C was P. perfoliatus whereeis V. americana dominated Strata A



59

Table 9. Results of analysis of variance and F-test to test the
overall variation of plant density of Potamogetón
perfoliatus within and between Strata A, B, and C.

Source d< MS F-ratio

Between 2 8A39.9

Within 126 164.8 51.1*

Total 128

* Significant at the 95% level.
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and B (Figs. 16 and 18).

Phytosoclologlcal Relationships

Twelve different associations of aquatic macrophytes were observed

during the study. Of the total quadrats sampled 65.5% contained

vegetation and 35.5% were void of plant material (Table 10). Valllsnerla

americana was again seen as the dominant species In the estuary and was

found In 83.1% of all quadrats containing vegetation either as a single

species or in combination with the other macrophytes. In addition, V.

americana appeared as a single species In 59% of the quadrats that con-

talned vegetation. Samples containing only one species other than V.

americana accounted for only 16% of the total quadrats that contained

vegetation. Based on occurrence data, IP. perfollatus was the sub-dominant

species followed by IN. guadalupensls and R. marítima, respectively.

Of the quadrats containing vegetation, 21.4% had two species present.

The V. americana - £. perfollatus association had the second highest

percent frequency (12.0%) of all associations and this value represented

more than half of all the quadrats containing two species. Frequency

associations of one or more species with V. americana were greater than

the frequencies observed for the same species and perfollatus.

Furthermore, frequencies determined for quadrats containing three species

Including americana were greater than those same combinations

excluding V. americana.
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Table 10. Total number and percent frequency of occurrence of 12
aquatic macrophytlc species association In the Pamlico
River estuary, 1973. Symbols are;

V. “ Valllsnerla americana
P. Potamogetón perfollatus
R. ■ Ruppla marítima
N. « Najas guadalupensls

Species No. of Quadrats Percent of Total
Quadrats Containing
Vegetation

Percent of
Total Quadrats
Sampled

V. only 307 59.0 38.3
P. only 46 9.0 5.7
N. only 21 4.0 2.6
R. only 13 3.0 1.6
V. and P. 62 12.0 7.7
V. and N. 37 7.0 4.6
V. and R. 12 2.0 1.5
P. and N. 1 0.2 0.1
P. and R. 1 0.2 0.1
N. and R. - - -

V. P. and N. 10 1.9 1.2
V. P. and R. 6 1.2 0.7

Total No. of

Quadrats Containing
Vegetation 516 64.5

Total No. of
Quadrats Containing
No Vegetation 285 35.5

Total No. of
Quadrats 801 100% 100%



DISCUSSION AND CONCLUSIONS

Remote Sensing

The present study has demonstrated that differentiation of two

species of submerged aquatic macrophytes in shallow water (< 75 cm)

was possible using panchromatic (black and white) IR film. Vallisneria

americana and P. perfoliatus were differentiated from each other in

the blue and green bands using multlspectral imagery. Analyses with

a color additive viewer, a density slicer and a mlcrodensltometer gave

positive spéciation determinations for the transects studied. Scherz

(1971) and Wile (1973) have reported that the best underwater Imagery

is obtained in the blue and green layers of color, color-IR and panchro-

matlc-IR films. Neither of these authors, however, were successful in

differentiating any submerged vegetation, mainly because of the lack

of rigorous ground truth in the deeper water. When remote sensing

deeply submerged (> 1 m) plant communities, extensive ground truth may

be necessary because extraneous underwater features may easily be

mistaken for vegetation and vice-versa. The near IR band of multi-

spectral photography is most effective for differentiation of species

of emergent or free-floating species but is of little value in deter-

mining submergent vegetation. Consequently, the IR imagery recorded

during this study was of little value in determining the species of

submerged macrophytes.

Factors observed to affect photographic Imagery and which led to

difficulties in interpretation were exposure, processing, sun angle,

sky conditions, wave state and water turbidity. If any one or all of
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these factors should change for a single flight the tonal signature

of a species recorded on such a flight could vary from frame to frame

and even along the same transect. Such variation was reflected by the

results of the sensitive mlcrodensltoraeter analysis of data from

Transects 5, 7 and 10 (Tables 3, A and 5).

Turbidity (Figs. 11 and 12) and wave conditions are probably the

most variable factors in the Pamlico River estuary and are responsible

for some of the variability in tonal signatures of some submerged

plants. In addition, leaf morphology and orientation likely contribute

to the variability of these tonal signatures along the same transect.

The elongate and linear appearance of the V. americana leaves probably

contributes to the lack of correlation between actual plant density and

optical plant density for this species. On the other hand, actual

plant density values for P^. perfollatus were observed to be positively

correlated with relative optical densities as recorded with the

microdensitometer. This type of correlation was the basis for species

differentiation and density analysis reported by Gustafson and Adams

(1973) In their study of emergent vegetation In Lake Wingra.

Panchromatic-IR aerial photography appears to offer a rapid,

accurate and Inexpensive means of delineating aquatic vegetation as

opposed to classical field techniques. Information derived from the

imagery was not only essential for the development of a suitable

method for spéciation of two submerged rooted aquatic macrophytes, but

also provided a documentation of plant growth patterns throughout the

system. While the Imagery obtained was suitable for the differentiation

of these two species, the further development of improved remote sensing
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techniques based on results from the present study is desirable. A

method which would provide detailed information on plant densities, and

thus allow biomass estimates, would be a decided asset to future

studies and management of the submerged aquatic macrophytes of the

Pamlico River estuary.

Plant-Depth Relationships

Analysis of ground truth data from the present study has shown

that plants in all three strata (A, B,and C) were generally found

in water less than 100-cm deep. However, macrophytes were recorded

at depths ranging from 10 to 160 cm and the maximum plant density for

all species combined occurred at 60 cm in the upper half of the

estuary. Najas guadalupensls was generally found in the deeper,

muddler portions of strata A and B (Figs. lA and 16). Only density

values for this species were found to exhibit a significant positive

correlation with water depth in the estuary (Table 8). The other

rooted species were generally found in the sandier, shallower areas

and only the density values for perfoliatus exhibited a significant

negative correlation with water depth (Table 8) in the area of plant

growth. The density values for V. americana and marítima were not

significantly correlated with water depth and thus it is concluded that

these species occurred Independently of depth.

No significant correlations were determined for plant density as

related to distance from shore (Table 8). This is probably due to the

extensive littoral zone of the estuary which characteristically exhibits
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vast contiguous areas of similar depths. Distance from shore and

water depth data from Transect 3 Is an example of a slight variation

In water depth as a function of Increased distance from shore. The

depth Interval recorded between 28 and 60 m from shore on this

transect was less than 10 cm and the maximum depth occurred at 52 m,

rather than 60 m, the maximum distance from shore surveyed. Further-

more. Increased distance does not necessarily Include simultaneous

changes In substrate texture, turbidity, wave energy, nutrient or other

environmental factors that may also Influence plant presence and/or

distribution. Therefore, under these circumstances the correlation

of plant density and distance from shore would not be expected to be

highly significant.

All strata did not contain all four species of rooted macrophytes.

Na.1 as guadalupensls was limited to upper strata (A and B) whereas

marítima was only recorded in the lower two strata (B and C). The

absence of N. guadalupensls In Stratum C is attributed to the generally

higher salinity values in this area as opposed to those In Strata A

and B (Hobble, 1972). Both Tenore (1972) and Hobble (1972) have

reported salinity as high as 9-10 ppt during mid-August of 1970 In

Stratum C whereas salinity ranges for Strata A and B ranged from 1 to 7

ppt during this time. The higher salinity in Stratum C may well be

limiting. Martin and Uhler (1939) have indicated that îî. guadalupensls

extended downstream from the freshwater section to a point where the
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salinity approximated 6-9 ppt In the Potomac River. This 6-9 ppt

tolerance range of N. guadalupenals la below the 9-10 ppt range with

recorded in Stratum C by Hobble (1972).

Even Chough R. marítima was not found In Stratum A during the

present study, Reed (1973) found relatively small amounts of this

species in Stratum A during the fall of 1973. Bourn (1935) determined

experimentally that R. marítima can thrive In water having salt

concentrations varying from 0-25 ppt but did not grow as well at zero.

Fassett (1957) has indicated this species is most often found In

brackish water along the coast and Is rarely found In Inland streams

and rivers. Considering these facts, it is conceivable that R. marítima

may be found in all three strata but the greatest density would be

expected to occur in the higher salinity areas (Strata B and C).

Vallisneria americana was the most abundant species in Strata A

and B but P^. perfoliatus was the dominant species in Stratum C. The

index of affinity revealed that plants in Strata A and B exhibited a

more homogenous distribution from shallow to deeper water with few

monospecific meadows observed (Figs. 13 and 15). In contrast, plant

distribution in Stratum C was overdlsperscd (Fig. 17) and beds were

generally monospecific.

Physical factors such as turbidity, salinity, and wave energy may

have been responsible for the observed differences in species composi-

tion of these study areas (Schmid, 1965; Tenore, 1972). Of all the

possible physical factors that could contribute to the differences in

species composition and species density values in Stratum C, turbidity
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and wave energy would probably be the most influential factors.

Potamogetón perfoliatus was observed to grow closest to the water

surface in all areas. Consequently, this species may grow in more

turbid water owing to its closeness to the surface of the water where

it is in a better position to absorb the light energy that does pene-

trate even under extremely turbid conditions. A definite increase in

turbidity was observed Just east of Bath Creek (Fig. 11) which is the

origin of Stratum C on the north shore. Under certain meteorological

conditions such as a strong westerly wind for 2-3 days which tends to

"blow" water out of the estuary into the Pamlico Sound, it seems likely

that suspended solids and silt from Bath Creek on the north side and

Durham Creek on the south side could conceivably be deposited in

Stratum C thus resulting in higher turbidity. This rapid Increase in

suspended solids and silt is in excess of the load that is carried by

normal flow into this area by these creeks.

Available meteorological records from the Wilmington, North

Carolina station indicate that the prevailing winds in this area are

generally from the S-SE at 10-15 knots which result in wave action on

the north shore. This wave action can be intense at times because of

the large area of fetch in that region of the estuary. Wave action

not only limits the growth of rooted macrophytes in the high energy zone, the

area in which the waves actually break, but this energy along shore

obviously contributes to the overall turbidity in this area resulting

from suspension of previously deposited solids and silt. Thus,

turbidity is usually higher in Stratum C than the other strata (Fig. 11).
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Intense storms from the northeast frequently occur during late summer

and fall resulting in similar conditions on the southside of the

estuary. Consequently, this increase in turbidity in Stratum C may

well be the limiting factor for V. americana and R. maritima whereas

P^. perfoliatus can better tolerate more turbid conditions.

Salinity in Stratum C during August and September normally ranges

from 11-13 ppt which is not of sufficient magnitude to consider as

limiting for V. americana or R. marítima (Martin and Uhler, 1939).

Phytosociological Relationships

Some basic phytosociological relationships were examined in the

upper half of the estuary. Vallisneria americana was the most abundant

species in the estuary and occurred in 59% of the sample quadrats con-

taining vegetation (Table 10). The second most abundant single or com-

blnation of species was the V. americana - £. perfoliatus combination

which occurred in 12% of the quadrats that contain vegetation. This

is 4% greater than the occurrence of £. perfoliatus as a single species.

This further supports observations, especially in Strata A and B, that

few monospecific beds, excluding V. americana, were present during this

study. It is not possible to conclude from the available data that these

two species are linked in some phytosociological manner. However, the

mere fact that these two species are the most abundant in the estuary

may account for their relatively high frequency of occurrence together

as opposed to other combinations of species in the system. It is inter-

esting to note that N. guadalupensis and R. marítima were never found in

the same quadrat together (Table 10) during this study. This may be a
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result of a salinity Hovtp r’ne estuary anH ttie tolerance

level of these species that have been previously discussed.
The variation of species composition and densities In the aquatic

macrophyte communities Is well documented (Schmid, 1965; Swlndale and

Curtis, 1957; Spence, 1967; Wile, 1973 and Sculthorpe, 1967). The

submerged vegetation of the Pamlico River estuary was no exception.

Analysis of variance results have shown that all species except P^.

perfollatus exhibited a greater degree of variation In plant density

within each stratum than between the other strata. This significant

variation In plant density between strata for perfollatus (Table 9)

was attributed to the dominance of this species In Stratum C and the

relative Insignificant densities recorded for It In Strata A and B

(Figs. lA, 16 and 1 8).

Plant density as related to water depth In the Pamlico River

estuary was found to be extremely variable. Tenore (1972)

has Indicated that the physical and chemical characteristic of this

system are equally variable. The effects of these physical factors

on the distribution and abundance of aquatic macrophytes as well as

the effects that the macrophytes have on the water quality of this

system may be difficult to separate, but are of utmost Importance If

proper management of this system Is to be a reality. Consequently,

detailed environmental relationships should be more fully examined

based on the overall findings of the present study.
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1. Submerged aquatic macrophytes were discernible with panchro-

matlc, color, and color-IR film. Results of multlspectral photography

have shown that the blue and green regions of the spectrum were more

affective in delineating these submerged communities than the other

wavelengths. Submerged plants were not detected in the near-IR region.

2. Two species of submerged macrophytes, Vallisneria americana and

Potamogetón perfoliatus var. bupleuroldes, were differentiated by

remote sensing. Spéciation was possible using various photographic

enhancement techniques of which density slicing proved to be most

successful. The resulting color patterns allowing differentiation

were due in part to differences in plant density and growth form.

3. Factors observed to affect photographic Imagery and thus make

interpretation difficult were exposure, processing, sun angle, sky

conditions, water turbidity and wave state. Variations in tonal

signatures observed within a single exposure were found to be related

to one or all of the above conditions.

4. Plant density was found to be Influenced to a greater degree

by water depth than by distance from shore. Density values for £.

perfoliatus were found to exhibit a significant negative correlation

while values for Najas guadalupensis exhibited a significant positive

correlation with depth up to 160 cm. Density values for V^. americana

and R. marítima were determined to occur Independently of water depth.
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5. Plant growth was recorded between 10 and 160 cm depth with

maximum plant density for all species except N. guadalupensis at

60 cm. Maximum density for N. guadalupensis occurred at 130 cm.

6. Vallisneria americana was found to be the dominant plant

in the estuary and occurred as a single species in 592 of the quadrats

containing vegetation. The occurrence of V. americana and perfoliatus

in the same quadrat was the next most frequent of all combinations

and accounted for 12% of all quadrats containing vegetation. Najas

guadalupensis and R. marítima were not recorded in the same quadrat

during the study. This was attributed to differing salinity tolerances

of these two species. Najas guadalupensis was found in the more

freshwater areas. Strata A and B, but was not recorded in the more

brackish area, Stratum C. Ruppia marítima was present in Strata B and

C but was not recorded for Stratum A.

7. The variability in overall species density was shown to be

greater within the study strata than between them with the exception

of perfoliatus. The density values for this species exhibited a

significant degree of variation between strata and was attributed to

the substantial increase in density observed in Stratum C.
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