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ABSTRACT

Endolithic algae are microscopic, filamentous green and
bluegreen algae which bore into hard carbonate substrates such as
mollusc shells. Endolithic algae are ubiquitous in mollusc shells
throughout the lower James River and are reported widely throughout
the Chesapeake Bay. This study investigated the distribution and
taxonomy of endolithic algae occurring in the shells of 1live
Crassostrea virginica throughout the lower James River (synonomous
with the James River seedbed area) in response to salinity and
water depth during the spring, summer and fall of 1984. Changes
in species assemblage, chlorophyll a abundance (biomass estimate)
and filament width were also investigated in relation to salinity
and depth. Two bluegreen algae (Entophysalis deusta and
Schizothrix calcicola) and one green alga (Ostreobium quekettii)
were found occurring together at all depths and salinity regimes.
One other green alga (Gomontia sp.) occurred in minimal amounts at
two stations. The boring sponge, Cliona sp., appears to negatively
affect all algal species at the most saline sampling location to
the point of almost complete exclusion of the algae. Ostreobium
guekettii, and Schizothrix calcicola were each most abundant at a
different salinity regime in both the spring and the fall.
Entophysalis duesta was equally abundant at three stations in the
spring and two stations in the fall. As a function of depth,
Entophysalis deusta was most abundant at the shallower depths,
Ostreobium guekettii was most abundant at the deeper depths and
Schizothrix calcicola was equally abundant at all depths.
Chlorophyll a abundance of all species combined (an estimate of
biomass) decreased with depth, and appears to decrease in magnitude
in a downriver direction (along an increasing salinity cline) in
both the spring and fall. Filament width of all species did not
change appreciably along the depth or salinity cline, except within
the accepted range of widths reported in the literature.
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DISTRIBUTION AND TAXONOMY OF ENDOLITHIC ALGAE
OCCURRING IN THE SHELLS OF CRASSOSTREA VIRGINICA

THROUGHOUT THE LOWER JAMES RIVER, VIRGINIA



INTRODUCTION

Endolithic algae are photosynthetic, microscropic,
filamentous algae which actively bore into hard carbonate
substrates, such as coastal limestone, coral, and
calcareous shells. The boring is accomplished by a
chemical dissolution process where carbonic acid is
secreted by the algal cells (Alexandersson, 1975). Studies
have shown that endolithic algae are capable of penetrating
calcareous substrates within a fey days and thoroughly
infesting them within weeks (Park and Moore, 1935; Perkins
and Tsentas, 1976; Kobluk and Risk, 1977). The reasons for
assuming an endolithic habitat are unknown, although it
appears the algae occupy this niche for protection from
grazing pressures, wave action and intense light
(Boekschoten, 1966; Carriker and Smith, 1969; Schneider,
1976). Endolithic algae are distinguished from algae
colonizing rock surfaces (epiliths) and from algae which
inhabit pre-existing fissures not of their own making
(chasmoliths). Certain species of endolithic algae do,
however, extend their filaments through the bore holes and
onto the calcareous surface; therefore, endolithic algae
may possess both endolithic and epilithic filaments (Humm

and Wickes, 1980).



Endolithic algae range in width from less that one
micron to over 15 microns and comprise representatives of
the cyanophytes (bluegreen algae), chlorophytes (green
algae) and the rhodophytes (red algae). Taxonomy of the
endolithic chlorophytes and cyanophytes has been
historically confused due to differences in opinion as to
whether various morphological forms are ecological variants
of one species or a species unto themselves. The different
taxonomic classification schemes are discussed in this
study:; however, noteworthy summaries of these
classification schemes are provided by Lukas (1974) and
Golubic (1975).

Although few freshwater form§ have been identified
(Pia, 1937) the majority of endolithic algae are found in
marine environments. The range of endolithic algal species
is worldwide (Fremy, 1934, Rooney and Perkins, 1972), but
most studies have been centered on limestone coasts of the
Mediterranean (Ercegovic, 1932; Le Campion-Alsumard, 1969
and 1970); the shores of England (Wilkinson and Burrows,
1972) and the shores of the North Sea (van den Hoek, 1958).
Comparatively, the species distribution of bluegreen and
green endolithic algae along the East Coast of the Atlantic
Ocean is not well known. The few studies conducted on the
East Coast from Massachusetts to North Carolina have shown

Entophysalis deusta Drouet, Schizothrix calcicola Drouet

and especially Ostreobium quekettii Bornet and Flahault to

be present in mollusc shells in intertidal and subtidal



zones (Perkins and Halsey, 1971; Taylor, 1957; Ralph, 1977;
Wulff, 1967). Wulff (1967) reported finding E. deusta and
S. calcicola in barnacle shells on pilings in the York
River, while Humm (1979) reports finding these two alga and
0. quekettii living in shells and other forms of limestone
throughout the Chesapeake Bay area and along the Virginia
coast. There have been, however, only two East Coast
studies, conducted in the coastal waters off Woods Hole,
Massachusetts (Golubic, 1973 and Carreiro, 1974), which
have investigated the distribution of endolithic algae in
relation to depth and none designed to assess the
distribution in relation to salinity differences.

This study was, consequently,/designed to ascertain the
distribution and taxonomony of the endolithic algae species

in shell of live Crassostrea virginica Gmelin as a function

of depth and salinity in the estuarine portion of the lower
James River, Virginia. While assessing the distribution
and taxonomy of the algae, changes in species assemblage,
algal biomass and filament width were also investigated.
It should be noted that there is not a great wealth of
ecological and physiological information concerning
endolithics which might be useful in explaining
distributional patterns. Additionally, no studies have
been conducted which measure the same parameters in
relation to depth and salinity as measured in this study.
Comparisons are made, therefore, in general terms with the

understanding that further research under controlled



conditions is required before definitive cause and effect
statements can be made.

The literature is also lacking as to the ecological
impacts that endolithic algae have on the abiotic and
biotic components of its surrounding environment. It is
known that endolithic alage are important factors in
carbonate breakdown of limestone coasts and calcareous
shell material, but their exact impact on oyster reefs at
the present and geologically has not been assessed.
Preliminary shell samples collected in various locations
between Deep Water Shoal (upriver) and Nansemond Ridge
(downriver) in the James River have consistently been
colonized by endolithic algae to guch a degree that the
majority of shells are green tinged from the abundance of
endolithic algae under the shell surface. An organism as
ubiquitous as are the endolithic algae must impact its
environment in some way, especially on the micro-habitat
scale in which it exists. This study is not designed to
assess the impact of endolithic algae on the abiotic
components of its environment; however, information
concerning endolithic algae's impact on other organisms and
the impact of other organisms on the algal distribution is

discussed.



LITERATURE REVIEW

Boring organisms have been studied in a variety of
hard carbonate substrates, including the shells of molluscs
and the skeletons of corals, since the middle 1800's
(Carpenter, 1845). Carpenter (1845) first believed the
borings were part of the mollusc shell structure but later
considered them to be a direct result of fungal activity.
Until 1887, nearly all of the early researchers (Kolliker,
1959; Duncan 1876 and 1881; and Kolliker (1960) studying
the microborings and associated species considered them a
product of boring fungi except for Wedl (1859) who
considered them to be algal in nature. Topsent (1887)
hypothesized that both algae and fungi were responsible for
the borings found within mollusc shells. Most of the
aforementioned researchers used a very unstructured
identification system or none at all; as a result, all
endolithic organisms and borings were identified as fungi.

The work of Lagerheim in 1886 started a new period in
which boring organisms were identified by using uniform
taxonomic descriptions. The majority of organisms
previously described as fungi were now taxonomically
identified as algae; consequently, endolithic algae became

the main focus in the field of boring microorganisms.



Lagerheim (1885 & 1886), who taxonomically
described the first boring alga, was followed by Bornet &
Flahault who described additional endolithic algal species
(1886) and also taxonomically described the first boring
fungi (1889).

The majority of endolithic algae are cyanophytes
belonging to the orders Pleurocapsales and Hormogonales
(Humm, 1979). The genera comprising the order Hormogonales

are Kyrtuthrix, Mastigocoleus, Plectonema, Schizothrix and

Scytonema while those belonging to the order Pleurocapsales

are Dalmatella, Hormathonema, Hyella, Solentia and

Tryponema. The chlorophytes comprise the next largest
group of endolithic algae, whereag there are only a few
endolithic algal species in the class Rhodophyta (Golubic,
1969). There are nine genera of endolithic chlorophytes
which account for twenty-three species. The genera include

Codiolum, Entocladia, Eugomontia, Foreliella, Gomontia,

Gongrosira, Ostreobium, Phaeophila and Siphonocladus.

The taxonomy of both the green and blue-green algae
has historically been a source of confusion and still
remains as such (Wilkinson & Burrows, 1970; Lukas, 1974;
Golubic, 1969). The taxonomy of chlorophytes provides an
illustrative example of this confusion. All of the
endolithic green algal genera, except Ostreobium, have at
one time or another been included in the genus Gomontia.
During the late 1800's, Chodat (1898) and Hariot (1888)

described several of these species, placing them in



separate genera on the basis of whether their growth form
was characterized by sacs or filaments. Conversely, Bornet
and Flahault (1889) preferred to join all of these species
under the genus and species, Gomontia polyrhiza. In 1935
and in 1959 respectively, Kylin and Kornmann published
their results of culture studies in which the independence

of filaments and sacs identified as Gomontia polyrhiza was

shown (Lukas, 1974). Kornmann (1959) assigned the sac

growth forms to Codiolum polyrhizum and the filamentous

forms to Eugomontia sacculata. Since that time, a variety
of other filamentous species described by various
researchers (Reinke, 1889; Kylin, 1935; and Thivy, 1943)
have been confused with Eugomontia sacculata, Kormann's
filamentous growth form. In yet later culture studies,
Wilkinson and Burrows (1970) attempted to eliminate this

confusion concerning Eugomontia sacculata; however, during

their culture studies, Eugomontia sacculata produced

several different filamentous forms which might be referred
to as entirely different species. To date, the confusion
continues as no criteria for reliable distinction has been
offered for these species confused under the genera

Gomontia and Eugomontia (Lukas, 1974). The taxonomy of the

remaining endolithic chlorophytes belonging to the

siphonaceous genus Ostreobium is much more straight

forward.
The confusion concerning the taxonomy of endolithic

algae also carries over to the blue-green algae and in some



respects is worse than that of the chlorophytes. Bornet
and Flahault (1888, 1889) and later Ercegovic (1932)
identified and described twenty species within five genera
within the family Hyellaceae in the order Pleurocapsales;
their identifications were based on different degrees of
cell and thallus differentiation (Golubic, 1969). Later,
Drouet and Daily (1956) completely revised the cyanophyte
taxa within the order Pleurocapsales by declaring the
entire family Hyellaceae to be ecophenes of the single
species Entophysalis deusta. Drouet and Daily believed
that variations in morphology among these forms resulted
from differences in their habitats, rather than differences
in genotype; therefore, the variogs forms were termed
ecophenes. The two species, Hyella caespitosa and

Hormathonema paulocellulare, which Drouet and Daily

considered ecophenes of Entophysalis deusta, were later

cultured and grown under identical ecological conditions by
Golubic (1969). He reported that the two forms produced
different and very distinctive thalli and therefore were
individual species under two different genera. Le

Campion-Alsumard (1972) also cultured Hyella caespitosa,

finding that its growth form was determined not only by
genotype but also by the type of carbonate substrate it
inhabited. Clearly there is much disagreement as to how
many genera make up the order Pleurocapsales and whether

genotype or substrate type determine the growth form.
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Fortunately, there is much less disagreement between
taxonomists regarding the taxonomy of the order
Hormogonales. Of the five genera within this order,
differences in taxonomic opinion exist only for the genera
Plectonema and Schizothrix. Gomont (1892) and other early
researchers considered Schizothrix calcicola to be
distinctly different from any other species in that genus

and different from the species within the genus Plectonema.

Drouet (1963), however, disagreed. After studying 5000
herbarium specimens from many parts of the world in

addition to culturing Schizothrix calcicola in his

laboratory , he concluded that during normal growth in
diverse natural habitats and in léboratory culture,
Schizothrix calcicola developed morphological
characteristics which could account for the description of
numerous taxa in several genera of Oscillatoriaceae given
by Gomont (1892) and others.

The endolithic algae encountered in this thesis study
have been identified using two different classification
systems. I have chosen Bornet and Flahault's (1888) system
to name the green algae and Drouet's (1963) classification
scheme to name the blue-green algae. At the present, there
is no classification structure which addresses the taxonomy
of both the green and blue-green endolithic algae.

Despite the difference in opinion concerning the
taxonomy of the endolithic algae, many of the chlorophytes

and cyanophytes are distributed world-wide. They are found
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in a wide variety of carbonate substrates from the tropics
to the polar lattitudes (Nadson, 1927a and 1927b). The

cyanophytes, Plectonema terebrans (Schizothrix calcicola

Drouet), Mastigocoleus testarum and Hyella caespitosa
(Entophysalis deusta Drouet), were among the earliest
endolithic algal species to be described and have the
widest reported distributions (Lukas, 1974). Drouet's
(1963) work with Schizothrix calcicola is chosen as an

example of the cosmopolitan distributions of these

blue-green algae. Drouet (1963) considered Schizothrix
calcicola to be the most widely distributed and most
frequently encountered blue-green alga on the earth. He
states that it is present in both/fresh and salt water and
has been collected at an altitude of over 17,000 feet in
Tangyar, Africa; in the Dead‘Sea at 1286 feet below sea
level; in the northern Arctic regions of Greenland and in
Antarctica as well as the shallow tropical and subtropical
seas of Hawaii and Florida and in the hotsprings of
Arizona, New Mexico and California. The substrates in
which it occurs are as equally diverse as its geographic
distribution. Schizothrix calcicola has been collected
from limestone of an Alabama quarry (Drouet, 1963), in
shells of molluscs (Wilkinson and Burrows, 1972) and in
barnacles (Parke and Moore, 1935) on the beaches of Great
Britian; in intertidal shells, rocks and wood in
Choctowhatichee Bay, Florida (Drouet, 1963); in the shells

of barnacles attached to pilings in the York River,
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Virginia (Wulff, 1967); and even on greenhouse walls
(Gomont, 1892).

Members of the green endolithic algae are also widely
distributed, occurring in a variety of hard calcareous
substrates. The genus Ostreobium appears to be the most
cosmopolitan genus of the endolithic chlorophytes. Species
of Ostreobium have been found inhabiting coral heads in the
shallow waters of the Indo-Pacific (Halldal, 1968) and
Florida Keys (Kanwisher and Wainwright, 1967; Golubic,
1969; and Lukas, 1974). Lukas (1974) has found Ostreobium
in all of the corals she examined in the Atlantic and
Pacific oceans and states that this genus comprises the
major component of the endolithic flora of tropical reef

corals. Ostreobium also has been reported in molluscan

shell fragments in the coastal waters off Puerto Rico (Budd
and Perkins, 1980) and off Scotland (Akpan, 1984); in worm
tubes of Spirorbis (Wilkinson and Burrows, 1972); in the
littoral region off British beaches and in barnacle shells
on the Dutch beaches (Van Den Hoek, 1958) and British
beaches (Park and Moore, 1935).

The species distributions of blue-green and green
endolithic algae along the east coast of the Atlantic Ocean
is not well known as only a handful of studies have been
conducted in this area. Of the green endolithic algae, the

distribution of Ostreobium is the best documented on the

Atlantic coast. It has been found in molluscan skeletal

fragments in the coastal waters off the Carolinas (Perkins
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and Halsey, 1971):; in old shells of oysters in Connecticut,
Devon Island and Ellesmere Island (Taylor, 1957), and in
mollusc shells in the coastal waters off Woods Hole,
Massachusetts along with the blue-green algae, Hyella

caespitosa (Entophysalis deusta Drouet) and Plectonema

terebrans (Schizothrix calcicola Drouet) (Golubic, 1973

and Carreiro, 1974). The blue-green alga, Schizothrix

calcicola has also been reported in Delaware salt marshes
as an algal mat covering marsh sediments (Ralph, 1977) and
in barnacle shells living on pilings in the York River,
Virginia along with Entophysalis deusta (Wulff, 1967).
Carreiro (1974) also studied the endolithic algal taxa from

the intertidal zone to 50 meters in the coastal waters off

Woods Hole, Massachusetts. She found Ostrecbium quekettii,

Plectonema terebrans, Hyella caespitosa and Mastigocoleus

testarum living in the shells of Mya, Balanus and
Spirorbis. Humm (1979) reported the presence of various

endolithic algae, particularly E. deusta, S. calcicola and

0. guekettii, in mollusc shell throughout the Chesapeake

Bay and along the Virginia coast. Aside from the above
observations, the record on species distribution of
endolithic algae present on the east Atlantic coast is
rather sparse.

Since the turn of the 19th century until now, the
majority of research on endolithic algae and their borings
has centered around their use as paleoecological

indicators. Fossil borings of microscopic size have been
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reported from Precambrian to Recent times in a variety of
carbonate substrates once formed in shallow water
environments of less than 50 meters (Klement, 1967). These
substrates include calcareous rocks, shells of molluscs,
skeletal fragments, sand grains and oolites (Hessland,
1949; Klement, 1967; Wendt, 1969; Perkins and Halsey, 1971;
and Akpan, 1984). The organisms themselves are not
preserved as fossils. More or less well preserved
endolithic tubes revealing the specific boring patterns of
the organisms are all that remain. The application of
microborings as paleoecologic indicators hinges on several
presuppositions, that the morphology of the borings must be
biologically specific and the env;ronmental conditions
influencing the distribution of the algae must be known.

In an effort to associate morphology of borings with a
particular species, direct comparison between boring
patterns in fossil and Recent substrates containing
molluscan fragments have been made. Gatrall and Golubic
(1970) examined molluscan fragments in Pleistocene Carolina
shelf sediments, while Akpan (1984) investigated the same
type of fragments in Postglacial subtidal shelf sediments.
Studies of microboring organisms within modern sediments
were also conducted by several other researchers (Park and
Moore, 1935; Golubic, 1969; Wilkinson, 1974; Perkins and
Halsey, 1971; and Budd and Perkins, 1980) to further
investigate the environmental parameters controlling the

distribution of boring algae. By comparing the
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characteristic boring patterns and in Recent substrates
with fossil forms and by knowing the present environment in
which the Recent substrates exist, it is possible to
surmise the conditions which existed when the fossil
substrates were formed.

During the extensive time in which boring organisms
were studied as paleoecological indicators, it became
evident that boring microoganisms were responsible for a
wide array of hard carbonate erosive processes. Both
Nadson (1927) and Hessland (1949) describe microscopic
green and blue-green algae as agents in the destruction of
calcareous shell material and in the erosion of coastal
limestone. The effects of the algae in the erosion of
carbonates were also studied in the intertidal environment
by Ginsburg (1953). He states that the algal filaments
loosen the surface layer of the rock, making it susceptible
to mechanical abrasion and biological abrasion by algal
grazers. Bathurst (1966) presented a detailed
investigation of the micrite formation by endolithic algae
while Perkins and Halsey (1971) and Akpan (1984) studied
the attack of microboring algae on the molluscan shell
fraction of postglacial continental shelf sediments.
Schneider (1976), while studying the destruction of
limestone coasts by endolithics, commented that the
decomposition of the calcium carbonate material releases
dissolved CaCO3 which can return to the sea where it

becomes available to CaCO3 fixing organisms. The activity
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of boring algae has, therefore, been shown to be a major
factor in the disintegration of a wide variety of hard
carbonate substrates and may play an important role in
biogeochemical recycling (Schneider, 1976).

Recognition of algal boring patterns in the fossil
record provides reliable criteria in determining the
ancient photic zone in shallow water environments (Golubic,
1969). With this in mind, the paleoecological study of
endolithic algae in the last several decades has concerned
itself primarily with the distribution of these algae as a
function of depth. Depth, however, is only an indirect
controlling factor. The vertical distribution of
photosynthetic microorganisms, sugh as endolithic algae, is
directly controlled by light penetration and algal
compensation depth in permanently submerged areas (Golubic,
1975). In intertidal areas, the factors controlling the
distribution of endolithic algae are wave action and
dessication. In reference to subtidal areas, algal
compensation depth is that depth at which photosynthesis
equals respiration and is equivalent to the base of the
photic zone.

The base of the photic zone obviously fluctuates from
one locality to the next as a result of variable
attenuation of light (Budd and Perkins, 1980). Variable
attenuation of light is caused by absorption, scattering
and surface reflection of light which in turn is a function

of the amount of suspended solids and dissolved orgainics
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present in the water column. In the tropics, light
penetration is at its maximum due to the minimum of light
reflection at the air-water interface and minimum of
dissolved organics. Estimates of the base of the photic
zone in tropical waters have been given by several
researchers working with endolithic algae occurring in
coral heads. The deepest depth at which endolithic algae
have been found within coral heads was 370 meters in the
waters off the coast of Florida (Lukas, 1973). In the
Caribbean Sea at Jamaica, both Lukas (1974) and Golubic
(1973) found coral-inhabiting algae at a maximum depth of
75 meters. Budd and Perkins (1980) also recorded
endolithic algae at a depth of 75-85 meters off the coast
of Puerto Rico; however, the algae occurred in molluscan
shell fragments instead of within coral heads.

Light attenuation occurs more quickly at higher
latitudes due to more light reflection at the air-water
interface and a larger amount of suspended solids in the
water column. As a result, the base of the photic zone and
consequently the occurrence of endolithic algae occurs at a
shallower depth than in tropical waters. In Massachusetts,
endolithic algae have been found in dead mollusc shells in
the coastal waters off Cape Cod at a maximum depth of 17
meters (Gross, 1977) and off Woods Hole at a maximum depth
of 30 meters (Golubic, 1973). Perkins and Halsey (1971)
also found endolithic algae in dead mollusc shell from the

intertidal to a maximum depth of 25 meters off the coast of
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North and South Carolina. A much shallower maximum depth
of occurrence, 10 meters, was recorded by Wilkinson (1974)
when studying endolithic algae occurring in dead razor clam
shell inside the breakwater at Port Erin, Isle of Man.

Light is a very complex ecological factor in the
marine environment. Not only is intensity rapidly
diminished with depth due to absorption and scattering but
certain wavelengths are selectively attenuated with depth
(Budd and Perkins, 1980). Endolithic algae are sensitive
to the spectral composition of light as well as to the
intensity. Bluegreen algae are known to be capable of
chromatic adaptation which is the ability to concentrate
the pigments necessary to absorb the available light.
While the chlorophytes are not capable of chromatic
adaptation, many are capable of adapting to very low light
levels (Budd and Perkins, 1980).

The selective attenuation of certain wavelengths of
light also applies to the depth of algal penetration into
the carbonate substrate since the light is altered by the
composition of the substrate. 1In the case of mollusc
shell, both the proteinaceous periostracum and the
calcareous part of the shell selectively attenuate certain
wavelengths of light (Wilkinson, 1974). Light, therefore,
is altered greatly in both spectral composition and
quantity by the time it reaches the algal filaments within
the substrate. Nonetheless, endolithic algae are able to

live under very low light conditions.
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Kanwisher and Wainwright (1967) estimate that only 1-2
% of the light incident on the outer coral surface reaches
the algae living 10 millimeters beneath the outer coral
surface. Lukas (1973) records very similar results,
stating that 0.1-2.0 % of the incident light penetrates to
a depth of 13 millimeters within the coral head.

Endolithic algae, however, do not penetrate substrates as
deeply in waters of lesser clarity. 1In Britian, subtidal
populations of endolithic algae are reported to bore to a
maximum depth of 130 microns in dead razor clam shell
(Wilkinson, 1974), while those algae living in dead and
live barnacle shell on the beaches bore to a maximum depth
of 300 microns (Parke and Moore, }935).

Algae possess specialized filaments which actively
penetrate substrates. Researchers studying the mechanism
of penetration into hard carbonate substrates all agree
that boring is accomplished by means of an extracellular
chemical dissolution process (Golubic, 1969; Lukas, 1978;
Alexandersson, 1975; and Kobluk and Risk, 1977). This is
accomplished when the terminal cells of the algae filaments
release acid or chelating fluids which dissolve small
volumes of the mineral substrate (Alexandersson, 1975). It
is further known that the dissolution proceeds along the
main cleavage planes of the calcite crystals; however, the
chelating fluid involved in the dissolution process has not
been isolated.

Several researchers have hypothesized that the
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propensity for boring of these endolithic algae is for
protection against algal grazers (Perkins and Halsey, 1971;
Boekschoten, 1966; and Wilkinson and Burrows, 1972).
Perkins and Halsey (1971) and Wilkinson and Burrows (1972)
postulated that this boring mode also protects the algae
from wave action and strong currents. It has been
questioned whether endolithic algae bore to procure food,
as do fungii feeding on the organic matrix of mollusc
shell. Even though endolithic algae prefer molluscan shell
substrate, Wilkinson and Burrows (1972) believed that
acquiring food was not the motivation for the boring habit;
this opinion was supported by the discovery of endolithic
algae within inorganic carbonate qements of older re-worked
lithoclast, which contained no food sources for algae.

The rate of algal infestation has been studied by
various researchers in calcite crystals and in natural
shell substrates. The amount of time required for
endolithic algae to first contact a newly exposed shell
substrate varies widely from 1.25 hours (Kornmann, 1959) to
six months ( Parke and Moore, 1935). 1In a series of
independent studies carried out in Marseille by Le
Campion-Alsumard (1975), in St. Croix, Virgin Islands by
Perkins and Tsentas (1976) and in Jamaica by Kobluk and
Risk (1977), endolithic algae occupied calcite chips and
fragments of coral and conch shell within eight to nine
days (Lukas, 1979).

The blue-green algae appear to be the first to invade



21

carbonate substrates. Parke and Moore (1935) found that

shells of Balanus balanoides in the intertidal zone of

British beaches were first bored by a blue-green alga,

Plectonema terebrans (Schizothrix calcicola Drouet)

followed a month later by another blue-green alga, Hyella

caespitosa (Entophysalis deusta Drouet) and the green alga
Gomontia polyrhiza. Wilkinson and Burrows (1972), working
within the same area as Parke and Moore, reported the same
two blue-green algae as the first to colinize the worm
tubes of Spirorbis. To date there have been no

time-sequence colonization studies affected on endolithic

algae within Crassostrea virginica shell or in the coastal
or estuarine waters of the United/states.

As mentioned in the previous example concerning the
maximum depth of filament penetration, Wilkinson (1974)
found endolithic algae in the shell of live as well as dead
barnacles. Endolithic algae living in the shell of 1live
barnacles has been reported by other researchers (Parke &
Moore, 1935; Van Den Hoek,1958; Wilkinson & Burrows, 1972)
who have also found these algae present in a variety of
other live shelled marine organisms in intertidal and
subtidal zones. In the littoral region of the Isle of Man,
Britian, Wilkinson and Burrows (1972) recorded the presence
of endolithic algae in the tubes of the live worm Spirorbis
borealis and in the living shells of three species of
Littorina, a limpet and a drill. Boekschoten (1966) found

endolithic algae present in an even larger variety of live
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shelled marine organisms on the Dutch beaches. 1In addition
to the species found by Wilkinson and Burrows (1972),
Boekschoten (1966) recorded the presence of endolithic
algae in live shells of Hydrobia and Ostrea, and also in
the shells of Cardium, Mya and Macoma when their shells
were exposed above the mud. Nonetheless, no researchers
have studied the species assemblage of endolithic algae in
the shells of live Crassostrea virginica.

The preceding paragraphs have dealt with the
distribution of endolithic algae in relation to light
penetration (depth) and substrate type. Only a few
researchers have investigated endolithic algal distribution
in different salinity regimes, bu? have not presented
information on the particular salinity levels present at
the various locations. Nonetheless, the majority of these
researchers believe the endolithic algae are euryhaline.
LeCampion-Alsumard (1969), while studying endolithic algae
on the steeply sloping cliffs of the coastal waters of
Marseille, France, states that variations in salinity were
less important to algal distribution than the moisture,
illumination and characteristics of the substratum. Nadson
(1927) stressed endolithic algae's cosmopolitan
distribution as he reported finding them in a wide variety

of substrates, habitats, depths and salinities.



MATERIALS AND METHODS

Introduction
The objective of this thesis study is to examine which
species of green and bluegreen endolithic algae occur in

Crassostrea virginica shell within the study area and how

algal species assemblage changes with depth and salinity.
Species distribution as a function of depth was
investigated by dredging bottom oyster cultch from four
depths (1.5, 2.4, 3.4 and 4.6 metgrs) at Wreck Shoal
Offshore during the summer of 1984. Distribution of
endolithic algal species as a function of season and
salinity (or station location) was examined dredging oyster
shell from an approximate depth of 3.4 meters at four
stations along the salinity cline in the study area.
Although the intent was to measure various parameters as a
function of salinity, it was recognized that there are
other variables which may also affect distribution. With
this in mind, instead of referring to the parameters (to be
tested) as a function of salinity, the parameters will be
referred to as a function of station. The parameters to be
tested, using the samples collected from the four depths at

Wreck Shoal, will similarly be referred as a function of

depth.
23
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Figure 1. Chart of the study area, with stations indicated,

in the lower James River, Virginia.
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Description of Study Area

The James River estuary of the Chesapeake Bay region
follows the course of a former river valley drowned within
the last 9,000 years by the most recent rise in sea level
(Marshall, 1954 and Nichols, 1972). The valley floor is
shaped into a central channel bordered by submerged shoals
and oyster rock. The James River, one of five major rivers
flowing into the Bay (Figure 1), enters the Bay 15 miles
from Virginia Capes and contributes approximately 16% of
the annual freshwater inflow to the Bay (Pritchard, 1952).
This estuary is the largest natural seedbed for Crassostrea
virginica in Virginia and contributes over 75% of seed
oysters planted in the state (Havgn, et al, 1981a). The
seedbeds extend from Deep Water Shoal (DWS), the most
upriver location, 34 kilometers downriver to Nansemond
Ridge (NR). This section of the James River and the
section between Nansemond Ridge and the mouth of the river
will be called the lower James River in this paper. The
study area, comprised of four stations (oyster reefs), is
located within the lower James River where oysters grow and
reproduce naturally (Figure 1). The furthest upriver
station is Deep Water Shoal (DWS); it is located 44
kilometers from the river mouth. Moving downriver from
DWS, Wreck Shoal Offshore (WSO) is located at river
kilometer 32; Naseway Shoal (NS) river kilometer 17 and
Nansemond Ridge at 10 kilometers above the river mouth.

The lower James River is a tidally dominated estuary
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in which currents vary from nearly zero at slack water to a
maximum of 80 centimeter per second three hours later
(Nichols, 1972). Superimposed on the alternating tidal flow
over many cycles is a two-layered circulation pattern where
fresher water flows seaward in the upper layer and saltier
water flows upriver in the lower layer. In the bottom
layer, the net current is upstream in the channel at about
one cm/sec, while the net current in the upper layer is
downstream over the shoals (where the oysters grow) at a
slightly greater velocity (Pritchard, 1952). The level of
no net motion is approximately 3-4 meters from the bottom
and is nearly horizontal except for a slight inclination
upward toward the right when looging upriver (Pritchard,
1955). According to Pritchard's classification, this type
of estuary is horizontally stratified or Type B estuary.
The James River estuary does not, however, permanently
remain horizontally stratified; it oscillates between this
condition and that of vertical homogeneity (Type C) in
synchrony with the fortnightly neap-spring tidal cycles
(Haas, 1977). This vertically homogenous or well mixed
condition also occurs during periods of low inflow where
tidal mixing reduces stratification. In this Type C
estuary, the level of no-net motion is nearly vertical, net
flow is upriver on the right, seaward on the left and
mixing takes place between the counter flows.

The oyster rocks within the study area are located on

the submerged shoals. The shoals, located between the
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shoreline and the channel, were formed when river terraces
were flooded (Haven and Whitcomb, 1983). As sea level rose
over the past 9,000 years, the natural oyster reefs (the
supporting structure for the seedbeds) grew upward in
thickness (Nichols, 1972). Nichols estimates that during
this time (the Holocene) the reefs reached a thickness of
over three meters in depth. What is now left of the
surface of the natural reef system cannot be thought of as
a natural system because it is a continually perturbed
system from which watermen harvest oysters. Unlike some of
the oyster rocks in the lower James River, the oyster rock
comprising the four stations are not annually replenished
with oyster shell by the state of Virginia. These reefs
are, therefore, solely dependent on the natural oyster
settlement to add new shell to the reef. Oyster settlement
occurs when oyster larvae metamorphose from the "eyed"
pediveliger larvae stage to a sedentary stage.

The composition of the oyster rocks has changed
substantially over the past 9,000 years. The proportion of
oyster shell relative to other substrates found on the
reefs has been reduced drastically. What was nearly all
oyster shell, is now a mixture of a variety of substrates.
Reefs may be composed of sand and shell; mud and shell;
mud, sand and shell or in a few cases, just shell.

Figures 2 and 3 illustrate the type of substrates
comprising the oyster reefs at each station (Haven and

Whitcomb, 1983). At Deep Water Shoal (DWS), the oyster
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Substrate map of Deep Water Shoal and Wreck

Shoal Offshore located within the study area.
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Substrate map of Naseway Shoal and Nansemond

Ridge located within the study area.
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rock is elongated and generally parallel to the axis of the
river. Shell-sand and shell-mud make up the majority of
the substrate which surrounds the rock (Haven and Whitcomb,
1983). The oyster rock at Wreck Shoal is extensive and
widely scattered on the north side of the channel. It is
oriented in an inshore-offshore direction and surrounded by
areas of shell-mud and sand. Of the oyster rock at Deep
Water Shoal, Wreck Shoal, Naseway Shoal and Nansemond
Ridge, the oyster rock at Naseway Shoal covers the largest
area. It is irregular in shape and surrounded primarily by
sand and shell-mud. The oyster rock at Nansemond Ridge
covers the least amount of area in comparison to the oyster
rock at the other stations. Most of the bottom surrounding
the rock is comprised of shell-mud, sand and sand-shell

(Haven and Whitcomb, 1983).

Hydrography

Salinity characteristics of the lower James River
estuary are very similar to those of a typical semi-
stratified estuary. Salinity increases with distance
downriver from nearly zero parts per thousand at the head
to an average of 24 ppt at the mouth. In the spring, high
river inflow may limit salinity greater than 0.5 ppt to
about 38 kilometers above the mouth. With gradual
recession of inflow during summer and fall, water over 0.5

ppt may reach as far as 87 kilometers upstream.
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Figures 4 and 5 illustrate the long term salinity and
temperature values, respectively, for the period of 1981 to
1985 at each station. Data originated from the VIMS
Hydrographic File and were collected from a depth of two to
three meters at slack before flood tide. The 1984 salinity
data for all four stations is comparable to the salinity
trends from month to month during the period 1981 to 1985.
For all months except April, the 1984 salinity means fall
with one standard deviation of the long-term salinity
means. The salinity profile for May through November of
1984 was, therefore, typical in relation to the same months
of 1981 to 1985 at each station. The year 1984 was also a
typical year, when comparing the }984 temperatures recorded
for the months of March through November with the mean
temperatures recorded for the same months during the period
of 1981 to 1985. When making station by station
comparisons of the 1984 and the long term temperatures,
most of the 1984 values fall within one standard deviation
of the long-term mean temperature (Figure 5). Temperatures
recorded in November 1984 for all stations are the only
temperatures that consistently fall outside one standard

deviation of the long-term mean temperature.

Methods
Sample Collection

To ascertain the distribution of endolithic algae in
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Variability in salinity (slack before flood)

by month at 3.5 meters at each station.
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Figure 5. Variability in temperature (slack before flood)

by month at 3.5 meters at each station.
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relation to salinity, oyster cultch was dredged from four

stations in the lower James River during the spring (May)
and fall (October) seasons of 1984. The distribution of
endolithic algae was aiso investigated in relation to depth
by dredging samples from four different depths at Wreck
Shoal during the summer (July and August) of 1984. A small
oyster dredge (24" bar and 4" teeth) was dragged over the
oyster bars until full; each full oyster dredge contained
approximately one-half bushel of shells and oysters.
Thirty live oyster, which appeared to contain endolithic
algae, were shucked. Of these shells, thirty shells were
chosen according to the following criteria: shells were (1)
whole shells 50.8 to 76.2 mm ( 273 inches) long; (2) had a
minimal amount of boring and pitting due to boring sponge
and erosion and (3) were not extensively covered with
barnacles. These criteria insured that only endolithic
algae were sampled. In order to reduce algal senescence
the thirty shells (from each station and/or depth) were
maintained in river water from their respective location
during transportation to the laboratory and until
processing.
Processing of Each Sample

From the thirty shells chosen in the field, a ten-
shell sample was chosen using a random numbers table. The
perimeter of each shell was traced on 5 X 8 cards and,
using a planimeter, a projected area in units of square

centimeters was obtained. This value was incorporated into
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the regression equation:

Y = 1.490 X - 1.369 (Morales-Alamo, unpublished),
where X equals the projected area and Y is the estimated
area of the outer shell surface. The shells were then
scraped free of barnacles with a scalpel, scrubbed and
stored in river water prior to decalcification of the outer
shell layers.

Dissolution of Outer Shell Layers (Figure 6)

Several dissolution agents were tested. They were:
Perenyi's solution, 2% hydrochloric acid, 5%
ethylenediamine tetraacetate acid (EDTA) and dimethyl
sulfoxide. A 5% solution of EDTA (Prud'homme Van Reine,
1966) was chosen because of its e?se of preparation, non-
caustic characteristics and effectiveness in thoroughly
dissolving the outer shell layers. As shown in
Figure 6 (methods schematic), the upper 1-2 millimeters of
shell material was removed through dissolution for 12
hours, thereby exposing the endolithic algae. This was
followed by processing the sample to examine species
composition and chlorophyll extraction.

At the onset of this study, it was not known if EDTA
might damage the endolithic algae. An experiment to
examine this probability was performed and is described in
Appendix I. Deleterious effects proved to be minimal.
Preparation of Species Composition Slides

Following exposure of the algal mat by dissolution of

the outer shell layers, three 4 X 4 millimeter square areas
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Figure 6. Schematic of analytical methods comprising
shell decalcification, chlorophyll extraction,

and preparation of species composition slides.
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of the algal mat were scraped from the shell and placed on
a microscope slide in a drop of Aquamount (Figure 6). The
shell was then returned to its container of EDTA until
ready for chlorophyll extraction. The species composition
slide, containing the endolithic algae, was placed under a
dissecting microscope at 15X and, with fine needles, the
algae were teased apart to obtain (as far as possible) a
single layer of algal filaments. A cover slip was then
applied and the slide was stored until the algal filaments
were identified and quantified.
Chlorophyll Extraction

The shell was removed from the EDTA solution and the
algae remaining on the outer shel} surface removed with a
scalpel and placed in a test tube for extraction. The
analytical procedures for chlorophyll a extraction are
shown in the schematic presented in Figure 6. Details of
the development of this technique are presented in Appendix
I. Toward the end of the development of these procedures,
the availability of the Cary 15 dual beam spectrophotometer
became limited. The Baush and Lomb Spectronic 710 desktop
spectrophotometer was used, consequently, to measure
absorbancy of the remaining preliminary samples and all
samples comprising the thesis data set. The absorbance
values obtained by the two spectrophotometers were very
close.
Quantification of Algal Filaments

The quantification of endolithic algae has not been
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reported to date; consequently, a variety of methods were
examined during the development of the thesis. The final
technique is presented in the methods schematic (Figure 6).
Each of the three slides prepared from each shell was
viewed using a phase microscopy under 400X magnification
with a micrometer grid placed in the ocular. The area of
the slide containing the endolithic algae was scanned from
top left to bottom right to assess the number of optical
fields required to encompass the complete algal mat.
Depending upon the number of optical fields present, every
second, third or fourth optical field was chosen until the
algal filaments in five optical fields had been identified
and quantified. This insured representative sampling of
the algal mat. Algal filaments were selected for
quantification using the image of the grid micrometer which
was projected into the optical field. A fixed arrangement
of fifty points was selected on the grid micrometer and the
species whose filament lay beneath each point was recorded
along with the width of each filament (Figure 6). 1In
addition to this filament width measurement, five filaments
of each species, ranging from smallest to largest, were
measured in each optical field to provide data on the
variability of filament width. The number of grid points
under which no filament was present were also recorded to
assess relative filament density. After all optical fields
were examined on each of the three slides, the number of

filaments for each species were added together and recorded
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along with a mean and range of filament width.

Nomenclature

As conveyed in the literature review, the taxonomy of
the bluegreen algae is rather confused. Researchers who
studied bluegreens in the Chesapeake Bay area (Conover,
retired algologist/Woods Hole Oceanographic Institute),
Wulff (1967) and Humm (1979)), agree with and have utilized
Drouet's (1956, 1963) system of classification to name
endolithic bluegreen algae. I also have used Drouet's
system of classification to identify the algae encountered
during this research.

Much disagreement exists between taxonomists
concerning what affect the environment has on growth forms
of green algae, especially in the order Ulotrichales, genus
Gomontia. One faction (Hariot, 1888; Chodat, 1898; and
Kornmann, 1959) believes there are many separate genera
which should be placed under the one genus, Gomontia,
because these different looking forms are actually
ecophenes of this single genus. The other faction (Bornet
and Flahault, 1889; Kylin, 1935 and Thivy 1943) conversely
believes these different appearing forms are separate
genera and species each unto itself. One of the two green
endolithic algae collected during this study closely

resembled the Gomontia sp.; however, this alga was

collected on a very limited basis and in small amounts. I

have given this rarely-occurring green alga the name
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Gomontia sp. This taxonomy is part of the classification
system of Bornet and Flahault (1888, 1889). Since the
taxonomy of the green endolithic algae is also a source of
debate, the exact designation of this life form I call
Gomonitia sp. can be decided on when and if the expert
taxonomists come to some agreement.

The classification scheme which I have followed is
presented in Appendix II. Algae were identified with the
aid of Humm's (1979) key to the marine algae of Virginia.
Taxonomic descriptions from Drouet and Daily (1956) and
Drouet (1963) were also used to supplement Humm's key.

At the onset of this study, samples were collected
(from oyster shells found on natural oyster reefs)
throughout the lower James River and representative slides
of each species type were made. The slides were identified
by Dr.'s Harold Humm (University of South Florida) and
Towne Conover (retired algologist, Woods Hole Oceanographic
Institute) and subsequently served as a reference library
by which species identifications from thesis composition
slides were made. Throughout the processing of thesis
samples, photographs of the four algal species were taken
with a Zeiss IM35 photo microscope. These pictures were
also sent to Dr.'s Humm and Conover for verification of the

taxonomic identifications which I had made.
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Light Measurements in the Field

Incident light energy in the water column just above
the oyster rocks was measured at each station within the
study area. The total available light, called
Photosynthetically Active Radiation (PAR) (400 to 700 nm
waveband) was measured in units of uE/sec/m?2 with a LiCor
(Model LI-188) quantum meter and a LiCor (Model 2420-7904)
underwater sensor. Light measurements were made on a
cloudless day in November of 1984 between 10:00 a.m. and
1:00 p.m. to reduce the variation in light penetration
caused by changes in the angle of incident radiation
striking the water surface. A series of five light (PAR)
measurements, integrated over 10 §econds, were taken at a
depth of 3.5 meters at each of the four stations and at
depths of 1.5, 2.7, 3,5 and 4.0 meters at Wreck Shoal
Inshore and Offshore to be analyzed in conjunction with
chlorophyll a values for the spring and fall samples and
for the summer sample, respectively. The mean of these
five PAR measurements for each depth was then calculated
and represents the intensity of light at each depth and

station.

DATA ANALYSIS

Data on Percent Occurrence of Algal Filaments

During microscopic examination and identification of
algae the number of filaments of each species was counted

to give a total for each species within an optical field.
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Subsequently, the totals for each species were added
together yielding a grand total of all filaments,
regardless of species, found in that optical field. The
percent of that grand total (percent occurrence) was then
calculated for each species. Since the percent occurrence
values are in the form of counts and percentages, the data
were not normally distributed and were shown to be a
positive binomial distribution when the relationship
between the variance and mean (02 < p) was examined. The
data, therefore, were transformed using an arcsine
transformation (arcsin /p, where p is a percentage) (Steele
and Torrie, 1960). By transforming the data, the
distribution more closely approxi@ated a normal
distribution and satisfied the conditions necessary to
perform analysis of variance (ANOVA) tests.

Analysis of variance (ANOVA), in particular nested
ANOVA, and Tukey-Kramer multiple comparison tests were
applied to the transformed percent occurrence data. The
data, analyzed in this way, consisted of percent occurrence
values of each species found at each of the four stations
during the spring and fall sampling periods. Tests for
interaction between station and season were also performed
by the ANOVA to ascertain any seasonal influence on the
percent occurrence of species found at particular stations.
Additional ANOVA tests were applied to the same type of
transformed percent occurrence data which was collected

during the summer sampling period from four depths at Wreck
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Shoal Inshore and Offshore.

For graphic purposes, the mean of all the percent
occurrence values for each species found in all five
optical fields of all three slides of all ten shells was
computed to yield a single mean value of percent occurrence
for each species found at respective stations. The mean
percent occurrence of each species at each station and
depth was displayed graphically. These graphs are
presented in the Results section. Appendix III,

Table 1 contains a summary of the mean percent occurrence
values for each algal species at each station during the
spring, summer and fall sampling seasons.

Chlorophyll Data /

The analysis of the chlorophyll extracts by spectropho-
tometry measured absorbance of light by chlorophyll a at
wavelengths of 663, 645, and 630 nanometers. These three
values (for each extract) were then incorporated into the
Humphrey & Jeffrey's (1975) formula:

Chlorophyll a (mg/liter) = 11.85 Egg3z — 1.54 Egys — 0.08
Eg3p, where E is the absorbance at the subscript
wavelength. The value which results from this computation
is the number of milligrams of chlorophyll a per liter of
acetone extract. This value was then equated with the
actual volume of acetone used in the extraction by
multiplying the value of milligrams of chlorophyll a per
liter by that fraction of a liter of acetone used (Formula

A). Conversion from milligrams per liter to micrograms
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per liter was included in Formula A. The value which is
produced by Formula A is the number of micrograms of
chlorophyll a present in each extract. Calculation of the
chlorophyll a per unit area of outer shell surface was
then effected by dividing the micrograms of chlorophyll a
by the outer surface area of the shell from which the algae

had been removed (Formula B).

(A) Milligrams chl. a X Mls acetone used X 1000 ug = u
liter acetone 1000 mls/liter mg chl.a
(B) Micrograms X 1 = Micrograms chl. a
Area (cm?) cm?

In this manner, the amount of chlorophyll per unit area of
shell surface is calculated for each of the ten shells in
each sample. These ten values per sample served as the
data for statistical comparison while the mean of these ten
values was used for graphic productions.

The data was then transformed using a square root (/x)
transformation (Steele and Torrie, 1960) to conform the
negative binomial (02 > u) distribution more closely to a
normal distribution. Nested ANOVA and multiple comparison
tests were applied concurrently to the transformed spring
and fall percent occurrence data using SPSS (Nie, 1975).
Tests for interaction between station and season were also
performed to ascertain any seasonal influence on the
chlorophyll abundance at particular stations. ANOVA tests
were applied to the same type of transformed chlorophyll

abundance data which was collected during the summer
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sampling period from four depths at Wreck Shoal.
Light Measurements Generated By a Quantum Meter (Correction

Factors)

The mean value of all PAR readings taken at each depth

or station had to be corrected for immersion effect and for
differences in calibration constants of the underwater
versus atmospheric sensors. According to standard
procedure, the manufacturer calibrated the atmospheric
sensor to the LI-COR LI-188 quantum meter (used in this
study). Because the underwater sensor (LI-COR Model 2420-
7904) was used instead of the atmospheric sensor, a
correction factor, which took into account the calibration
constants of both sensors, was applied to the mean PAR
values (LI-188 Brochure A-878).

Calibration constant for the atomospheric sensor = 7.88

Calibration constant for the underwater sensor = 3.68

Calibration Correction Factor = 2.14

The mean PAR values also had to be corrected for

immersion effect. Smith (1969) stated that when a
diffusing collector (underwater sensor) is submerged in
water, a large percentage of incident irradiance is
backscattered out of the collector into the water. This
phenomenon is the immersion effect, and is due to the
difference in the index of refraction of air versus that of
water at the collector interface. Underwater sensors that
are calibrated in air, as was the LI-COR 2420-7904, require

a correction for the immersion effect in order to obtain
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absolute values of irradiance underwater (Jerlov and Nygard
1969, Smith 1969, and Westlake 1965). Roemer and Hoagland
(1976) determined the immersion effect correction factors
for the LI-COR underwater sensors; the correction factor
for the LI-COR 2420-7904 was 1.34.

The result of applying the three correction factors to
the original mean PAR value (measured with the quantum
meter), is the value of PAR reaching the oyster rock and is
expressed in units of uE/sec/mz. The formula
incorporating all of the correction factors is as follows:

Mean of Instrument Readings X (2.14) X (1.34) = PAR

(Cali- (Immmersion
bration) Effect)

Filament Width Data

The widths of the filaments of each species, recorded
from each optical field of all slides comprising a ten-
shell sample, were added together and the mean, standard
deviation and range were computed. Each mean, therefore,
represents the average width of the filaments of each

species found at a particular station.



RESULTS

Introduction

The endolithic algae, once removed from the oyster
shell, were examined for differences in (1) percent
occurrence of filaments of each species; (2) chlorophyll a
content of all species collectively and (3) filament width
differences within each species at different locations.
The three parameters, percent occurrence, chlorophyll a and
filament width, were examined in two ways, (1) as a
function of season, station and t@e interaction of season
and station and (2) as a function of depth. Data for the
first comparison came from species composition slides
prepared from samples collected from a depth of
approximately 3.5 meters at stations Deep Water Shoal
(DWS), Wreck Shoal Offshore (WSO), Naseway Shoal (NS) and
Nansemond Ridge (NR) during the spring and fall. Data for
the second comparison came from shells collected at Wreck
Shoal during the summer. Shell samples from all but one
station yielded viable data. Nansemond Ridge (NR) samples
contained so much boring sponge that no algal filaments
could be clearly observed on the species composition
slides. Therefore, there is no percent occurrence or
filament width data from this station. Chlorophyll a

content data was, however, obtained from the NR samples

47



48

because the chlorophyll extraction process is not dependent
on optically observing the algal filaments.

The three parameters, percent occurrence,
chlorophyll a abundance and filament width, were
statistically examined by applying Analysis of Variance
(ANOVA) (¢ = .05) and Tukey's multiple comparison tests to
each data set, respectively. The results of these
statistical comparisons are presented in this section in
the order of percent occurrence, chlorophyll a, and
filament width. The last topic covers the results of light
measurements taken at all four stations at approximately
3.5 meters and at the four depths sampled at Wreck Shoal.
Results

Three species of endolithic algae were found
consistently at each station and depth throughout the study

area. These species were Entophysalis deusta (Figure 7 ),

a bluegreen alga; Ostreobium gquekettii (Figure 8), a green

alga; and Schizothrix calcicola (Figure 9), another

bluegreen alga. A green alga, Gomontia sp. (Figure 10),
was found infrequently and in very small amounts. Due to
the limited amount of data, Gomontia sp. was not
statistically analyzed for differences in percent
occurrence or filament width. For those filaments of
Gomontia sp. that were observed, the width of filaments
ranged from 6y to 29y with a mean filament width of 16u.
Mean width and range data for the filaments of the other

three species (listed above) are presented in Appendix III,
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Figure 7. Entophysalis duesta. A bluegreen endolithic
alga; mean filament width = 3.0 to 10.0 microns.

Scale bar = 20 microns.
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Figure 8. Ostreobium quekettii. A green endolithic alga;
mean filament width = 2.0 to 6.0 microns with
local inflations of the filament to 40.0 microns.

Scale bar = 20 microns.
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Figure 9. Schizothrix calcicola. A bluegreen endolithic

alga; mean filament width = 0.5 to 2.0 microns.

Scale bar = 20 microns.






Figure 10.

Gomontia sp.

A green alga; mean

filament width = 14.0 to 18.0 microns.

Scale bar =

20 microns.
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Table 2. Entophysalis deusta was present in two
filamentous forms, epilithic (surface) filaments and
endolithic (inside the shell) filaments (Figure 7). Humm
and Wickes (1980) and Golubic (1969) have observed the two
types of filaments in their respective investigations of E.
deusta. Their morphological descriptions of the two
filament types closely match those presented in this study.
Figure 7 shows the different morphology of the filament
types. The few epilithic filaments seen in Figure 7 are
composed of cells which are consistently cuboidal in shape
and are very closely packed together. The cells of the
endolithic filaments are irregularly shaped, much longer
than broad and are separated by shorter or longer sections
of gelatinous matter. The terminal cells of the filaments
are either club-shaped or blunt ; the blunt ends are
presumably responsible for the dissolution of the shell
material (Golubic, 1969). There are comparatively fewer
epilithic filaments present in the algal samples because
each shell was scrubbed to remove the epilithic organisms.
However, due to the difficulty of scouring out the many
small surface imperfections of oyster shell, it is not
surprising to find a small number of epilithic filaments.

Percent Occurrence as a Function of Season _and Station

Table 1 presents the ANOVA model (and ANOVA results)
used for the evaluation of differences in percent
occurrence for each species. Samples were collected at

three stations (DWS, WSO, NS) during two seasons (spring
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Table 1. ANOVA results of season/station comparisons for

percent occurrence of each species.
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and fall) yielding 2 degrees of freedom (DF) and 1 DF,
respectively. The interaction term (season*station) was
included in the model as there was a strong likelihood that
season may affect the percent occurrence found at one or
more stations. The data was nested in the manner of 3
slides within each shell and 10 shells within each station.
Shell and slide components were included in the model,
because they had the potential of accounting for a
significant amount of variability that would have otherwise
been attributed to the error term.

In each of the three AVOVAs (Table 1), the p value for
the interaction component is large, indicating that there
are no significant differences in/percent occurrence due to
this component. Once interaction is found to be
insignificant, it is appropriate to test season and station
(salinity) separately for significance. The station
component for the three algal species is strongly
significant (P values less than 0.03) while the season
component is not significant. The P values for the slide
and shell components are small; therefore, there is a
significant difference in percent occurrence from slide to
slide and from shell to shell for each species. A
significant variability in the shell and slide components
was expected based on the nature of the data.

According to the ANOVAs, a significant difference in
percent occurrence between stations exists for each of the

three species. Figures 11 and 12 depict this variability



Figure 11.
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Mean percent occurrence of algal species by

station in Spring 1984.



MEAN PERCENT OCCURRENCE

100~

90

80+

60+

50

40+

30+

204

Schizothrix calcicolg == ——

SPRING 1984 Ostreobium guekettij ==~ ==~

Entophysalis deusta

1 T
44 (DWS) 32(WSQ)

DISTANCE ABOVE RIVER MOUTH (km)

]
14 (NS)



57

Figure 12. Mean percent occurrence of algal species by

station in Fall 1984.
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during the spring and fall seasons, respectively. The
ANOVA, however, does not indicate whether the percent
occurrence at one station is different or whether all
values are significantly different from the others. To
ascertain where the difference(s) exist, a Tukey-Kramer
multiple comparison test was applied to the data sets for
each species. Multiple comparison results comparing the
mean percent occurrence values for each station during the
spring and fall for all species are presented in Table 2.

Schizothrix calcicola

The percent occurrence of S. calcicola at Deep Water
Shoal (DWS) is significantly different from that at Wreck
Shoal Offshore (WSO) and Naseway $hoa1 (NS). This is true
in both the spring and fall samples. The percent

occurrence of S. calcicola during both seasons at DWS is,

however, not statistically different. [The above mentioned
comparisons are depicted by line 1 in Table 2.] Though the
percent occurrence at DWS is statistically different from
that at Naseway Shoal (NS) and Wreck Shoal Offshore (WSO),
multiple comparison results indicate that percent
occurrence at WSO and NS is not significantly different
(line 2, Table 2). This is true in both the spring and
fall samples. Line 2 of Table 2 also depicts the fact that
the percent occurrence at WSO and NS in the spring sample
is not statistically different from the percent occurrence

at these two stations in the fall sample. In other words,

percent occurrence of S. calcicola at NS in the spring is



Table 2.

Tukey-Kramer multiple comparison results of
mean percent occurrence of each species

at three stations in two seasons.
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TUKEY-KRAMER MULTIPLE COMPARISON TEST RESULTS
Mean Percent Occurrence Values at 3 Stations During 2 Seasons
SPRING FALL
STATION DWS WSO NS DWS WSO NS
SPECIES
S.calcicola 1.17 0.16 0.50 1.38 0.30 0.43
1
2
E. deusta 0.35 0.33 0.40 0.19 0.33 0.61
3
4
O.quekettii 0.03 1.08 0.36 0.00 0.96 0.34
5
6 -
Note: -Each row signifies a distinct group of comparisons between means

-Means which have a line under them are equal to all other
"underlined" means on that particular row
-Two means are significantly different if both are not underlined
on the same row
Interpretative Examples:
Row 1: -The mean percent occurrence of S. calcicola at DWS in the
spring is equal to that at DWS in the fall
-The mean percent occurrence of S. calcicola at DWS is
significantly different than that at WSO and NS in the
spring; the same statement is true for the fall sample

Row 2: -The mean percent occurrence of S. calcicola at WSO is equal
to that at NS; this is true for both the spring and fall
samples

-The mean percent occurrence of S. calcicola at WSO in the
spring is equal to that in the fall; the same statement is
true for mean percent occurrence at NS

-The mean percent occurrence of S. calcicola at WSO in the
spring is equal to that at NS in the fall and the same is
true for that at NS in the spring and WSO in the fall



60

not significantly different from that occuring at NS in the
fall.
Entophysalis deusta

When comparing mean percent occurrence values at each
station in the spring, the percent occurrence of E. deusta
is not significatnly different at all stations (line 3,
Table 2). This same comparison for the fall sample shows
that the percent occurrence at DWS is significantly
different from that at WSO and NS, but that percent
occurrence at NS and WSO are not statistically different
(line 3, Table 2). Comparison of percent occurrence in the
fall and spring at each station separately shows that
percent occurrence is not statist;cally different at each
station in both seasons (line 3 and 4, Table 2). In other
words, the percent occurrence of E. deusta at WSO in the
spring is not statistically different from the percent
occurrence at WSO in the fall (line 3, Table 2). The same
is true for DWS and NS.
Ostreobium gquekettii

When comparing the mean percent occurrence values
which occur at each station in the spring season, the

percent occurrence of 0. gquekettii is found to be

significantly different between DWS and WSO and between WSO
and NS. The percent occurrence is, however, not
significantly different at DWS and NS (line 5, Table 2)
This same pattern between comparisons also occurs in the

fall sample (line 5, Table 2). As with E. deusta.
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comparison of percent occurrence in the spring and in the
fall on a station by station basis shows that percent

occurrence is statistically the same at each of the

stations in both seasons (line 5 and 6, Table 2). For
instance, the percent occurrence 0. quekettii at WSO in the

spring is equal to the percent occurrence at WSO in the
fall (line 6, Table 2).
Percent Occurrence as a Function of Depth

Table 3 presents the ANOVA model (and results) used to
evaluate the difference in percent occurrence as a function
of depth for each species. Depth is the main component of
interest but because the data is nested (as discussed in
the last section), slide and shel} components are also
included in the model. According to the ANOVA results in
Table 3, there is no difference in percent occurrence of S.
calcicola (P = .48) at the four depths; therefore, it is
equally abundant at all depths. The shell and slide
components, however, are significant (P<.0l1). This
significance in the slide and shell components is
consistent with the percent occurrence results from the
spring and fall samples. Figure 13 depicts the variability
in abundance by depths at Wreck Shoal.

The ANOVA results for E. deusta and_O.quekettii

indicate a significant difference in percent occurrence
between depths (P < .01). There is a strong (P < .01)
significant difference in percent occurrence between slides

for these two species, but the difference between shells is
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Table 3. ANOVA results of depth comparisons for percent

occurrence of each species.
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Figure 13. Mean percent occurrence of algal species

by depth at Wreck Shoal in Summer 1984.
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moderately significant for 0. quekettii (P = .04) and
barely significant for E. deusta (P = .24). The lack of

strong to moderate significance in the shell component for
E. deusta may be a random effect and not a true artifact of
the population, especially when considering the consistency
of shell significance found for E. deusta in the
spring/fall percent occurrence comparisons (Table 1) and
the between shell significance found in the depth
comparisons for the other two species (Table 3).

ANOVA tests indicate a significant difference in
percent occurrence between depths for both O. quekettii and
E. deusta. Figure 11 illustrates this wvariability in
percent occurrence for all three species sampled at Wreck
Shoal during the summer. The ANOVA does not however
indicate which depth(s) is different from the other
depth(s). To ascertain which depth(s) differed in percent
occurrence, a Tukey-Kramer multiple comparison test was

applied to the data sets of E. deusta and_O. gquekettii.

The multiple comparison test results, comparing the mean
percent occurrence values for both species at each depth,
are presented in Table 4.
Entophysalis deusta

The percent occurrence of E. deusta at 1.5 meters is
statistically different from the percent occurrence at 2.4
and 3.4 meters, and the percent occurrence at 2.4 meters is
different from that at 3.4 and 4.6 meters (line 1, Table

4). The only percent occurrence values for E. deusta which



Table 4.
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Tukey-Kramer multiple comparison results of

percent occurrence for each species by depth.
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are statistically equal are those found at 3.4 and 4.6
meters (line 1, Table 4).
Ostreobium quekettii

The percent occurrence of 0. quekettii is not
statistically different at 1.5 and 2.4 meters (line 2,
Table 4). The same is true for the percent occurrence at
3.4 and 4.6 meters (line 3, Table 4). A statistical
difference in percent occurrence exists, however, at 2.4
and 3.4 meters, where a significantly larger percent
occurrence is found at 3.4 meters.

Chlorophyll a Abundance as a Function of Season and Station

Table 5 presents the ANOVA model (and results) used to
evaluate the differences in mean chlorophyll a abundance
between stations. Samples were collected at four stations
(DWS, WSO, NS, NR) during the spring and fall seasons.
Season and station are, therefore, the main components of
the model. The interaction term (season*station) was also
included in the model because it is likely that season may
affect chlorophyll a abundance at one or more stations.

Examination of the ANOVA results (Table 5) shows a
very small and significant P value (P<.01) for the
season*station interaction term. Once the interaction term
has been found to be significant, it becomes difficult to
interpret the main factors (season and station)
individually. According to Fig 14, the spring and fall
values for WSO, NS and NR similar. However, there appears

to be a very large difference in the chlorophyll a values



Table 5.

ANOVA results of season/station comparisons

for chlorophyll abundance.
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Figure 14. Mean chlorophyll a abundance by station

in Spring and Fall 1984.
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between seasons at Deep Water Shoal. It is postulated that
the large variability in chlorophyll a values between
seasons at DWS is the major contributor of the significance
in the interaction term for all stations combined. Season
and station factors may, therefore, be interacting to
influence chlorophyll abundance at Deep Water Shoal only.
Chlorophyll a Abundance as a Function of Depth

Table 6 presents the ANOVA model (and results) used to
evaluate the difference in chlorophyll a abundance as a
function of depth. Depth is the main component of the
model. The P value for the depth component is < 0.01. A P
value of £ 0.01 indicates a strong significant difference
in chlorophyll abundance between depths. It appears that
chlorophyll abundance decreases in magnitude from 1.5
meters to 4.6 meters (Figure 15).

To ascertain which chlorophyll a values are actually
different, a Tukey-Kramer multiple comparison test was
applied to the chlorophyll means of the revised data.
Multiple comparison results (Table 7) show that the
chlorophyll abundance at 2.4 and 3.4 meters is equal, but
that chlorophyll abundance at 1.5 and 4.6 meters is
significantly different.

Filament Width as a Function of Season and Station

Table 8 presents the ANOVA model (and results) used
for the evaluation of differences in filament width for
each of the three species. Samples were collected at three

stations (DWS, WSO, NS) during two seasons (spring and



Table 6.

ANOVA results of depth comparisons for

chlorophyll abundance.
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Figure 15.

Mean chlorophyll a abundance by depth

at Wreck Shoal in Summer 1984.
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Table 7.

Tukey-Kramer multiple comparison results of

mean chlorphyll a abundance by depth.
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Table 8.

ANOVA results of season/station comparisons

for filament width of all species.
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fall) yielding two degrees of freedom and one degree of
freedom, respectively for the two main components of the
model. The interaction term (season*station) was also
included in the model as there was a possibility that
season may affect filament width.

According to the P value (P = .41) for the model
component of the ANOVA, there are no differences in

filament width of S. calcicola with respect to the season,

station and interaction components (Table 8). The
interaction term for E. deusta is significant (P =.09);
therefore, it is inappropriate to discuss the statistical
results of the season or station components, except in
context to one another. Changes in filament width between
stations appear to exhibit the same pattern in both the
spring and fall for E. deusta (Figure 16), with filament
width in the spring being larger than that in the fall. It
cannot be determined, with this statistical test, whether
filament width at one station is actually different from
that at any other station due to the presence of
interaction. All that can be said is that season and
station factors jointly influence the filament width of E.
deusta. The interaction and season component of the ANOVA
for 0. quekettii are both not significant (P = .17 and
.19), but the season component is significant (P = < 0.01).

The filament width for 0. quekettii is, therefore,

significantly different between stations, but not between

seasons. This is depicted by the illustration of filament



Figure 16.
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Mean filament width of Entophysalis deusta

by station in Spring and Fall 1984.
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width by station in both the spring and fall (Figure 17);
the illustration also shows that width is larger in the
spring than in the fall.
Filament Width as a Function of Depth

Table 9 presents the ANOVA model (and results) used to
evaluate the difference in filament width as a function of
depth for each species. Depth is the main component of
interest in the ANOVA. ANOVA results show that there is a
significant difference in filament widths between depths
for all three species (P values less than 0.02). To
determine which depths differed in filament width, Tukey-
Kramer multiple comparison tests were applied to the data
sets of each species. The multiple comparison test
results, comparing the mean filament width for each species
at each depth, are presented in Table 10.

Schizothrix calcicola

The mean filament width of S. calcicola at 2.4 meters

is statistically different (smallest) from the mean
filament widths at 1.5, 3.4 and 4.6 meters (line 1, Table
10). There are no differences in mean filament width at
1.5, 3.4 and 4.6 meters (line 1, Table 10).

Ostrecbium quekettii

The mean filament width of 0. quekettii at 1.5 meters

depth is statistically different (smallest) from the mean
filament width at 4.6 meters (line 2, Table 10). Mean
filament widths at 2.4, 3.4 and 4.6 meters are not

significantly different (line 2, Table 10).



Figure 17.
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Mean filament width of Ostreobium quekettii

by station in Spring and Fall 1984.
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Table 9.

ANOVA results of depth comparisons

for filament width of all species.
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Table 10. Tukey-Kramer multiple comparison results

of mean filament width by depth for all species.



TUKEY-KRAMER MULTIPLE COMPARISON TEST RESULTS
Mean Filament Width Values at 4 Depths at Wreck Shoal
DEPTH 1.5 2.4 3.4 4.6
(meters)
SPECIES
S. calcicola 1.63 1.42 1.78 1.72
1
O. quekettii 2.03 2.64 2.81 2.86
2
E. deusta 4.04 4.50 2.81 3.39
3

Note: -Each row signifies a distinct group of comparisons
between means
-Means which have a line under them are equal to all
other "underlined" means on that particular row
-Two means are significantly different if both are
not underlined on the same row
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Entophysalis deusta

All comparisons between means indicate that there are
no differences in mean filament width, except at 3.4 meters
where filament width is statistically smallest (line 3,
Table 10).

Light Availability

The mean of the five incident light (Photosynthetically
Active Radiation -PAR) readings, measured at 3.5 meters at
each of the four stations and at the four depths at WSO,
are summarized in Table 11. There appears to be no pattern
in the data between stations. The mean light intensity,
reaching the oyster rocks at 3.5 meters at each of the four
stations, are not equal nor does the light intensity
increase or decrease along the continuum from Deep Water
Shoal to Nansemond Ridge. The largest light intensity
occurs just above the oyster rocks at Nansemond Ridge, the
same light intensity is present above the oyster rocks at
Deep Water Shoal and Naseway Shoal and the least light
intensity is received by the oyster rocks at Wreck Shoal
Offshore. The only pattern (in changes of magnitude of
PAR) which is evident is that of a progressive decrease in
light intensity from 1.5 meters down to 4.6 meters at Wreck
Shoal.

Using the PAR values from the four depths at Wreck
Shoal, a coefficient of light attenuation was computed
according to the following formula:

I=1,e" 9
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Table 11. Photosynthetically active radiation readings
(light intensity) by station and depth within the

study area.
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The surface PAR was then computed using this coefficient.
Regression analysis of the four Wreck Shoal PAR values
indicated linear relationship (r = 0.9948). It can,
therefore, be inferred that the coefficient of attenuation
(or turbidity) was constant throughout the water column.

It was assumed that the surface PAR at Wreck Shoal was
approximately equal to that at the other three stations
because all light measurements were made on a cloudless,
calm day and over a period of an hour and a half (11:30
a.m. to 1:00 p.m.) when the angle of the sun changed the
least. With this assumption in mind, the surface PAR
calculated for Wreck Shoal was used to compute the
coefficient of attenuation (turbidity) for the other three
stations (Figure 18). If one assumes that the attenuation
coefficient is a function of turbidity then turbidity was
found to be the highest at Wreck Shoal, approximately equal
at Naseway Shoal and Deep Water Shoal and the least at
Nansemond Ridge. This turbidity pattern is inversely
related to the pattern in light availability (Table 11)

from station to station.



Figure 18.

Coefficients of light attenuation at each

station within the study area.
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DISCUSSION

Introduction

This discussion will be presented in the same order as
presented in the results section; each parameter (algal
abundance, chorophyll a abundance, and filament width) is
first discussed as a function of season/station (salinity)
and then as a function of depth. In most cases the results
are discussed in terms of the environmental factor(s)
(abiotic and/or biotic) which may be associated with the
particular results. The environmental factors which may
have an influence on the three parameters are light,
temperature, salinity and distribution of boring sponge,

Cliona sp. Data which explains the changes in magnitude of

these factors as a function of depth, season and station
have been either collected during this study or referenced
from other pertinent sources.

A hypothesis is offered that, like many other
organisms, endolithic algae are more abundant under a
certain range or set of optimal environmental conditions.
The conditions to which the endolithic algae optimally
respond, are most likely produced by certain values or
ranges of values of a combination of environmental factors;

however, it is also likely that one factor may have more of
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an influence on a parameter than another. A second
hypothesis is offered which states that each species of
endolithic algae is optimally suited to a unique set of
environmental conditions. 1In explaining how the
environmental factors change with season, station and
depth, an attempt will be made to identify the
environmental factors which may act separately or together
to produce the optimal environment for each algal species.

S. calcicola, E. deusta, and 0. quekettii are present

at every station in both seasons and at all four depths,

except O.quekettii is absent at Wreck Shoal Offshore (WSO)

in the fall. Gomontia sp. is found in very small amounts
at Deep Water Shoal (DWS) in the spring and at Naseway
Shoal (NS) in the fall. The morphology, especially
filament width, of all four species is consistent with that
found in the literature. E. deusta is present in the
endolithic and epilithic forms (Figure 7) as described by
Golubic (1969) and Carreiro (1974). The epilithic
filaments, which occur infrequently in the samples, are
composed of uniformly quadrate cells which are closely
spaced together within the filament sheath. The endolithic
filaments are composed of cells that are irregular in shape
and whose length exceeds their width. The distance between
cells of endolithic filaments varies and there is often a
layer of gelatinous matter between such cells. Even though
the shells were scrubbed to remove the epilithic organisms,

it is not surprising that a few algal epilithic filaments
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were present in the species compositions slides due to the
imperfections in the surface of an oyster shell.

Detailed comparisions of the results obtained from
this study with those from other studies are limited
because the abiotic and biotic factors measured in this
study are different from those measured in any other study.
Golubic (1973) and Carreiro's (1974) studies in the coastal
waters at Woods Hole, Massachusetts are the only known
studies which investigated distribution of endolithic algal
species as a function of depth and light on the East Coast
of the United States. Temperature and salinity data were
not, however, presented along with total 1light
measurements. Furthermore, it is difficult to compare the
results of the present study with others, including Golubic
and Carreiro, because different taxonomic classifications
were used in most cases. Certain generalizations are,
however, possible.

Abundance of Algal Species (Percent Occurrence)

The abundance of all three species is not (according
to the ANOVA - Table 1) affected by the environmental
factor(s) which change with season. The salinity during
the months of March to November 1984 at all four stations
varied in the range 6 to 10 ppt. while the temperature at
these stations varied in the range 16 to 18 degrees C.
These ranges in temperature and salinity were apparently
insufficient to cause changes in abundance between the

spring and fall seasons.
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Since season does not affect abundance, any changes in
abundance must be due to those environmental factors which
change with station location. On a station to station

basis, S. calcicola and 0. quekettii are statistically most

abundant in both seasons at DWS and WSO, respectively. E.
deusta is least abundant at DWS in the fall, but equally
abundant at WSO and NS. 1In the spring, E. deusta is
equally abundant at all three stations. E. deusta may be
suited to a wider range of optimal environmental conditions
which allows it to be equally abundant at more than one

station. O. quekettii and S. calcicola, on the other hand,

are each most abundant at a particular station in both
seasons and may, therefore, have a more narrowly defined
set of environmental conditions to which they are more
suited.

Of the environmental factors which change with station
location which ones influence algae abundance? The boring

sponge, Cliona sp., is a biotic factor known to affect the

algal distribution at Nansemond Ridge (NR). Species
composition slides prepared from NR samples were composed
entirely of boring sponge. The sponge was present to a
much lesser degree in the Naseway Shoal samples, but not in
the DWS or WSO samples. The upper limit of the sponge's
salinity range appears to be Naseway Shoal. Cliona sp.
may, therefore, be the factor which controls algal
abundance almost completely at Nansemond Ridge and to a

lesser degree at NS. [Like other boring sponges, the sponge
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found in the James River cannot be identified to species
because the taxonomy of the sponges is based largely on
spicules (Budd and Perkins, 1980) and the spicules were not
visible after decalcification of the shell.]

Nansemond Ridge excluded, the environmental factors
(making up the "optimal" conditions to which the algae may
be responding) at DWS, WSO and NS are possibly light
availability, temperature and salinity. Salinity-related
abiotic or biotic factors may also be present. Light
intensity varied from station to station with the most
light reaching oyster rocks at NR, and the least reaching
oyster rocks at WSO (Table 12). This general trend in
light intensity is inversely related to the turbidity data
presented by the author (Figure 18) and by Nichols (1972).

Between March and November temperature differs between
stations, but rarely more than 3 degrees Celsius (Whitcomb,
personal communication and Figure 5). Salinity is the
environmental factor which differs more between stations
and progressively increases from DWS to NR. Annual mean
salinities for stations are 8.2 ppt at DWS, 13.6 ppt at
WSO, 18.8 ppt at NS, and 22.6 ppt at NR (VIMS Hydrographic
File).

When assessing the magnitude of the environmental

factors which existed at DWS and WSO where S. calcicola and

0. quekettii are most abundant, it was evident that the
combination of salinity and light was different (Figure 4

and Table 11) at each station. Assuming that the "optimal
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conditions" theory is valid, S. calcicola and O. quekettii

would be most abundant under a unique set of salinity and
light characteristics which together make up the optimal
environmental condition for each alga.

The same idea of a different set of optimal
environmental conditions for each algal species is also
true on a depth basis. This is particularly true for E.
deusta and Q0. quekettii which were most abundant at

opposite depth extremes at Wreck Shoal. S. calcicola,

however, was equally abundant throughout the water column
and may have a wider range of depth-related environmental
conditions to which it is optimally suited. E. deusta was

most abundant at 1.5 meters and least abundant at the two

lower depths (3.4 and 4.6 meters), while 0. gquekettii was
more abundant at the two deeper depths and least abundant
at the two shallower depths (1.5 and 2.4 meters). The
depths at which each species were most abundant agrees with
the observations of others. Golubic (1975) presents a
depth distribution chart of a variety of algal species; in
this chart E. deusta is positioned in shallower portions of

the water column than O. quekettii. Carreiro (1974)

reported Plectonema terebrans (comprable to S. calcicola)

as being equally abundant from the intertidal zone to a
depth of 20 meters off the coast of Massachussets.

The abiotic environmental factors which vary with depth
are salinity, temperature and light availability. Although

salinity is typically higher and temperature is lower near
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the bottom of the water column, the range in both from
surface to bottom is rarely more than 5 ppt and several
degrees Celsius, except in periods of intense
stratification (Nichols, 1972). Of the environmental
factors that vary with depth at Wreck Shoal, light
availability is the only measured factor which varies
appreciably with a progressive decrease in light from 1.5
to 4.6 meters.

The present data suggest that light intensity influences
algal distribution on a depth basis. Light intensity was
also reported to be the controlling factor in the observed
bathymetric ranges of endolithic algae taken from shelf
sediments off the coast of Puerto Rico (Budd and Perkins,
1980) and in mollusc shell from the coastal waters off
Woods Hole, Massachusetts (Golubic, 1983 and Carreiro,
1984). There are, most assuredly, other depth-related
abiotic and biotic factors which influence algal
distribution, but which were not measured and/or are
unknown to impact endolithic algae.

It is important to note that the above observations
concerning so-called "optimal" environmental conditions are
based on one set of data. Repeated field sampling and
statistical analysis would be necessary before optimal
environmental conditions could be reliably estimated for
each species. 1In turn, these estimates could be confirmed

by appropriate laboratory experiments.
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Chlorophyll a Abundance

As stated earlier, the major contributor to the
interaction between season and stations appears to be the
unusually large chlorophyll a value at Deep Water Shoal in
the fall. Consequently, the interaction may occur only at
DWS such that the temporal and spatial environmental
factors may be acting together to result in a much higher
fall chlorophyll a value than in the spring. To what
degree do the environmental factors associated with season
and station location have a synergistic influence on
chlorophyll abundance at WSO, NS and NR? Even in the
presence of interaction (Table 5), there is a strong
station (spatial) affect but a very weak season (temporal)
affect on chlorophyll abundance. Salinity and temperature
at each station change appreciably between the spring and
the fall, but the changes in chlorophyll abundance at WSO,
NS and NR are very small and are neither larger or smaller
in either season. Consequently, as indicated by the ANOVA
results (Table 5), seasonal factors do not appear to
influence chlorophyll abundance at WSO, NS, and NR.

Although it cannot be proven that one chlorophyll value
is significantly different from another, the overall
pattern of chlorophyll abundance is a decreasing trend in
the downriver direction. This trend is in part due to the
presence of boring sponge, Cliona sp. at Nansemond Ridge
and Naseway Shoal. Chlorophyll abundance at NS, although

slighltly controlled by the presence of sponge, may also be
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affected by the factor(s) which varies between stations.
To what degree do the spatial environmental factors
contribute to the trend of decreasing chororphyll a
abundance in a downriver direction from DWS to NS? As
discussed earlier, temperatures changes very little between
stations, but light availability and salinity between
stations are different in most cases. A comparison of
light availability (Table 11) and mean chlorophyll a
abundance (Appendix III, Tables 3 and 4) from station to
station in both seasons suggests that some other factor
besides light intensity influences chlorophyll a abundance.
The site of lowest light intensity, Wreck Shoal, does not
correspond to the site of lowest chlorophyll a abundance.
Salinity increases from Deep Water Shoal to Nansemond

Ridge, a pattern which is exactly opposite of the
decreasing trend for chlorophyll abundance. If chlorophyll
abundance does indeed decrease in a downriver direction,
how would salinity influence chlorophyll production?
Salinity is known to affect the overall physiology of most
marine organisms. Salinity may directly affect algal
abundance and/or indirectly affect the production of
chlorophyll in the algal cell. Salinity might also impact
the distribution of other organisms (MSX or boring sponge)
which may have either a negative or positive affect on
algal abundance and consequently chlorophyll abundance.

It has been demonstrated that chlorophyll abundance is

higher at 1.5 meters than at deeper depths at Wreck Shoal.
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Of the environmental factors which change with depth, the
decreasing trend in light intensity with increasing depth
appears to contribute to the associated decrease in
chlorophyll abundance. It is noted, however, that
chlorophyll abundance may also be influenced by other
depth-related environmental factors which were either
unmeasured or are unknown to impact endolithic algae.

Filament Width

The range in filament width for each algal species is
comparable to that recorded in the literature. In general,

filament width of Entophysalis deusta is much more variable

than that of Ostreobium guekettii and especially more than

that of Schizothrix calcicola whose filament width varies

no more than two microns (Appendix III, Table 2). S.
calcicola, with very little variability in filament width,
shows no differences in filament width between stations and
seasons, while filament width for E. deusta varies between

seasons and stations and filament width of 0. quekettii

varies only between seasons. The changes in width for E.
deusta are brought about by the interaction of both
temporal (season) and spatial (station) environmental
factors. Light intensity and salinity and probably
unkown/unmeasured environmental factors may account for
these differences in filament width between seasons and
stations.

Filament width for E. deusta, S. calcicola and O.

quekettii is equal at all depths at Wreck Shoal, except for
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one (a different depth for each species; see Table 10)
where filament width is smallest. Unlike the hypothesis
(algae are less abundant under other than optimal
conditions) made for algal abundance, it cannot be
hypothesized that the depths at which filament width are
smallest are less optimal than the other depths. The
hypothesis cannot be made because it is not known whether
width increases or decreases under stressful environmental
conditions or whether a certain filament width is optimal.
Further study of filament width differences under both
stressful and non-stressful environmental conditions is

needed.



CONCLUSIONS

Entophysalis deusta, Schizothrix calcicola, and

Ostreobium gquekettii were always present together (except

no O. gquekettii in fall WSO sample), but in varying amounts

at each station and depth throughout the study area.

Gomontia sp. occurred infrequently and in very small

amounts. The morphological characteristics of each species
were consistent with those reported in the literature.

Filament width of E. deusta, S. calcicola and Q0. quekettii

changed very little with depth. Filament width of S.
calcicola did not change on a station and season basis, but

filament width for E. deusta and 0. quekettii changed in

response to both seasonal and spatial and seasonal
influences, respectively.

The abundance of E. deusta, O. quekettii and S.

calcicola is not affected by seasonal environmental
factors, but it is influenced by factors which vary between

stations. The boring sponge, Cliona sp., is a biotic

factor which almost completely excludes endolithic algae
from Nansemond Ridge. Salinity and light may be the
abiotic factors which influence algal abundance at Deep

Water Shoal, Wreck Shoal Offshore and Naseway Shoal. On a
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depth basis, light availability appears to be the abiotic
factor which contributes to E. deusta being more abundant

in the upper half of the water column and to O. quekettii

being more abundant in the lower half of the water column

at Wreck Shoal. S. calcicola is equally abundant at all

depths and light levels.

Chlorophyll a abundance, which serves as a biomass
estimate for all algal species, decreased with depth at
Wreck Shoal. Light availability also decreased with depth.

It is doubtful that the E. deusta and S. calcicola utilize

their chromatic adaptation capabilities at these shallow
depths; therefore, it is reasonable to assume that the
decrease in light accounts for the decreasing trend in
chlorophyll a abundance. This is not to say that some
other unmeasured/unknown environmental factors might also
be influencing the chlorophyll abundance.

On a station to station basis during the spring and
fall, chlorophyll abundance (biomass) appears to decrease
in a downriver direction. It is not possible to determine
which environmental factor(s) might cause a decrease in
chlorphyll abundance in this downriver direction because
chlorphyll abundance is synergistically influenced by the
interaction of seasonal and spatial factors. It is evident
that the negative impact of boring sponge on endolithic
algae results in the very low chlorophyll value at
Nansemond Ridge, and it is suspected that increasing

salinity is partially responsible for the decreasing trend
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in chlorophyll abundance from Deep Water Shoal to Naseway
Shoal. Exposure of endolithic algae to varying salinities
under controlled laboratory conditions would be necessary
to ascertain whether increases in salinity result in
decreases in chlorophyll a abundance. Laboratory
experimentation would also be necessary to make more
definitive statements as to the combined affect of salinity
and light on algal abundance and whether decreasing light
levels were responsible for the decreasing chlorophyll a
abundance at Wreck Shoal.

The taxonomy of endolithic algae has been more fully
developed than any other facet of this group's ecology.
Physiological reactions of the algae to a variety of
abiotic and biotic influences is largely unknown, as well
as the impact that the algae may have on other organisms
and vice versa. It has been observed that when boring
sponge colonize the majority of the oyster shell surface,
endolithic algae almost completely absent. It is possible
that the boring sponge has a negative impact endolithic
algae. It is not known, however, what other organisms
might impact the algae in a negative way as well as a
positive way. The discovery of the widespread distribution

of endolithic algae occupying live Crassostrea virginica

shell throughout the James River oyster seedbed area (lower
James River) prompted a study which investigated the impact
of these algae on the setting density and post-metatmorphic

survival of Crassostrea virginica pedi-veliger larvae. The
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results are present in Appendix IV.

Much is yet to be discovered as to the relationship of

endolithic algae with the
its microenvironment. It
taxonomy and distribution

information to the rather

abiotic and biotic components of
is hoped that the results of this
study will contribute useful

limited knowledge base on the

ecology and distribution of these endolithic algae.



APPENDIX I

Development of Analytical Techniques

To date, the literature contains no references for
chlorophyll extraction techniques for endolithic algae;
therefore, it was necessary to answer several questions to
be able to develop suitable analytical techniques.
Prud'homme Van Reine (1966) stated that the algae remain
unaltered in EDTA for up to three weeks; nonetheless, it
was necessary to ascertain if EDTA caused appreciable
changes in the amounts of chlorophyll a and pheophytin (a
degradation product of chlorophyll). The effect of EDTA on
chlorophyll a content in general was measured first. A
plankton sample was extracted with 90% acetone to produce a
stock extract. A standard amount of EDTA and distilled
water was added to several aliquots each of the extract and
absorbance was measured using a Cary 15 dual beam
spectrophotometer. The aliquots from each treatment were
acidified (to estimate the degree of algae scenescence) and
the absorbance was again measured. The chlorophyll values
for both treatments (EDTA and distilled water) differed
only within the spectrophotometer's normal range of error
and the amount of pheophytin was minimal in both

treatments.
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To test directly the effect of EDTA on endolithic
algae, the first few layers of several oyster shells,
containing endolithic algae, were mechanically removed
using a grinder. Half of the algal and shell sample was
treated with EDTA then extracted; the other half was
extracted directly. As with the plankton sample,
absorbance was recorded before and after acidification of
the aliquots. Chlorophyll a and pheophytin values obtained
by spectrophotometry for both treatments were approximately
the same. Having thus shown that EDTA does not affect
chlorophyll content nor cause appreciable death of algal
cells, EDTA was chosen as the decalcification and storage
media.

As mentioned earlier, several questions had to be
answered during the development of the analytical
techniques because there was no record pertaining to
chlorophyll extraction of endolithic algae. In addition to
the questions about the effects of EDTA on endolithic
algae, other questions to be addressed were (1) how much
algae was required to provide a measurable chlorophyll
reading; (2) how should the algae be extracted from the
whole shell and (3) are there enough dead algal cells in
the algal sample to cause a false measurement of
chlorophyll a content? The answers to these questions are
as follows:

From previous sampling, it had been discovered that the

darker the tint of green on the shell, the more endolithic
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algae was contained within the shell. To determine whether
most 2-3 inch long shells, even the the lightly tinted
ones, contained enough algae to yield a measurable
chlorophyll a value using spectrophotometric analysis,
algae was removed from a variety of shells ranging from
dark to light green in appearance. It was found that the
algae on this size of shell contained enough algae to
provide a sufficient chlorophyll a reading even when shells
were sparsely inhabited with endolithic algae.

The first method for extracting the algae from the
shell involved placing the whole shell in acetone; however,
the large amount of acetone used resulted in an extract
concentration that was too low to be measured by
spectrophotometry. The only means found by which a
measurable extract concentration could be achieved involved
scraping the algae from the shell surface with a scapel and
placing it in an acetone-filled test tube. After all the
visible algae were removed from the shell, the question
was then raised as to how much algae was left in the shell,
but which could not be seen. Several shells were treated
with EDTA, the visible algae was removed through scraping
and the algae was extracted. The shells were reimmersed in
a fresh solution of EDTA and a further scraping and
extraction was effected. Both extracts were analyzed by
spectrophometry. The absorbance values for the first
extract were comparable to other whole shell samples, but

an absorbance value for the second extract was not



102

measurable. A single dissolution, scraping and extraction
was, therefore, considered to sufficiently remove the
majority of endolithic algae from each shell.

The last question concerned what percent of the algal
population was already dead when removed from the shell by
scraping. When algal cells die, the chlorophyll a in the
cells degrades to form a pheophytin; however, until the
algae extract is acidified, the pheophytin is
indistinquishable from chlorophyll a using
spectrophotometric analysis (Lorenzen, 1968). If a large
portion of the algal population is scenescent and the
sample is not acidified, the chlorophyll a concentration of
the sample will be over-—-estimated. By extraction and then
acidification of a series of samples, it was found that the
number of dead algal cells was negligible compared to the
number of live algal cells; consequently, it was not
necessary to include the acidification step in the standard
analytical procedures. As a cautionary measure, however,
several extracts per sample were acidified and analyzed via
spectrophotometry to monitor pheophytin (scenescence)
levels of each ten-shell sample taken during the spring,

summer and fall sampling periods.
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Systematic List of Species
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CYANOPHYTA

Class Myxophyceae

Order Coccogonales

Family Chamaesiphonaceae

Genus Entophysalis
Species deusta

Order Hormogonales

Family Oscillatoriaceae

Genus Schizothrix
Species calcicola

CHLOROPHYTA

Class Chlorophyceae

Order Ulotrichales
Family Gomomtiaceae
Genus Gomontia sp

Former Placement

Order Siphonales
Family Phyllosiphonaceae
Genus Ostreobium

Species guekettii

Humm's Proposed Placement

XANTHOPHYTA

Class Xanthophyceae
Order Vaucheriales
Family Phyllosiphonaceae
Genus Ostreobium

Species guekettii




104

APPENDIX III

Summary data of percent occurrence, filament’

width, and chlorphyll a abundance
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Table 2.
WIDTH OF ALGAL FILAMENTS (microns)
SUMMARY STATISTICS
SAMPLE COEFFICIENT
SPECIES SEASON STATION SIZE MEAN OF VAR. RANGE
S. calcicola|Spring DWS 37 1.3 15 % 1.0-1.7
Fall DWS 33 1.4 39 % 0.7-2.9
Spring WSO 14 1.4 16 % 1.0-1.7
Summer WSO 57 i.6 18 % 1.2-2.4
WSO 31 1.4 15 % 1.2-1.9
WSO 51 1.8 22 % 1.2-3.1
WSO 16 1.7 16 % 1.2-2.2
Fall WSO 36 1.4 16 % 1.0-1.9
Spring NS 23 1.5 14 % 1.2-1.9
Fall NS 27 1.4 14 % 1.2-1.9
0. quekettii|Spring DWS 13 2.7 53 % 1.9-3.6
Fall DWS -- -- -
Spring WSO 121 3.1 24 % 1.9-5.5
Summer WSO 20 2.0 52 % 0.2-4.8
WSO 3 2.6 28 % 1.9-3.4
WSO 85 2.8 37 % 1.4-6.0
WSO 35 2.9 33 % 1.4-6.0
Fall WSO 123 2.6 39 % 1.2-9.6
Spring NS 42 3.2 26 % 1.9-4.8
Fall NS 39 2.5 33 % 1.4-4.6
E. deusta Spring DWS 72 3.4 38 % 1.7-6.7
Fall DWS 21 3.2 24 % 2.2-4.6
Spring WSO 50 2.8 22 % 1.9-4.1
Summer WSO 63 4.0 47 % 1.9-9.1
WSO 75 4.5 46 % 1.9-9.1
WSO 21 2.8 25 % 1.7-4.3
WSO 7 3.4 30 % 2.2-4.8
Fall WSO 58 2.6 28 % 1.2-8.4
Spring NS 72 5.0 46 ¥ 1.9-12.0
Fall NS 80 4.0 53 % 1.4-10.6
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Chlorophyll a Data from each station at 3.5 meters

Spring Sample 1984

Depth Chlorolphyll a Outside shell Chlorophyll
(meters) (micrograms) area Abundance
(cm?) (u9/cm?)

DEEP WATER SHOAL 2.0962 35.84 0.0585
1.4550 24.67 0.0590

14.3980 21.36 0.6741

8.1328 27.29 0.2980

6.0705 23.60 0.2572

6.2496 12.23 0.5110

8.2708 19.23 0.4301

6.8714 22.63 0.3036

Mean = 0.3239

WRECK SHOAL 10.9882 42.54 0.2583
0.7215 29.14 0.0248

16.3818 34.09 0.4805

1.5464 27.00 0.0573

0.9948 36.23 0.0274

15.4818 44 .48 0.3481

7.1155 45.36 0.1569

3.1850 32.34 0.0985

1.9768 41.08 0.0481

15.0035 33.22 0.4516

Mean = 0.1952

NASEWAY SHOAL 2.8892 40.40 0.0715
1.1737 28.55 0.0411

8.1310 16.12 0.5044

0.8730 21.17 0.0412

0.3936 26.80 0.0147

0.8977 38.75 0.0232

0.5983 33.70 0.0178

10.2480 28.46 0.3601

0.6240 32.92 0.0190

5.0760 15.15 0.3350

Mean = 0.1428

NANSEMOND RIDGE 3.6472 39.04 0.0934
1.3920 17.48 0.0796

1.6562 28.84 0.0574

1.9208 19.81 0.0970

0.6144 35.55 0.0173

3.7830 11.07 0.3417

1.1904 14.66 0.0812

0.8740 40.89 0.0214

5.4586 25.25 0.2162

Mean = 0.1117
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Chlorophyll a Data from each station at 3.5 meters

Fall Sample 1984

Depth Chlorolphyll a Outside shell Chlorophyll
(meters) (micrograms) area Abundance
(cm?) (ng/cm?)

DEEP WATER SHOAL 37.1048 25.23 1.4707
9.0392 29.83 0.3030

32.0662 25.83 1.2414

20.0733 16.31 1.2307

12.1762 26.89 0.4528

29.2885 14.95 1.9591

16.7442 22.34 0.7495

17.4746 19.42 0.8998

12.1101 15.24 0.7946

17.5058 11.44 1.5302

Mean = 1.0632

WRECK SHOAL 1.7140 13.49 0.1271
6.6488 40.40 0.1646

1.6054 29.72 0.0540

0.6969 26.03 0.0268

22.3537 33.12 0.6749

7.8617 37.10 0.2119

2.5003 33.02 0.0757

3.6261 39.24 0.0924

2.0381 38.66 0.0527

1.9963 27.97 0.0714

Mean = 0.1551

NASEWAY SHOAL 0.3605 24.68 0.0146
5.3102 20.40 0.2603

1.9373 18.32 0.1057

2.4869 22.16 0.1122

0.3182 22.55 0.0141

6.4858 48.88 0.1586

11.6818 14.74 0.7925

1.1818 21.26 0.0556

0.7356 17.57 0.0419

0.3034 14.83 0.0204

Mean = 0.1576

NANSEMOND RIDGE 0.3841 16.79 0.0229
0.5717 35.17 0.0162

0.7605 27.38 0.0278

1.1040 33.02 0.0334

0.6206 14.39 0.0431

0.6082 28.66 0.0212

3.9212 18.34 0.2138

0.4004 29.22 0.0137

0.4559 17.57 0.0259

0.4092 28.27 0.0145

Mean = 0.0432




Table 5.

Chlorophyll a Data

From Four Depths At Wreck Shoal,

Summer 1984

Depth Chlorophyll a Outside Shell Chlorophyll
Area Abundance

(meters) (micrograms) (cm™) (ug/cm™)
10.2020 30.60 0.3334

1.5 7.8151 28.17 0.2774
9.53959 34.89 0.2750

1.5858 26.13 0.0607

2.2963 20.76 0.1106

9.3447 32.15 0.2906

4.0090 25.16 0.1593

1.8557 36.92 0.0503

3.0778 30.42 0.1012

10.3838 41.26 0.2517

0.1910

0.5539 17.06 0.0325

2.4 1.6815 21.35 0.0788
10.0396 31.84 0.3153

2.7616 25.71 0.1074

5.6611 29.43 0.1924

0.7139 20.40 0.0350

2.4778 40.41 0.0613

7.6310 26.11 0.2923

2.7778 32.34 0.0859

6.2125 40.79 0.1523

0.1353

6.6154 69.65 0.0950

3.4 1.7952 32.15 0.0558
5.5800 36.32 0.1536

3.1255 27.58 0.1133

3.4503 34.19 0.1009

5.8425 19.61 0.2979

1.2960 35.55 0.0354

0.1217

0.3914 28.07 0.0139

4.6 0.4973 22.16 0.0224
0.0989 36.74 0.0027

0.4047 33.02 0.0122

3.3078 33.71 0.0091

10.6124 19.73 -

1.4200 16.79 0.0846

1.4357 26.62 0.0539

1.3211 42.24 0.0313

0.0288
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APPENDIX IV

Impact of Endolithic Algae Occurring in Oyster Shell
on the Setting Intensity and Post-Metamorphic Survival
of Crassostrea Virginia Pediveliger Larvae

Introduction

Preliminary studies conducted during 1983 and 1984 and
studies described in this thesis have shown the widespread
presence of endolithic algae living in oyster shells
throughout the Lower James River, Virginia. This area is
the same as the James River seedbed area. Until recently,
the distribution of endolithic algae within the James River
seedbed area has not been investigated, nor have
endolithics been quantified or studied in terms of their
possible impact on oyster set intensity and spat mortality.
It has been suggested (Snyder 1988) that boring sponge may
have a negative impact on the abundance of endolithic
algae. Since pediveliger larvae are on the same
microscopic scale as endolithic algae and boring sponge, it
is reasonable to question the influence of endolithic algae
on oyster larvae.

It is uncertain if endolithic algae inhibit or enhance
spat settlement and metamorphosis. Galstoff (1964)
discussed the presence of perforating algae on both mussel

and oyster shells and indicated that there was no evidence
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regarding any effect upon oysters. Endolithic algae bore
into calcium carbonate substrates such as mollusc shells
(Pia, 1973). Boring into shells is accomplished by the
dissolution of calcium carbonate with carbonic acid
secretions (Golubic, 1969). The dissolution of shell
continues from the surface of the shell inward along main
cleavage planes of calcite and along the margins of the
organic lamellae (Golubic and Schneider, 1972).
Eventually, the algae spread horizontally within the outer
shell layers, forming a dense mat or network of intertwined
algal filaments. The algal filaments also extend out of
the bore holes onto the shell surface. This network of
borings weakens the structure of shells and enhances the
natural dissolution of shells and other calcium carbonate
substrates in seawater.

Perkins and Halsey (1977) have studied the
distribution of green endolithic algae in molluscan shells
in the coastal waters off the Carolinas. Golubic (1969)
studied the boring algal flora in the upper intertidal and
supratidal zones along the southern coast of Puerto Rico
and in the costal water off Massachusetts (1973). Humm
(1979) and Humm and Wicks (1980) reported that endolithic
algae occur within clam and oyster shell throughout the
Chesapeake Bay and within the James River. To date, no
researcher has investigated the possible relation between
endolithic algae and oyster spat. It is speculated that

polysaccarides secreted from or contained within the
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sheaths of the endolithic algae may provide a desirable
substrate for bacteria and/or spat to settle. On the other
hand, endolithic algae could inhibit spat set due to some
chemical interaction or to the physical deformation of the
shell surface by the algal borings. The following study
was, consequently, designed to quantify the influence

(positive or negative) of endolithic algae on the

settlement and post-metamorphic survival of Crassostrea

virginica pediveliger larvae.

METHODS
A procedural manual for the laboratory setting of

Crassostrea virginica larvae is presented in Appendix V.

The instructions are step by step, beginning with
preparation of the substrate and ending with termination of
the experiment and data collection. The manual also
includes instructions for data management and analysis as
well as statistical programs (SPSS) for each data set. The
methods presented below are a summary of those presented in
the procedural manual.

A dredge sample of shells was obtained from Deep water
Shoal (8.2 ppt annual mean salinity) in 1985 and shells
were chosen according to pre-set criteria (whole shell 2-3
inches long; minimal erosion of surface and minimal
macrofouling by barnacles). The shells were collected from
Deep Water Shoal to avoid the physical deformation of the

shell caused by boring sponge which inhabits the higher
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salinity waters of the seedbed area. Ten shells were
analyzed for chlorophyll and pheophytin to assure the
presence of a healthy algal population. Samples collected
at DWS at the same depth and season in the previous year
(1984) were used for algal species composition information.

The remaining shell was scrubbed to remove all
epilithic organisms then cut into one inch square pieces
with a geologic saw. The pieces of shell substrate were
held in flowing filtered (50 micron) seawater until the
beginning of the experiment. Sandblasted double-strength
glass, to be used as a control, was also cut into one inch
square pieces, acid cleaned, washed, and soaked in filtered
seawater to remove any remaining chemicals.

Twenty—-four hours before the setting of the larvae,
all substrate pieces were scrubbed, and the shell substrate
was divided into Treatments A and B. Substrate of
Treatment B was boiled, and substrate of all treatments was
arranged in a random order in a shallow photographic tray
filled with 1 micron filtered seawater of appropriate
salinity. Treatment A, B, and C were as follows: shell
containing live endolithic algae, shell containing dead
algae; and glass, respectively.

Thirty-six thousand pediveligers were then introduced
to the experimental tray and maintained and fed for six
days at which time the experiment was terminated. The spat
were dyed with methyl red by adding the dye to the water in

the setting tray and allowing the spat to filter the water
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for two hours. The water was then drained from the tray
and the spat were removed to air dry.

Post-settlement survival and the number of live and
dead spat which had settled on the substrate were the
parameters measured. Post settlement survival was defined
as those spat that had settled, were larger than 280
microns, and were actively growing when the experiment was
terminated. Values for this parameter consisted of the
number of spat on the outer substrate surface meeting the
criteria set forth by the definition of post-settlement
survival. The spat settlement data of Treatments A (live
algae), B (dead algae), and C (glass) was analyzed using an
analysis of variances (ANOVA) Test (a = 0.05) and a Tukey-
Kramer multiple comparison test. An ANOVA test (a = 0.05)
was also performed on the post-metamorphic survival data
for Treatments A and B. Data from Treatment C was not

statistically considered because of too few data points.

RESULTS
The chlorphyll extraction results showed that the
algal population was viable with very little algal

scenescence. Two bluegreen algal species, Entophysalis

deusta and Schizothrix calcicola, and one green alga,

Ostreobium quekettii, comprised the endolithic algae

population at Deep Water Shoal. S. calcicola was the most

abundant alga of the three species. ANOVA results showed

that a significant difference in spat set existed between
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substrate treatments. Multiple comparison results
indicated spat settlement on Treatment A shell was
different (larger) from that on Treatment C shell and that
spat settlement on shell of Treatment B was different
(larger) than spat settlement on the glass (Treatment C).
The number of spat setting on the shell substrate of
Treatments A and B was statistically equal. A significant
difference in survival between Treatment A (shell
containing live algae) and B (shell containing dead algae)
occurred such that more oyster larvae were alive on shell
containing live endolithic algae when the experiment was

terminated.

Conclusions

Due to the widespread occurrence of endolithic algae
in oyster shell throughout the Lower James River, its
influence on setting of oyster larvae and spat survival was
investigated. Indications are that the presence of
endolithic algae in the shell on which oyster larvae settle
does not increase or decrease the number of oyster larvae
setting on the shell. Oyster larvae which settle on shell
containing endolithic algae survived past metamorphosis to
a greater extent than those setting on shell containing
dead algae. Considering the widespread distribution of

endolithic algae occurring in Crassostrea virginica shell

throughout the seedbed area, it is fortunate that the algae

have a positive impact on the post-metamorphic survival of
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oyster larvae. To fully assess the influence of endolithic
algae on the survival of later stages such as spat, the
time frame of this experiment must be extended to at least
six months.

It is speculated that once the spat become orders of
magnitude larger than the endolithic algae, the algae will
no longer directly influence spat survival. The indirect
influence of the algae on the spat may, however, occur if
endolithic algae are found to impact the fouling organisms
negatively (such as bryozoans) which are known to
negatively impact spat growth and survival. If this
hypothetical relationship is to be investigated,
experimentation in a controlled laboratory setting is

necessary.
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APPENDIX V

Procedural Manual For The Laboratory Setting of

Crassostrea virginica Larvae And Statistical Analysis Procedures

Introduction

The instructions for the laboratory setting of Crassostrea

virginica larvae and the statistical analysis procedures outlined
in this manual are those used by the author while studying the
effect of endolithic algae on spat set density and post-
metamorphic survival. These instructions are presented step by
step and discuss each phase of the experiment including data
collection. Statistical programs for the analysis of data sets
are also included. Specific sizes and types of equipment
(Appendix VI) used in the author's research are presented solely
as a guide and may be substituted with equipment of different
sizes and makes which meet the intended requirements of the

experiment.

I._Substrate Preparation

A. Natural Substrate

1. Acquire one hundred Crassostrea virginica shells which

meet the following criteria:

a. Whole shells five to six centimeters long
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b. Minimal erosion of outer shell surface
C. Minimal fouling by barnacles
d. Shell which has been air-drying preferably for six to
twelve months
2. On each shell, mark off a square area (measuring 2.54
centimeters on each side) on the flatter, least pitted
portion of the shell.
3. Using a geologic saw with a diamond blade, cut out this
portion of the shell. Repeat the procedure for each shell.
4. Check the surface of each substrate piece; if barnacles or
hydrozoan skeletons are present, scrape them off using a
blunt scalpel. This will simplify counting the spat after
the experiment is terminated.
5. Store the shell in a dry place until 24 hours prior to

setting the oyster larvae.

B. Artificial Substrate
1. Cut the artificial substrate into one hundred square
pieces, measuring 2.54 centimeters on each side. Etched

double thick glass was used by the author.

II. Setting Tray Preparation

1. Acquire a fiberglass photographic tray of appropriate
size with a smooth gel-coated inside surface and
equipped with a PVC drain valve.

2. Clean the tray thoroughly with a mild detergent followed

by two rinses with seawater filtered to one micron. If
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the tray is new, it should be leached by washing and
soaking with one micron filtered seawater for at least
two weeks prior to use. The soaking water should be re-

newed every other day to insure removal of chemicals.

III. Setting of Crassostrea virginica larvae

A. Twenty-four hours prior to setting the larvae, the following
must be done:

1. Scrub both sides of the shell pieces with a hard tooth-
brush; rinse in filtered seawater.

2. Clean and rinse the artificial substrate in the same way.

3. Thoroughly scrub the inner surface of the setting tray,
rinsing with hot water, then with filtered seawater.

4. Place the substrate pieces of all treatments on the
bottom of the tray in a random array.

5. Being careful not to disturb the substrate arrangement,
fill the tray with 14 liters of one micron filtered sea-
water to a depth of approximately six inches above the
tray bottom.

6. Place an aerator in the water; adjust the air flow to
produce a steady, but mild stream of bubbles (approxi-
mately two pounds per square inch).

7. Cover the tray with black plastic and allow it to remain
undisturbed for 24 hours; this will provide sufficient
time for the substrate to collect a bacterial slime.

B. On the day of the experiment, obtain approximately 50,000

to 60,000 pediveliger oyster larvae. An exact count of the
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1. Transfer the larvae to a beaker filled with 2000 mls of
one micron filtered seawater.

2. Create a vortex in the beaker with a glass rod or invert-
ed glass funnel. This will insure random distribution of
the larvae while collecting the aliquot sample.

3. Using a one milliliter pipette, quickly withdraw a one
milliliter aliquot and place it in a Sedwick-Rafter cell.

4, Count the larvae present in the cell.

5. Repeat this procedure four addtional times, then
calculate the average number of larvae per aliquot.

6. Multiply this number by 2000, yielding the number of
larvae contained in the 2000 mls of water in the beaker.

Pour the larvae and the water from the beaker evenly over

the substrate in the setting tray. Rinse the beaker several

times with filtered seawater to remove the larvae adhering
to the glass.

Feed the larvae by adding the appropriate volume of algal

culture; Appendix VII contains calculations for assessing

the proper amount of algal culture necessary to feed a

certain number of larvae. A monoculture of Monocrvysis sp.

was used by the author, but any other algal culture
typically used in oyster culture operations is sufficient.
Cover the setting tray with the black plastic to assure that
the oyster larvae are not exposed to light while setting;
this will assure that setting behavior is due only to sub-
strate and geotactic influences and not to phototactic

influences.
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influences.

Allow the tray to remain undisturbed for 24 hours.

Post Set Maintenance of Oyster Spat

After the larvae have had 24 hours to become attached to the
substrate, drain the water from the tray through a 280
micron filter.

With one micron filtered seawater, wash the larvae from the
filter into a beaker and bring the volume up to 100 mls. It
may be necessary to rinse down the sides and bottom of the
tray, using a wash bottle of filtered seawater, to collect
larvae adhering to the tray. Be careful not to jar the sub-
strate excessively.

Refill the tray with 14 liters of one micron filtered
seawater and pour the appropriate amount of algal culture
evenly over the substrate.

Cover the tray with the black plastic and allow it to remain
undisturbed until the spat are fed again.

A count of the larvae collected in the filter is made as
before, by counting the number of larvae in five one-milli-
liter aliquots. Compute the average, then multiply this by
100 to obtain the number of larvae which failed to set.

on the fourth and sixth day of the experiment, drain the
water from the tray, refill it with filtered seawater and

feed the oyster spat as before.



121

V. Termination of the Experiment

1. On the seventh day, mix five milliliters of methyl red dye
with 20 mls of filtered seawater. Pour the dye mixture over
the substrate.

2. Allow the spat to filter the tinted water for one to two
hours. Live spat will turn pink; dead spat will stay white.

3. Drain the water from the tray and set the substrate pieces

on paper towels to air dry before counting the spat.

VI. Data Collection

1. Place a micrometer eyepiece disc, with a five millimeter
scale divided into 100 units, in the eyepiece of a dis-
secting microscope and calibrate it using a stage micro-
meter. This procedure will show the number of microns that
is equivalent to each scale division on the micrometer eye-
piece disc.

2. Prepare a data sheet similar to that shown in Appendix VIII.

3. For each treatment, count and record the size and color
(pink or white) of each spat on the upper/outer surface of
each substrate piece. White spat are dead and pink spat were
alive when the experiment was terminated. Enter the observa-

tions under the appropriate columns on each data sheet.

VII. Data Management and Analysis

A. Data Management

When all observations have been collected on the data sheets

for each treatment, calculate the summary parameters in the
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following manner. The two summary parameters which are used
to assess a difference between substrates and on which
analysis of variance tests are performed are magnitude of
spat set and post-metamorphic survival. The first parameter
is calculated by adding the live and dead spat present on
each substrate piece in each treatment (Appendix VIII,
Initial Set Density column). Calculation of post-metamorphic
survival for each treatment is done by dividing the number
of larvae that have metamorphosed and survived to a size of
280 microns (Successful Metamorphosis column, App. VIII) by
the total number of larvae which have set on the substrate
(Initial Set Density). This parameter is expressed as a

percentage.

Statistical Analysis of Data

To assess differences between substrate types, the data for
each summary parameter, magnitude of spat set and post-
metamorphic survival, is analyzed with an anaylysis of
variance (ANOVA) test and multiple range tests. The
statistical procedure used by the author was a SPSS one-way
ANOVA test (a = 0.05). Appendix IX contains a SPSS program
for the analysis of both parameters.

Please note that transformations are provided within
each program by using a COMPUTE statement. The type of
transformation chosen depends upon the type of distribution
the data exhibits. Magnitude of spat set data exhibits a

negative binomial distribution (o 254); therefore, a log
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transformation was used. The transformation used for the
postmetamorphic survival data is an arc sin transformation
because the data exhibited a positive binomial distribution
(02>p). Both programs also include tests for homogeneity of
variance, multiple range tests, and raw data statistics such

as mean, standard deviation, standard error, etc.
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APPENDIX VI

List of Equipment and Supplies

Eguipment Supplies

Geologic Saw with Diamond Blade Pediveliger Larvae
Setting Tray Seawater Filtered to
Stiff Toothbrush 1 Micron
Aerator Methyl Red Dye
Black Plastic Algal Culture

Glass Beakers (of various sizes) Paper Towels

Graduated Cylinders (of various sizes)
Wash Bottle (for filtered seawater)
Plastic Bucket

One milliliter Pipettes

Sedwick-Rafter Cell

Dissecting Microscope

Micrometer Eyepiece Disc

(with a 5 mm scale divided into 100 units)
280 Micron Sieve

Carboy (for filtered seawater)
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APPENDIX VII

Algal Diet Calculations

The amount of algal cells required to feed a certain
number of larvae is a function of the amount of water within
the setting tray. Oyster larvae require a certain
concentration of algal cells in the surrounding water for an
adequate food supply. For each milliliter of water used, 1 x

10° algal cells are required.

If the setting tray is filled with 14 liters of
filtered seawater, the number of algal cells required is

calculated as follows:

1400 mls x (1 x 10°) cell/ml = 1.4 x 102 algal cells

The concentration of algal cells per milliliter of algal
culture must be known. The concentration of algal cells in
the algal culture used in the author's study was 6.4 x 10°

algal cells per milliliter.
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The number of milliliters of algal culture needed,
equivalent to 1.4 x 102 algal cells, is calculated as

follows:

1.4 x 102 algal cells + 6.4 x 10° cell/ml = 2187.5 mls of

algal culture

Therefore, 2187.5 mls of algal culture are needed for one
feeding of 50,000 to 60,000 pediveliger oyster larvae

contained in a volume of 14 liters of water.
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Sample Data Sheet
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Treatment I.D.

Substrate Dead Spat Live Spat Total Live &
Number Dead Spat
<280 |>280 <280 |>280 (INITIAL SET
Successful DENSITY)
Meta-
Morphosis
1
2
3
4
5
97
88
99
100
Column

Total
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APPENDIX IX

SPSS ANOVA Program for Magnitude of Spat Set

FILE NAME ONEWAY . XIN

COMMENT 1985 AD. LAB.EXP.

COMMENT SPAT/INCH, LIVE AND DEAD ON OUTER SURFACE
COMMENT ASSESS DIFF'S IN SET BETWN TRTMTS, A,B,C

COMMENT W/MULT. COMPAR., STATS, & HOMOG. OF VAR.

FILE HANDLE SP.SET/PATH = 'AD.85.SP/IN.DATA'

DATA LIST FILE = SP.SET

/1 TRTMT 14, SP.SET 17-19

COMPUTE CSP.SET = SP.SET + 1

COMPUTE LSP.SET = LG10(CSP.SET)

LIST

VAR LABELS SP.SET 'SPAT SETTING ON SUBST'

CSP.SET 'ADD-N OF ONE TO SP.SET'

LSP.SET 'COMMON LOG OF SP.SET!
VALUE LABELS TRTMT 1 'A' 2 'B' 3 'C(GLASS)'!
ONEWAY LSP.SET BY TRTMT(1,3)/

RANGES = SNK/

RANGES SCHEFFE/

STATISTICS 1,3
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APPENDIX IX (continued)

SPSS ANOVA Program for Post-metamorphic Survival

FILE NAME

COMMENT

COMMENT

COMMENT

COMMENT

FILE HANDLE

DATA LIST

COMPUTE

LIST

VAR LABELS

VALUE LABELS

ONEWAY

STATISTICS

ONEWAY .XIN

1985 AD. LAB.EXP.

DATA: METAMORPHIC SUCCESS COUNTS ON BASIS OF
PINK AND > 280 MICRONS

W/MULT. COMPARISONS, STATS, & HOMOG. OF VAR.
METAT/PATH = 'AD.85.META.DATA'

FILE = META

/1 TRTMT 12, META 15-16

TMETA = ARCSIN (META)

META 'NO. OF META'D SPAT/SUBSTRATE PIECE'
TMETA 'ARC SIN OF META'

TRTMT 1 'A' 2 'B'

TMETA BY TRTMT(1,2)/

1,3
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