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ABSTRACT

One hundred thirty three equally spaced sampling sites were
established in the vicinity of the Amoco refinery in Yorktown,
Virginia. These and two control stations were sampled in September
1976, in order to: 1) assess the effects of routine operations at the
refinery on the macrobenthos, and 2) assess the effects of various
sampling designs and statistical techniques on the investigator's
perception of community structure.

It was determined that, within a given sediment regime, there
existed both qualitative and quantitative differences in the
macrobenthos between areas near to and distant from the refinery.

Among the five sampling designs considered, the Transect Design
and the Two-Way Stratified Random Design provided the most information
for the given level of sampling effort. The original Grid Design
over—sampled many habitats, while the Eight-Station Design did not
allow for the detection of important' within-habitat variation in
community structure.

Among the many statistical techniques considered, non-metric:
multidimensional scaling was most successful in representing the major
environmental gradient (i.e., that related to sediment type). Cluster
analyses and reciprocal averaging ordinations were, however, more
successful in representing community response to the patchy
distribution of solid substrates and petroleum hydrocarbons in the
sediments. Canonical correlation and discriminant function analyses
were useful in identifying those environmental variables which seemed
to account for the observed distribution of species.



MACROBENTHIC COMMUNITY STRUCTURE
IN THE VICINITY OF AN OIL REFINERY:
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INTRODUCTION
General

The National Academy of Sciences (1975) reported that of a total
estimated 6.13 million metric tons of petroleum entering the ocean,
only 0.38 million metric tons are the result of offshore production
and transportation accidents (Straughan, 1977). T;e balance of the
input can be traced to a variety of sources including river and urban
runoff, municipal waste, atmospheric fallout, natural seepage from the
ocean floor, and losses related to oil refinery and industrial
processes (Rose, 1974). 1In contrast to the acute and usually
transient effects of large scale oil spills, these latter sources give
rise to situations in which the adjacent biota are chronically exposed

to low levels of petroleum hydrocarbons.

The lipid soluble nature of petroleum hydrocarbons lends the
potential for their absorption and accumulation in the fatty tissues
of organisms. Several authors have reviewed the detrimental effects
of various petroleum hydrocarbons (Anderson, 1977, 1978; Boesch and
Hershner, 1974; Hyland and Schneider, 1976; Michael, 1977; Moore and
Dwyer, 1974; Neff et al., 1976; Rice, Short and Karinen, 1977;
Straughan, 1977; Rose, 1974). At the organismal level, these include
direct lethal toxicity as well as sublethal disruption of

physiological and behavioral activities (Moore and Dwyer, 1974).



At the population and community levels, ecological imbalances may
result from the elimination of key species, e.g., predators or grazers
(Boesch and Hershner, 1974) or from habitat changes effected by
alterations in the physical or chemical environment (Moore and Dwyer,

1975).

Field studies conducted at industrial sites to assess the impact
of persistent exposure to low levels of petroleum hydrocarbons are
often complicated by the presence of other pollutants in the area.
The results thus become extremely difficult to interpret because of
the complex interactions among the various toxic effects. In this
respect, the siting of the American 0il Company (Amoco) Refinery in
the lower York River, Virginia presents an unusual opportunity for
studying the effects of low-level hydrocarbon pollution on
macrobenthic community structure. Except for an adjacent
steam-electric generatiﬁg plant operated by the Virginia Electric and
Power Company, the area surrounding the Amoco refinery ostensibly

represents an otherwise unstressed coastal environment.

The macrobenthic ecology of the York River estuary has been
studied extensively over the past several years (Academy of Natural
Sciences of Philadelphia, 1957; Warinner and Brehmer, 1966; Boesch,
1971, 1972, 1976; Boesch et al., 1976a and b; Bender et al., 1974;
Jordan et al., 1975). At the request of the American Oil Company, a
series of investigations on the biotic, chemical, and physical
characteristics of the lower York River was undertaken by the Academy

of Natural Sciences of Philadelphia (ANSP, 1957) in order to ascertain



the environmental conditions of the area before operations were begun
at the Amoco refinery. It was concluded that the sediments in the
vicinity of the refinery were 'uncontaminated by sulfides or oils'" and
supported a "healthy" fauna which had not been adversely affected by
pollution. The value of the ANSP report as a baseline study is
seriously limited, however, by a virtual lack of data on the actual

species present.

While several small scale oil spills at the Amoco tanker terminal
have been the subject of investigations in the past (Bender et al.,
1974), no research had been conducted to assess the impact of routine
discharges and emissions on the macrobenthos until 1976 when one such
study funded by the U.S. Environmental Protection Agency was
undertaken. The underlying objective of this study was to investigate
applications of various techniques of numerical classification and
ordination to problems in water pollution research. As a case study
in these investigations, the Amoco refinery was chosen as a potential
po?nt source of chronic petroleum hydrocarbon pollution in an
estuarine environment. This phase of the study has involvedkthe

evaluation of data generated by two distinct yet complementary

sampling regimes:

1) 1In an effort to assess any effects on temporal variability in
the macrobenthos, 7 stations in the vicinity of the refinery and 4
control stations located on the opposite side of the central channel
were sampled seasonally from 1975 through 1978. These data have not

yet been fully interpreted.



2) The subject of this report concerns the results of a second,
more spatially intensive sampling program which, however, ignores
temporal variations in the macrobenthos. This latter approach was
taken in order to refine interpretations of spatial patterns and,
secondly, to provide a data set large enough to allow the simulation
of alternative sampling designs via the systematic or random seleélion
of sites from the more comprehensive data set. Several multivariate
techniques as well as some of the more commonly used diversity indices
were applied to data generated by the comprehensive and simulated
sampliAg designs. These analyses facilitated the interpretation of
macrobenthic community structure and its relation to the environment
in the vicinity of Amoco Refinery. Finally, the effects of sampling
design and effort on the investigator's perception of community

structure were also assessed.
STUDY AREA

The York River Basin lies in the central and eastern sections of
Virginia between the Rappahannock River Basin to the north and the
James River Basin to the south. The topographic relief is slight,
ranging from gently rolling hills in the western portion of the
watershed to relatively flat farmland and marshes near the mouth of
the river. Most of the basin is still rural in character with less
than 2% of the land area currently classified as urban (VSWCB, 1976).
The local economy is heavily dependent on farming (chiefly corn and
soybeans), logging, and the commercial fishing of oysters, crabs and

finfish.



The York River is formed by the confluence of the Pamunkey and
Mattaponi Rivers about 50 km from its mouth and is, itself, a major
tributary of the lower Chesapeake Bay. Tidal ranges and heights
exhibit semi-diurnal, biweekly (i.e., lunar), semi-annual, and annual
periodicities. The Chesapeake Bay and its subestuaries have been
classified as "moderately stratified" (Pritchard, 1967); however, the
conventional classification scheme does not reflect the dynamic nature
of the estuarine hydrography. In this regard, Haas (1977)
demonstrated a pattern of alternating periods of vertical homogeneity
and stratification associated with the lunar spring-neap tidal cycle.
He further concluded that freshwater inflow is only of secondary

importance in determining the hydrography of the York River.

A constriction at Gloucester Point and a coincident change in
channel direction divides the York River into two hydrographically
distinct reaches. The actual study area lies in the lower reach which
is relatively wide and deep, has a tidal range of 0.7 meters and a
salinity regime which is typically meso-polyhaline. Surface
salinities range from 15 to 25 ©/oo while bottom salinities are
somewhat higher, ranging from 17 to 27 ©/oo (Hyer, 1977). Monthly
averages for water temperature have ranged over the past several years
from é low of 3.5°C in January to a high of 26.2°C in August (Jordan
et al.,‘1972). The bottom waters are cooler than the surface waters
during the summer months but this gradient is briefly reversed as

winter approaches due to the rapid cooling of surface waters.



Dissolved oxygen concentrations exhibit seasonal periodicities
associated with changing temperatures, freshwater inflow and levels of
organic input, and with the occasional eruption of dinoflagellate
blooms or "red tides.' Diurnal periodicities in dissolved oxygen
concentrations are related to the net effect of respiratory and
photosynthetic activities. Biweekly variations in the tidal cycle
also play a role in the oxygen dynamics of the York River. Dissolved
oxygen concentrations may rise or fall as a consequence of changes in
the degree of turbulent mixing related to the spring-neap tidal cycle

(Haas, 1977).

The more saline bottom waters have an intrinsically lower
carrying capacity for dissolved oxygen than the less saline surface
waters. The density stratification coincident with the salinity
gradient inhibits vertical mixing and, consequently, the downward
diffusion of dissolved oxygen. This stratification is intensified
during the summer months as surface waters warm and becomé even less
dense. The situation is further aggravated by the seasonally higher
inputs of particulate matter which decrease light penetration,

reducing the net photosynthetic activity and warming the surface

waters even more.

Bottom waters in the lower York River often violate Virginia
State Water Control Board standards for dissolved oxygen
concentrations. Jordan et al. (1974) estimated that as much as 34% of
the bottom river volume (i.e., that below c. 8 meters) fails to meet

the 5 mg/l minimum daily average while a smaller but significant



proportion of the bottom volume falls below 1 mg/l over the summer
months. This situation is periodically relieved by the induction of
vertical mixing following a spring tide. It is generally thought that
this oxygen depletion is a natural phenomenon related to the tidal
prism, greater channel depth and higher organic inputs from the
extensive marshland bordering the mouth of the river; although it may
be exacerbated by organic or nutrient loading from other sources as

well.

The only major industrial facilities discharging effluents
directly into the York River are the Amoco Refinery and the Virginia
Electric and Power Company at Yorktown. Industries discharging
effluents to the major tributaries of the York River are the
Chesapeake Corporation's paper and pulp mill and the Quality Sand and

Gravel Company on the Pamunkey and Mattaponi Rivers, respectively.

The Amoco Refinery has two discharges emitting a total of 26.0
million m3/day of cooling and treated process waste water. The major
discharge is located at the end of the refinery pier at a depth of 5
meters. The effluent, discharged at a rate of 9,463 to
18,927 m3/min, is characterized by relatively low concentrations of
0il and grease. The actual mass loading of petroleum hydrocarbons is
considerable, however, because of the tremendous volume of the
discharge. .In a&dition, a second discharge unit located at the
shoreline, immediately downestuary from the refinery pier emits
568 m3/min of ground water and secondary treated waste water. The

average mass emission rate of oil and grease for August, 1977 was



15 kg/day with a maximum of 34 kg/day (Eckles, personal
communication). This represents a substantial decrease from the
levels reported by the Virginia State Water Control Board in 1973 at
which time the comparable average rate was 321 kg/day. This decrease
can be attributed to stricter effluent guidelines which became

effective on July 1, 1977.

The Virginia Electric and Power Company fossil-fuel plant at
Yorktown consists of three units with a total‘generating capacity of
1191 megawatts of electricity (Jordan et al., 1975). Thermal
effluents previously discharged at the shoreline were demonstrated to
have had deleterious effects on the benthos as evidenced by a general
depression in species richness within 200 to 300 meters of the
discharge (Warriner and Brehmer, 1966). The subsequent construction
of a submerged offshore multip}e diffuser in 1973 makes it unlikely
that thermal effects on the benthos are still appreciable; however,

3

the actual impact has not yet been fully assessed.



METHODS
Sampling

One hundred thirty three equally spaced sampling sites were
established in the vicinity of the Amoco Refinery at Yorktown. The
dimensions of the grid thus formed were approximately 4.5 x 1.5 km.
Stations were c. 250 meters apart and ranged in depth from 0.6 to 23.2

meters (Figure 1).

In September 1976 one bottom sample was taken at each station
with a 0.1 m2 Smith-McIntyre grab. 1In addition, five replicate grab
samples were taken at each of two control stations (Cl and C4). A
sediment sample to be used for grain size and organic carbon analyses,
was removed from each grab with a small core. At selected stations
(indicated by circles on Figure 1) an additional sediment sample was
skimmed ffom the top of each grab and frozen for later hydrocarbon
analysis. The sediment remaining in the grab was washed through a
0.5 mm sieve. The fraction retained on the screen was preserved in a
5-10% buffered formalin solution containing the vital stain

phloxine B.

All non-colonial animals were removed from the preserved portion,
\

identified and counted using a binocular dissecting microscope.

10



Figure 1.

Study area and sampling grid

11



.?N\OU&

% 23N NIM0O09 |
RN 8z
N\ v vﬂuuc_EU ' 094
2 Woyuos
,/,.,_ om\ uo*owcﬁ”mﬂ%ﬂoo »:ossum MM
) 13401 2 .
.___ xmwziwm uEuEEE:ou b.ﬂ:ﬂﬂws o

0d0omwy

i
© &
1
N A
( &
- "
SRt SR G N
Pan¥ ]
€ _Jd- -
g 14 vl W e
WM™ N P A b
© © —63- C—O— RO nq@l © ©
.vdun Pany Py A A A S
37, 8% O N7 V%)
8y
@ 7ot Py 4 Pany b 9
AV AV AV Y& 3/ A\ 3/ 3/
d L
o 0 Io
,43Fm@cmozz ¥ r I H 9 4 3 @
Plols
_wg” N
- R R X .



12

Sediment Analyses

Percentages of sand, silt, and clay were determined by sieving
and pipette analysis (Folk, 1968). 10 ml of a 4% solution of sodium
hexameﬁaphosphate (Calgon) was used as a dispersing agent. Sand
fractions were further separated using a settling tube following a
modification of the procedure described in Zeigler et al. (1960). The
frequency distribution among grain size intervals coarser than 14, 8,
4, 2, 1, 0, -1, and -2 phi units was determined for each sample and
plotted as a cumulative percent curve, The average grain size,
uniformity, and skewness of the sediments was determined using the
equations given by Inman (1952). Based on these analyses, Shepard's
classification (1954) was used to describe the sediment type at each

station.

The total volatile solids content, an estimate of total organic
carbon, was determined by incineration following the procedure

described in Standard Methods for the Examination of Water and

Wastewater (1965).

Hydrocarbon Analyses

Hydrocarbon analyses were performed by personnel of the
Department of Chemical Oceanography at the Virginia Institute of
Marine Science. Due to time and funding limitations, only 19 of the

61 sediment samﬁles collected were subjected to chemical analysis.
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All organic solvents used in the analysis (benzene, hexane,

methanol and toluene) were glass—-distilled and graded for gas
chromatographic analysis (Burdick and Jackson, Inc., Muskegon, Mich.).
Batches of solvents received from the manufacturer were monitored by
gas chromatography to insure purity. Distilled water and saturated
salt (NaCl) solutions used in the extraction procedure were
pre—extracted three times with hexane in a separatory funnel to remove
incidental hydrocarbons. All dry reagents, including sodium hydroxide
(NaOH), sodium sulfate (NapSO4), and silica gel (Si0;) were soxhlet

extracted with hexane for 12 hours.

Every effort was made to prevent exposure of the samples to
potential contamination from rubber or plastic items. Samples and
their extracts were stored in glass containers fitted with
teflon-lined or glass caps. All glassware and utensils were detergent
washed, distilled water rinsed, and acetone dried. Each item was then
oven baked at 225°C for 1 hour. During storage, critical surfaces
were covered with solvent-rinsed aluminum foil to protect them from
exposure to the atmosphere. Immediately prior to use, each item was

rinsed twice with hexane.

Sediment samples (c. 400 g) remained frozen at -20°C until
analyzed. After thawing, each sample was placed in a tared stainless
steel tray, hooded with aluminum foil, and freeze dried for 12 to 14
hours. The dried sediment was transferred to a 2-L boiling flask,
covered with toluene:methanol (3:7), and refluxed for 7 hours. The

extract solution was then decanted and the sample was refluxed an
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additional 7 hours using fresh toluene:methanol. The two
toluene:methanol extracts were combined and concentrated to a volume
of 50 ml using a rotory evaporator. The remaining sediment was
returned to the tared stainless steel tray and oven dried to a

constant weight to determine the dry weight of the sample.

Prior to saponification, each methanol:toluene extract was spiked
with known amounts of n-C3, (dotriacontane), 2-methyl-octadecane, and
‘hexamethyl benzene, to aid in the identification of compounds on the

dhromatograms, and to calculate analytical yields.

Saponification of the lipids was accomplished by refluxing the
spiked samples for 4 hours with 100 ml of 0.2N KOH in 957% methanol.
Hydrocarbons were partitioned from the saponified lipids by adding a
salt solution (NaCl) and extracting four times with fresh hexane in a
separatory funnel. The combined hexane extracts were dried over night
over anhydrous sodium sulfate, and then concentrated to a volume of
5ml. A 1 ml aliquot was removed and evaporated to a constant weight
to determine the total weight of the extracted non-saponifiable
lipids. The remaining hexane extract (4 ml) was diluted to a

concentration of approximately 5 mg hydrocarbon/ml.

Liquid chromatography was used to separate the aliphatic from the
aromatic hydrocarbon fraction. The columns used were standard 10 x
300 mm glass fitted with a coarse glass frit. Each column was packed
with a slurry of silica gel (activated at 235°C for 16 hours) in

hexane to a height of 175 mm, allowing a flow rate of less than 2



ml/min. A 1 ml aliquot of the concentrated hexane extract was placed
on the silica and eluted with 18 ml hexane, yielding the fraction
containing aliphatic hydrocarbons. The column was then eluted with 30
ml of benzene:hexane (2:3) yielding the aromatic fraction. The
aliphatic (hexane) and aromatic (40% benzene) fractions were each
concentrated to 5 ml under a stream of nitrogen gas. A 1 ml aliquot
was drawn from each of the fractions, evaporated, and weighed to
determine the concentrations of aliphatic and aromatic hydrocarbons in

the sample.

Hexane and benzene fractions were analyzed for petroleum
constituents by gas chromatography using glass capillary columns. A
Varian 2700 dual column chromatograph having independent channels
permitted the generation of two data sets (aliphatic and aromatic) on

a single programmed run. Running conditions were as follows:

Injector: splitless (Grob and Grob, 1969)

Injector temperature: 270°C

Detector temperature: 265°C

Column inside diameter: 0.28 mm

Column length: 20 m

Liquid phase: SE-52

Carrier gas: He

Carrier flow: c¢. 5 ml.min

Column temperature program: temperature raised from 50°C to
240°C at a rate of 6“C/min;
temperature held at 240°C until
n-C39 was detected

TInherent variation in column dimensions and gas flow conditions
necessitated the standardization of results from each channel. Thus,

before a series of samples could be processed, a qualitative and

quantitative standard composed of aliphatic hydrocarbons was run on

15



each column. The standard was used to establish GC response curves
and to calibrate the retention times of normal hydrocarbon peaks in

the sample chromatograms.

Data were output directly to a strip chart recorder and to a
Hewlett-Packard 3352B laboratory data system. The data system
provided a tabulation of retention times and corresponding peak areas
for each chromatogram. An IBM FORTRAN program calculated individual

hydrocarbon concentrations using peak areas and GC response curves.

Simulation of Sampling Designs

In order to assess the effects of sampling design and effort on
the investigator's perception of community structure, four simulated
sampling designs, shown schematically in Figure 2, were devised as

follows:

i

i
1) One-Way Stratified Random Design (SR1). The grid depicted in

Figure 1 was initially divided into three strata intended to represent
grossly different depth and sediment regimes. These included a sand
stratum comprised of all stations in the first and second rows of the

grid; a muddy sand stratum comprised of all stations in the third row

of the grid; and a mud stratum comprised of all stations in the fourth

through seventh rows of the grid. Since all stations were uniformly
spaced, the total number of stations included in each stratum is
proportional to the area encompassed by the stratum. Consequently, a
reduced sample which maintained the original proportion of stations

representing each habitat type was simply obtained by selecting at

16



Figure 2.

Schematic diagram of simulated sampling designs

17



MUOD

MUDDY SAND
‘SAND

MUD

MUDDY SAND
SAND

T T C LI GC —O— CC OC-IL_,l T

6F © O (0] ©0 @ 00

5t O 00 000 @0 O o

4( [OXONO] O 6 a
3 0060 06060 O 06 @0 ]
200 00 ®© 0 0600606 [0

B e i o C o
. UPESTUARY  REFINERY DOWNESTUARY
N T r T T UM LENE AR ¥ LJ ) A LI A

6f @000 © oo © O
5F @ @ |® 1

ar O, C) Pee @

30 e |6 e o e A
2r ©o060 ole ® 0O
| ——e————p— I amm C o

® -

“/ %

50 ) 4

a4 ¢ ~
3G 4
ST \
I® )
7

1)

5 —&

a ‘

3 -

2 4 4

| -
DEFGH 1!l JKLMNOPQRSTUYV

OO

(b)

(c)

(d)



random half the number of stations in each stratum. Thus, the total
number of stations selected in this manner was 67 (approximately half
the entire complement of 133 stations). In addition, .the two

. controls, Cl and C4, were included in this design as well.

2) Two-Way Stratified Random Design (SR2). It was suspected that

another source of variatibq in the environment mighf be related to.
distance from the Amoco refihery, Consequently, three additional
strata representing areas upestuary. from, in thé vicinity of, and
dowﬁgstuary from the refinery-were $uperimposed on the depth/sediment
strata. The grid was thus divided into nine subdivisions. The

‘upestuary stratum consisted of all stations in transects D through J;

the-refinery_strétum consisted of all stations in transects K through

0; and the downestuary stratum consisted of all stations in transects

P through V. Following the same rationale de8cribeq for the SRl
design, approximately ome third of all stations included in.each of
the nine subdivisions were selected at random, yieldihg a total
reduced sample size of 46 stations, including Fhe two .controls, Cl and
C4. This strategy of proportional allocation was deviated frﬁmuin one
instance, howeve;, because it was suspected that any changes in
species composition related to the effects of the refinery might occur
over a very short distance. Consequently, two additional stations

were allocated to the refinery/muddy sand subdivision.

3) Transect Design. All seven stations in each of three

transects located upestuary from, in the vicinity of, or downestuary
. ;

from the refinery (transects D, L and V, respectively) were

18
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incorporated in this design, yielding a total sample of 21 stationmns.
This was the only design which did not include the two control

stations, Cl and C4.

4) B-Station Design. The two controls, Cl and C4, and six

stations which corresponded as closely as possible to six of the seven
stations sampled on a quarterly basis were selected for this design.
This design represented the minimum sampling effort among all designs

considered.

Data Reduction and Transformation

Preliminary cluster analyses incorporating the entire complement
of 124 species, resulted in an extraordinarily compIex array of both
species and site groups, neither of which was readily ammenable to
ecological interpretation. It became apparent that some form of data
reduction was in order. Consequently, criteria weré devised for the
exclusion of rare species which never occurred in.abundance and whose
distributions did not follow any discernable patterns. Accordingly,
all species occurring at fewer than 4% of the stations and having a
total abundance of less than 0.1% of the individuals were eliminated
from all multivariate analyses. This method effectively reduced the
size of the data set while preserving those species (e.g., Capitella
capitata and several attached epifaunal species) whose sporadic
occurrence in large numbers seemed to merit their inclusion in

subsequent analyses.



Prior to calculating inter-entity resemblance measures, the raw
species scores were subjected to a square-root transformation in order
to reduce the influence of the more abundant species relative to the
less abundant ones whose contribution to the faunal character of an
assemblage would otherwise have been overwhelmed. Furthermore, this
‘transformation served to moderate the effects of departures from the
multivariate normal distribution of species assumed by many ordination
techniques. Austin (1976) cites several reasons for logically
expecting the frequency distribution of natural populations to deviate

from the symmetrical bell-shaped Gaussian curve.

Diversity Analyses

A number of diversity indices have been proposed and these are
thoroughly reviewed in the literature (Pielou, 1966, 1969; Peet, 1974;
Livingston, 1975). Associated with each index are inherent
assumptions about the data set to which it is applied. Boesch (1971)
notes, however, that although there are valid theoretical distinctions
regarding the appropriateness of different indices, in practice it
makes little difference which are used since they are frequently

monotonically related to one another,

Diversity was measured by the commonly used Shannon-Weaver index
(Pielou, 1969) which is an expression of the average information
content per individual. The index denotes the degree of uncertainty
in predicting the specific identity of an individual selected at

random from a multi-species assemblage. This uncertainty is a.
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function of the population proportions of the several species in a
sample. The more species there are and the more equally they are
represented, the higher the diversity. It should be noted, however,
that this index is most sensitive to changes in the proportion of rare
species. The formula is given by:

S
H' = - iil P; logy Pj

where § = the number of species in a given sample and
P; = the proportion of individuals belonging to the i'th species

in that sample.

Wilhm and Dorris (1966, 1968) were among the first pollution
biologists to use diversity indices based on information content as
measures of water quality. In their study of benthic macrofauna
populations in a stream receiving domestic and oil refinery effluents,
Wilhm and Dorris observed that species diversity increased
progressively downstream, reflecting the more varied fauna as stream
conditions improved. Diversity indices have been employed by other
workers with varying degrees of success (Warinner and Brehmer, 1966;
Boesch, 1972, 1973; Littler and Murray, 1975; Livingston, 1975).
Boesch (1972) found Shannon's diversity measure to Se a sensitive
indicator of water quality but warned against using values of H' as a
"pollution scale'" in light of the considerable spatial and temporal

variability so characteristic of benthic populations.

The Shannon-Weaver formula is an example of an "heterogeneity

index" in which the two components species richness and evenness are
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confounded (Lloyd and Ghelardi, 1964). It has been argued
(Livingston, 1975) that these two components should be considered
separately since the biological significance of each is obscured by a
summary statistic taking both into account. Accordingly, values for

each parameter were calculated independently.

Species richness is expressed as a logarithmic relationship
between the number of species and the number of individuals in the
sample:

SR = (§-1)/1n N (Margalef, 1958)

where S = the number of species and N = the number of individuals in a

sample.

Species evenness is inversely related to dominance and, as such,
provides an indirect measure of this community parameter. It is

expressed as follows:
J' = H'"/H'gax (Pielou, 1966)
where H' ., = logg S.

Multivariate Analyses

General. The need to simplify the analysis of complex biological
data without undue loss of information is satisfied to a large extent
by the use of so-called "objeqﬁive" numerical methods. These
multivariate techniques allow the consideration of a greater

proportion of the data than do summary statistics which ignore the
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identity and, consequently, any influence of the biology and life
history of the organisms. The most commonly used of these
multivariate methods can generally be categorized as either
classification or ordination. Both techniques have been widely
employed in the fields of psychology, numerical taxonomy, and
terrestrial plant ecology, but have only recently gained popularity
among aquatic ecologists. Boesch (1977) reviews previous applications
of numerical classification to water pollution research (Boesch, 1973;
Cimberg et al., 1973; Crossmen et al., 1974; Littler and Murray, 1975;

"Mearns, 1974; Moore, 1974; Smith and Greene, 1976).

Classification attempts to group entities on the basis of
prescribed relationships among their attributes as defined by some
measure of resemblance. The choice of a resemblance measure and
clustering algorithm is largely dependent on the investigator's
concept of ecological similarity. The most thoroughly developed
classification techniques are polythetic, agglomerative ané
hierarchical. The properties and relative merits of various
classification strategies are discussed at length in several texts and
review articles (Seal, 1964; Sneath and Sokal, 1973; Orloci, 1975;

Clifford and Stephenson, 1975; Boescﬁ, 1977).

Ordination, on the other hand, seeks to express the relationship
among entities in a simplified spatial model of relatively few
dimensions which, ideally, represent the principle biotic and abiotic
factors determining the observed distribution of species. There is no

implicit attempt to group entities as in classification techniques.



Consequently, the continuous spatial and temporal variation
characteristic of most benthic assemblages is preserved by these

methods.

This theoretical advantage is offget, however, by a tendency of
most ordination techniques to distort interentity relationships. The
distortion is generally a function of at least three factors: 1) the
inherent curvilinearities in ecological data gxemplified by the
classic Gaussian response pattern of species abundances to a single
environmental gradient; 2) the non-linear relationship between
non-metric resemblance measures and actual environmental separation;
and 3) the insensitivity of most resemblance measures to partially and

completely disjunct samples (Gauch and Whittaker, 1972).

Furthermore, 1f the species turnover along a gradient (beta
diversity) is increased, the distortion becomes even more pronounced.
This is particularly true of the mathematically more formal techniques
(e.g., principal components analysis) which are compelled by their
algorithms to treat the non-linear species responses as linear
variables (Swan, 1970; Austin and Noy-Meir, 1971; Gauch and Whittaker,
1972, 1976; Noy-Meir and Whittaker, 1977; Beals, 1973; Whittaker and
Gauch, 1973; Gauch et al., 1977; Austin, 1976). Polar ordination
(Bray and Curtis, 1957) as well as the two ordination techniques
considered in this study, reciprocal averaging (Hill, 1973) and
non-metric multidimensional scaling (Kruskal, 1964a and b), .are less
prone to such distortion and generally give ordinations having the

greatest ecological sense.
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In addition, three other techniques which are not readily cate-
‘gorized as either classification or ordination were used as inter-
pretive devices. These included nodal analysis (Lambert and Williams,
1962; Boesch, 1977); discriminant function or canonical variate an-
alysis (Tatsuoka, 1971); and canonical correlation analysis (Tatsuoka,
1971): These techniques are discussed at length in the appropriate

sections.

Normal and Inverse Cluster Analyses. Similarities between pairs

of entities were measured by the commonly used Bray-Curtis (1957)
similarity coefficient, a quantitative extension of Czekanowski's
(1913) coefficient for binary data (Clifford and Stephenson, 1975).

It is given by the formula:

where Sjkis the similarity between entities j and k; xijis the value of

the i th attribute for entity j; and Xik is the compargble value for en-
tity k. In a normal analysis, the entities are sites and the attributes
are the transformed species abundance scores; whereas, in an inverse an-

alysis, the entities are species and the attributes are the sites at which

they occur.

This resemblance measure was chosen, in part, because of its well-docu-
mented applicability to marine ecology (Day, Field and Montgomery, 1971;
Eagle, 1973; Field, 1971; Santos and Simon, 1974; Smith, 1973; Smith and

Greene, 1976; Stephenson et al., 1975;
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Stephenson and Williams, 1970; Stephenson, Williams and Cook, 1971;
Stephenson, Williams and Lance, 1970). More importantly, however, the
coefficient's emphasis on numerical dominance was considered to be a
desirable trait since it was thought that, in a naturally variable
shallow water environment such as the York River estuary, any faunal
differences between chronically polluted and relatively pristine
habitats would probably be evidenced by changes in abundance among the
more common species rather than by the intrusion of one or several

otherwise rare, opportunistic or pollution tolerant species.

The clustering algorithm chosen was the space-dilating flexible
sorting strategy developed by Lance and Williams (1967). Moderately
intense clustering was effected by setting the cluster-intensity
coefficient, B, at the standard value, -0.25. While this technique is
generally prone to misclassifications and is group—-size dependent, it
is thought to produce classifications which are more easily
interpreted than either the space-conserving or space-contracting
strategies which tend to result in excessive chaining (Boesch, 1977).
Flexible sorting has been used to advantage in séveral investigations
of marine benthic assemblages (Boesch, 1973; Smith and Greene, 1976;
Stephenson and Williams, 1971; Stephenson, Williams and Cook, 1971;

Stephenson, Williams and Lance, 1970; Williams et al., 1970).

Cluster analyses were performed using the COMPAH (Combinatorial
Polythetic Agglomerative Hierarchical) program which is currently
operational on the IBM 370-115 at the Virginia Institute of Marine

Science.
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Nodal Analysis. Nodal analyses have been successfully employed

in a number of ecological investigations (?oesch, 1973; Hughes and
Thomas, 1971; and b; Moore, 1974; Stephenson anﬁ Williams, 1971;
Stephenson et al., 1975). In the present context, nodal analyses were
used to assist in the reallocation of entities by identifying
misclassifications. More importantly, however, they aided in the
ecological interpretation of the normal and inverse classifications by
expressing the degree of species/site group coincidences in terms ;f

the classic community concepts of constancy and fidelity.

Nodal constancy is a measure of how consistently the members of a
particular species group occur among the stations of a given site

group. It is expressed as:
Cij = aij/(ninj)

where Cij is the constancy of species group 1 in collection group j;
ajj is the actual number of individuals of species group i in

collection group j; and n; and nj are the numbers of entities in

groups i and j, respectively.

Nodal fidelity, on the other hand, is a measure of the degree to
which a given species group is restricted to a particular site group.
This index is expressed as:

Fij= (ajj Z nj)/nj I ajj
J J
where Fij is the faithfulness of species group i to collection group j

and the other notation is the same as above.
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Reciprocal Averaging Ordination. Reciprocal averaging is an

eigenvector method of indirect ordination developed as "correspondence
analysis'" by Benzecri in 1969 (Hill, 1973). The methodology involves
an iterative process of successive approximation which eventually
converges on a unique solution for both species and sites. Species
scores, weighted by their position along a rough initial gradient, are
used to compute sample scores and vice versa. While the solution does
not depend on the initial weights assigned, the rapidity with which

the solution is reached does.

Its mathematical similarity to principal components analysis has
been demonstrated by Hill (1973). TUnlike principal components
analysis, however, reciprocal averaging is generally less prone,
especially at high beta diversities, to the involutions and reversals
caused by non-linearities in the data set. This is a consequence of
the simultaneous double standardization of species and site scores
inherent in its algorithm (Gauch, Whittaker and Wentworth, 1977). One
disadvantgge of reciprocal averaging is its tendency to yield second
ages which are approximate quadratic functions of the first. This
distortion into higher dimensions may obscure true sample variation

along the affected axes.

Nevertheless, Moore (1974) concluded that reciprocal averaging
produced more meaningful results than either of two other ordination
techniques used in an analysis of kelp holdfast fauna. 1Its
applicability to marine ecology was further demonstrated by Warwick
and Gage (1975) who successfully used reciprocal averaging to describe

the zonation of near-shore benthic fauna. More recently, Malmgren



et al. (1978) used the technique to extract significant patterns of
interrelationships among species and samples from ecological and

paleoecological data.

Reciprocal averaging ordinations were performed using the
RECIPRAVE subprogram of ORDIFLEX (Gauch, 1977). The printed output
includes a table of eigenvalues corresponding to the first 7 axes
derived. The eigenvalues are also presented as percentages of the
total eigenvalue. These percentages may be interpreted as the
proportion of the total variance in the data set accounted for by each
of the 7 axes. Successive axes account for successively less of the
total eigenvalue. A table of cumulative percentages allows one to
assess the proportion of the total variance accounted for by the first
x axes (where x = 1,2,3,...,7). While species and station ordinations
are generated simultaneously, species and site scores, ranked and
rescaled from 0 to 100, are plotted separately on the first 3 axes.
Axis polarity is arbitrary; however, the duality of the RA algorithm
demands that the species and sample axes have the same orientation.
This feature allows for direct visual comparisons between species and

site distributions in multi-dimensional space,.

Non-metric Multi-dimensional §caling. Non-metric

multi-dimensional scaling (MDS) was developed by Shepard (1962a and b)
as a technique for representing dissimilarities among entities as
interpoint distances in multi-dimensional space. The objective of
non-metric MDS is simply to derive a monotonic increasing relationship
between the interentity dissimilarities and the inter-point distances.

Shepard (1962a) demonstrated that the rank-order of dissimilarities,
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rather than their actual magnitudes, is sufficient to determine the
optimal configuration of points. Thus, the exact functional
relationship between the dissimilarities and the distances need not be
specified as in metric MDS techniques (Torgerson? 1952) which assume
that the two sets of entities are related by a polynomial of known
degree (Takane, Young and de Leeuw, 1977). Furthermore, because
non-metric MDS is based on ordinal relationships, all of the stringent
distributional assumptions implicit in the eigenvector methods of

ordination are avoided.

In an effort to derive mathematically explicit criteria for
assessing how well a particular configuration conforms to the rank
order of dissimilarities, Kruskal (1964a and b) advised performing a
monotonic (i.e., non-parametric) regression of distance upon
dissimilarity. The square root of the residual variance (normalized
by a scaling factor to insure order invariance under uniform

.

stretching and shrinking of the configuration) is called STRESS, and

2
T (8;.-d..)
_|:<j il

L 6..2
i<j 1J

where 8 _ is the dissimilarity between entities i and j and, d k6 is
ij 1]

the least-squares regression estimate of the distance between entities
X

is given by the formula:
1/2

i and j in multi-dimensional space.

STRESS is defined by Takane et al. (1978) as ''the square root of

the proportion of the total sums of squares of the optimally scdled



data which is not accounted for by the model." Since STRESS is an

inverse measure of ''goodness-of-fit,"

the optimal configuration is the
one which minimizes S. The minimization of the STRESS function is
accomplished by a technique of successive approximation known as the
"method of steepest descent" or the "method of gradients" (Kruskal,
1964b). A problem could conceivably arise if the configuration
arrived at represents a local minimum which is not the overall or
global minimum. In practice, however, this does not present serious
difficulty since most initial configurations éenerally lead to the
same solution. Furthermore, unless the solution has a sufficiently

low STRESS level and is, in addition, ecologically interpretable, one

would prbbably reject it in any event (Kruskal, 1964b).

The distance function most often used is Euclidean; however, the
theory of non-metric MDS applicable to .a much more general class of
distance functions known as Minkowski r-metrics having the general
formula,

m r|l/r
d..= Z

i Xik T Xjk
J =1 J

where xj) and xj, are the kth coordinates of entities i and j,
respectively; and m is the total number of dimensions defining the
ordination space. Fasham (1977) found, however, that Euclidean
distance (r = 2) was far superior to the Manhattan metric (r = 1) in
reproducing the rank order of samples situated along a simulated

coenocline.
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The distance function, once selected, can be applied to any
matrix of similarity or dissimilarity values. If, however, the
resemblance measure chosen is not a true metric, i.e., it does not
obey the triangular inequality, then its consequent nonlinear relation
to sample separation may result in curvilinear distortions of
coenoclines similar to those produced by ordinations assuming linear

speéies responses (Fasham, 1977).

Applications of non-metric MDS in zoogeography (Holloway and
Jardine, 1968; Thorrington-Smith, 1971) and in terrestrial plant
ecology (Matthews, 1978; Prentice, 1977) havé generally met with
success. To date, however, there are no published accounts of its use

in marine ecology.

Non-metric multi-diminsional scaling of species and sites was
accomplished using ALSCAL 3, a flexible computer program having
capabilities for metric as well as non-metric MDS. ALSCAL uses the
Alternating Least Squares approach to multi-dimensional scaling
proposed by Takane, Young and de Leeuw (1977). Species and sites were
ordinated separately. Thus, the input data in each case consisted of
"two-way, one-mode" data, referring to the fact that a single set of
entities (either species or sites) was being paired with itself
(Takane et al., 1978). These data were contained in a single square
matrix whose rows and columns represented the entities and whose
entries represented the degree of similarity (as measured by the
Bray-Curtis similarity coefficient) between each pair of entities.

Since the Bray-Curtis index has the property of symmetry, only half of
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the similarity matrix was required for the analysis. ALSCAL then
computed the rank order of coefficients and proceeded to derive an
optimal configuration of points in mﬁlti-dimensional space, which
corresponded in a least-squares sense to the rank order relationship.
The model appropriate to defining the spatial configuration of
unreplicated data measured at the ordinal level is the simple

unweighted (non-individual difference) Euclidean model.

The standard output of ALSCAL 3 includes a listing of the control
cards; the derived configuration in each of x dimensions (where
x=1,2,3,...4); a table of "stimulus coordinates" which are the sample
(or species) scores on each of the 4 axes; the STRESS for each
solution; and the PHI level which is an inverse measure of STRESS and
is defined as '"the proportion of the total sums of squares of the
optimally scaled data which is accounted for by the model" (Takane

et al., 1978). It is computed as 1 - S2 where S is defined as before.

Discriminant Function Analysis. Discriminant function analysis

was used in an attempt to interpret site group affinities in terms of
environmental factors. Twelve quantitative criteria (eleven sediment
variables and depth) and one qualitative criterion (the presence or
absence of a solid substrate in the form of oyster shell or hydroids)
were used to distinguish among site groups generated by a normal
cluster analysis in which square-root transformed species abundances
comprised the attributes. For the purpose of this analysis, station
groups were defined at two different levels of similarity: 1) the

3-group level (comprised of Groups A, B and C) and; 2) the 13-group
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level (comprised of groups 1 through 13). Each of these
classifications provided the basis for a separate discriminant

function analysis.

In general, the objective of discriminant function (canonical
variate) analysis is to differentiate among several groups of entities
on the basis of their group means with respect to a set of p
predictor, or discriminating, variables. The mathematical strategy
involves weighting and linearly combining the discriminating variables
in such a way that the multi-variate F-ratio is maximized. This ratio
is given by the formula:

SSp/(K-1)

s,/ (N-K)

SSp . (N-K)

ss,  (K-1)
where,

88}, = the between-groups sums-of-squares—and-cross-products matrix

SSw the within-groups sums-of-squares—and-cross—products matrix

K

]

the number of groups

N = the total number of individuals
Since (N-K)/(K-1) is constant for any given problem, the only
necessary criterion for measuring differences among group means,
relative to within-group variability, is the ratio SS,/SS, = ), the

discriminant criterion developed by Fisher in 1936 (Tatsuoka, 1971).



Maximizing A involves the solution of a characteristic equation
yielding a set of r non-zero roots or eigenvalues (A\;,Ap,A3,...A.)
which are associated with r sets of combining weights or eigenvectors
(V1,V9,V3,...V,.). The eigenvalues are generated in decreasing order
of magnitude so that the first linear combination of weighted
variables, i.e., the first discriminant function, has the largest
discriminant criterion (A]) achievable by any linear combination of
the p predictor variables. Each successive discriminant criterion
value is maximized with the restriction that the function is
uncorrelated, but nét necessarily mutually orthogonal, with all the
preceding linear combinations. The eigenvalue, then, may be
interpreted as a measure of the ability of a given discriminant

function to differentiate among the groups of entities.

After standardization to eliminate the spurious effects of
different units of measurement, the variable weights, or discriminant
function coefficients{ which comprise the eigenvectors indicate the
relative importance of each of the predictor variables in deriving the

discriminant functions.

4

The significance of the overall difference among the several
group centroids is dependent on Wilks' Lambda Criterion (A). 1In its

most general form, Ais defined as follows:

SS
A==§§E: (Tatsuoka, 1971)
t

where,ISSe|= the determinant of the error sums-of-squares—and-

cross—products (SSCP) matrix
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ISSt|= the determinant of the total SSCP matrix
In the case of discriminant function analysis, the appropriate error

SSCP (SS,) is the within-groups SSCP (SS,).

Once A has been computed, the overall significance test is
carried out by Bartlett's V statistic which is distributed

approximately as a chi-square with p(K-1) degrees of freedom:
V = —-[N-1-(p+K)/2]1ln A (Tatsuoka, 1971)
where N, p and K are defined as before.

Tatsuoka (1971) demonstratéd the following relationship between

Wilks' A and the set of r eigenvalues:

A =1/F (1 +2y)
i=1

1/0(142 1) (142 ) (143 3) . . . (1A ) ]

Consequently, Bartlett's V statistic may be expressed as follows:

<
]

[N-l—(p+K)/2]ln[(1+)\1)(1+)\2) .o ‘(1+>‘r)]

[N-1-(p*K)/2] §  1n(1+:rp)
m=1

The significance of the residual discrimination after the m th

discriminant function has been derived is determined as follows:
Vi = [N=-1-(p+K)/2]1n(1+A)

with p+K-2 degrees of freedom.



Discriminant function analysis may also be regarded as a speciél
case of canonical correlation analysis. In this instance, the two
sets of variables being compared would be a set of predictor variables
on one hand and a set of "dummy'" variables indicating group membe;ship
on the other. Thus, a canonical correlation (uj) may be computed
which is a measure of association between a single discriminant
function and the set of (K-1) dummy variables which define the K group

memberships.

Discriminant function analysis has been employed in a variety of
ways. Grigal and Goldstein (1971) demonstrated its usefulness in
deciding the validity of four groups of overstory vegetation produced
by a classification scheme based on mutual information content. The
discriminant functions produced were subsequently related to gradients
of moisture. Taking an alternative approach, Buzas (1967) used
transformed abundances of foraminifera to discriminate among several
groups of bays and open-ocean environments which had previously been
classified on the basis of geographical configuration and bathymetry.
More recently, the technique has been successfully applied to problems

in water pollution research (Green and Vascotto, 1978; Reckhow, 1978).

The DISCRIMINANT subprogram of the Statistical Package for the
Social Sciences (SPSS) (Nie et al., 1975) computed the eigenvalues,
canonical correlations, and Bartlett's V statistic along with the
appropriate degrees of freedom and levels of significance for -each of
the discriminant functions derived. In addition, the output includes

standardized discriminant function coefficients for each of the
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variables entered in the analysis and scatterplots of cases and group

centroids on the first two discriminant functions.

Canonical Correlation Analysis. The objective sought in using

this statistical technique was to relate station scores on the first
two axes generated by the ALSCAL and RECIPRAVE ordinations to the same
variables described for the discriminant function analysis.

Inferences were then made regarding those abiotic parameters which

seem to control species distributions.

Canonical correlation analysis was developed by Hotelling (1935)
as a multivariate statistical technique designed to account for as
much of the relationship between the two sets of variables as
possible. Tatsuoka (1971) presents a concise mathematical derivation
of the algorithms employed by the technique. Simply stated, a linear
combination of weights is derived from each set of variables in such a
way that the correlation between the two combinations is maximized.
Many such pairs of linear combinations, or canonical variates, may be
derived, the maximum number of pairs being limited by the number of
variables in the smaller set. Each successive pair of canonical
variates accounts for a portion of the residual variance unaccounted

for by the preceding variates.

These variates are composed of coefficients (or weights) whose
magnitude and sign reflect the relative importance of each of the
original variables in deriving the linear combinations. The

eigenvalue, ujz, represents the amount of variance shared by a pair of



canonical variates. The canonical correlation, uj, is simply the
square-root of the eigenvalue and measures the strength of the linear
relationship between the two sets of variables. Thus, canonical
correlation may be interpreted as a multivariate analogue of the

product-moment (Pearson) correlation coefficient.

As in discriminant function analysis, the significance of this
linear relationship is dependent on Wilks' Lambda (A), where A is
defined as before. The appropriate SSein this case, however, is the
residual sums-of-squares-and-cross-products matrix or SSr‘ Since A
constitutes an inversely related multivariate F-ratio, the greater the
variance (ujz) shared by a pair of canonical variates (relative to the
residual variance after the dffects of their correlation have been
removed), the greater the canonical correlation (uj), and the smaller

the value of A.

Once again, Bartlett's V statistic is used to test the overall
significance of the linear relationship as measured by Wilks' A. This
statistic takes a somewhat different form from that used in discrim-

inant function analysis, however:

-{N-3/2-(p+q)/2}1n A

<
|

r
—{N-3/2-(p+1)/2}z ln(l—ujz)
j=1

with pq degrees of freedom and where, N = the total number of samples;
p = the number of variables in the first set, and; q = the number of

variables in the second set.
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The 'significance of the residual variance after the j th pair of

canonical variates has been removed is determined as follows:
Vj = -IN-3/2-(p+Q)/2]1n(1-u;2)
with p+q-(2j-1) degrees of freedom.

The CANCORR subprogram of the Statistical Package for the Social
Sciences computed the eigenvalues, canonical correlations, and
Bartlett's V statistic along with the appropriate degrees of freedom
and levels of significance for each pair of canonical variates
derived. 1Two matrices of standardized canonical variate coefficients
(one for each of the two variable sets) were also output. Variables
which could be expressed as linear combinations of some or all of the
other variables entered in the analysis were effectively excluded by
forcing the coefficient for the linearly dependent variable to zero.
This relieved many of the difficulties created by multi-collinearities

in the data set (Nie et al., 1975).

Finally, a direct visual representation of the relationship
between the canonical variates and the ordination axes may be
generated in the following manner. In this study, one member of each
pair of canonical variates is consistently &erived from station scores
on each of two ordination axes (either RECIPRAVE or ALSCAL). Since
these axes are orthogonal to one another, one can represent a
canonicél variate as a vector whose x and y components correspond in
magnitude and direction to the canonical variate coefficients assigned

to station scores on axes 1 and 2, respectively. One can then



determine the angle (6) formed by the canonical variate and the

horizontal ordination axis (axis 1) by computing tan~lg as follows:

axis 2 canonical variate
axis 1
tan e=!Z

IXI .
and, tan"l g= the angle whose tangent is l%:
where, y = the canonical variate coefficient assigned to axis 2 scores
x'= the canonical variate coefficient assigned to axis 1 scores
Computation of this angle allows one to compare the orientation of the
major environmental gradients described by the canonical variates with
the orientation of the major faunal gradients described by the
ordination axes. As 6 approaches 0°, the influence of axis 2 scores
in the derivation of the canonical variate becomes negligible and one
can assume that the first ordination axis approximates the direction
of the environmental gradient. Conversely, as © approaches 90°, the
influence of axis 1 scores in the derivation of the canonical variate
becomes negligible and one can assume that the second ordination axis
approximates the direction of the environmental gradient. The more
usual case, however, is for 6 to fall somewhere between these two
extremes. This suggests one of two possibilities: either 1) both
ordination axes represent important environmental gradients along
which species distributions vary simultaneously, or 2) neither axis

t . . . . :
representis a recognizable environmental gradient (i.e., one related to

the measured sediment variables).
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RESULTS

Sediment Analysis

Eleven sediment variables were measured for each of the 135

stations sampled. These included percent sand, percent silt, percent

clay, percent total volatile solids, median grain size, skewness

(SKy), kurtosis (Kg) and, sorting coefficient (0¢). Within each sand

fraction, the percentages of fine, medium and coarse sands were noted

as well. These results are summarized in Appendix 1.

Casual observations on the composition of the coarse fraction
(>2mm) and other sediment characteristics appear in Appendix 2.

Coarse fraction material consisted largely of gravel, organic

detritus, Spiochaetopterus tubes, shell hash with encrusting bryozoans
i

and, larger pieces of oyster shell with attached epifauna.

Sediments ranged in composition from greater than 75% sand at
near-shore stations, to greater than 75% silt at off-shore stationmns.
The percentage of clay was invariably less than 30%Z at all stations.
These results are depicted graphically on triangular coordinates
(Figure 3). The sand fraction at all but 8 stations consisted of
greater than 75% fines, ranging in size from 2 to 4 ¢. According to
Shepard's (1954) classification scheme, 42 stations were classified as
"sand"; 2 stations as '"silty-sand"; 4 stations as '"sandy-silt'; 19
stations as "clayey-silt"; and 68 stations as "silt'" (Appendix 1).

Subsequent faunal analyses revealed that these distinctions with
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Figure 3.

Shepard's classification of sediment types
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respect to sediment type do not necessarily coincide with the limits

of species habitats however.

Sediment distributions ranged from extremely leptokurtic at sand
station Hl (Kg=5.19) to platykurtic at silty-sand station E3
(KG=0.68). These results are reflected in a corresponding trend
toward more poorly sorted sediments at silty-sand stations
(6 max = 31.14 at station M3) and less poorly sorted sediments at sand

and mud stations (¢ min = 3.37 at station D3).

Finally, the total volatile solids (TVS) content of the sediments
was predictably higher at mud stations (%4TVSpa, = 10.78% at station

J7) than it was at sand stations (%TVSyj, = 0.44% at station K2).

Hydrocarbon Analysis

Nineteen sediment samples were subjected to gas chromatographic
analysis. Only the aliphatic fractions were examined in detail;
however, the general character of the aromatic fraction was noted as
well. The results of these analyses appear in Table 1. The total
aliphatic hydrocarbon (TAH) concentrations reported include only the
resolved aliphatic compounds and do not reflect concentrations of

unresolved complex mixtures or aromatic compounds.’

Petroleum derived hydrocarbons were tentatively distinguished

from those of recent biogenic origin on the basis of 8 criteria:

1) Pristane/Cj7 Ratio - Petroleum values are typically less than

1, while those for biosynthesized hydrocarbons are generally much



larger, reflecting contributions of pristane from zooplankton and fish

(Farrington and Tripp, 1977).

2) Pistane/Phytane ratio - Petroleum values are typically near
unity, while others are much larger. Phytane is a common constituent
of petroleum hydrocarbons, but is thought not to be produced by living

organisms (Gruenfeld and Frank, 1977).

3) Total Aliphatic Hydrocarbons/Cjg Ratio — Petroleum values are
typically small (less than 50) as a consequence of a high relative

weight percent of Cjg.

4) Total Aliphatic Hydrocarbons/Total Volatile Solids Ratio -
Relatively high values may indicate recent contamination by petroleum;
however, weathered oil would not be expected to have high
concentrations of n-alkanes due to the preferential degradation of

paraffins by microbes (Farrington and Tripp, 1977).

5) 0Odd-Even Predominance - Petroleum values are near unity, while
others more commonly range from 2 to 10, indicating a predominance of
n-alkanes having an odd number of carbon atoms (Scanlan and Smith,
1970). The 23, 25, 27, 29, and 31 carbon n-alkanes predominate in
marsh grasses and spores, while the 15, 17, 19, and 21 carbon
n-alkanes predominate in algae (Farrington and Tripp, 1977). 1t is
apparent from the plots of OEP values vs. carbon chain length that the
contribution of hydrocarbons from marsh grasses far exceeds .that from

algae, in most cases (Figure 4)
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Figure 4.

Odd-even predominance (OEP) ratio vs.
chain length

carbon

46



e CI(5/76)
6-1
4 ] cies7e)
2 1 2
O T T 1 | ) 1 LB ¥ 1T 7 7 1T 11 o T U1 1 ) 1 1 i ¥ 1 T 1 1711
a c4(9/76) 4] E®6
, u/\/\ 5
o T T 7 T 7 T T 71T 7T 71T ¥ 7 T} 0 T T 7 ¥ ) T LI T b 1 TV T 11
a] FI 4a] G3
2 / 2] \/
o ¥ T 1 | 1 L i | 1 T 1 T T m o 1 T 1 T T Y T ¥ i L ¥ L§ L LI
]l T4 10 -
4.J oq LI
21 8 -
(0] T r 1 rr¢vr1r f¢rr 1 rt1v o 1rr1r FfF 1 6
4
2] L3 ]
- 2-.
2 \//\/ -
= o 1 T T 1 T 13 T T | 1 T T 1 1
0 T 1 T 1 LR L LR 1 LR ¥ T T 1
4 M2 4 M3
2 \/‘\/\ 24 \__/\/\
o T 1 r 10 rrr@rrrrUvroT7vT o T r Tt o LI LA | T 17T 1T T 1T 1 ¥ |

LI
6 18 20 22 24 26 28 16 18 20 22 24 26 28



Mé

NI

o T T T T T T T L LR L T LI L) ¥ 1 L L] L L] T T LI L | L]
64 6
‘ N3 ] Q4
4 4
2 2 -
1
o' L] T 1 T L T L L) T v ¥ Ll L. 0 T L] L) L. T L) L) T L) T L] L) L4 L Ll
] ]
6 R7 6 1 S3
4 - 4
2 A 24
o L T L LB L L L L) L] 7 L) ¥ L R o T 1) 1 4 LI ¥ 1 T T T T i 7 T L T
6 6 -
1 T ] wue
4 1 4
] ]
2 N—— 2_
O T T T T T T T L] T 1 7T T L] T T T T T T L

16 18

20 22 24 26

28

30

16 18 20 22 24 26 28 30



TABLE 1

SUMMARY OF TOTAL RESOLVED ALIPHATIC HYDROCARBON (TAH)
CONCENTRATIONS AND SOME DIAGNOSTIC RATIOS

[=] o =] =}
o v

4 TAH ®  TAH/TVS T  Prist/Cj; T  Prist/Phyt
s (ug/g dry wt) S (x10~%) K ht

n ) w n

T1 3.42 T1 4.86 L1 0.36 L1 0.84
E6 3.23 M4 2.24 Fl 3.17 Fl 2.20
L3 3.04 L1 1.89 N1 3.23 N1 3.13
M6 2.79 M6 1.06 Tl 4.47 C4 3.62
L1 1.70 L3 1.03 C4 4.52 E6 4.74
U6 1.65 E6 0.81 M4 4,88 L3 4,87
G3 1.17 U6 0.57 S3 6.62 M2 5.66
Q4 1.08 A 0.41 T4 6.84 M6 5.77
14 0.98 G3 0.40 M3 7.58 N3 6.22
R7 0.97 M2 0.40 M6 7.93 M4 6.80
Ccl 0.72 14 0.35 M2 8.62 14 6.88
M4 0.66 R7 0.32 R7 8.79 Tl 7.04
M3 0.56 N1 0.30 N3 9.24 G3 7.54
M2 0.31 Fl 0.29 U6 9.58 S3 7.63
Fl 0.24 cl 0.26 Q4 10.00 M3 7.76
N1 0.16 C4 0.25 E6 10.06 cl 7.88
N3 0.16 M3 0.20 G3 10.24 ué 8.33
s3 0.13 N3 0.13 Ccl 10.26 Q4 9.17
C4 0.10 S3 0.10 L3 10.77 R7 13.67
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6) Unresolved Complex Mixture (UCM) - A characteristic feature of
chromatograms generated by petroleum oils (both weathered and
unweathered) ; the inverted "cup and saucer effect'" is a consequence of
the inability of gas chromatographic techniques to separate all the

components of petroleum oils from one another.

7) Patterns in the Aromatic Fraction - Typically complex for

petroleum.

8) Highly Subjective Weighting Factor - Generally comprising all

the above criteria, although not depending on any one in particular.

Each chromatogram was assigned a score of +1, if judged to be
"like petroleum'"; -1, if judged to be "unlike petroleum"; and O if
indeterminate with respect to a particular criterion. The stations
were then rankeé on the basis of their sum totals for the 8
parameters. The numerical summary served to distinguish 4 groups of
stations. These were designated "maximally contaminated", "moderately
contaminated", "minimally contaminated", and "virtually
uncontaminated'" (Table 2). Chromatograms exemplifying "maximally

contaminated" and virtually uncontaminated" sediments are reproduced

in Figures 5 and 6, respectively.

Oﬁly one station (L1) showed indisputable evidence of petroleum
contamination in the form of a mixture of hydrocarbons similar to No.
2 fuel o0il. Stations Fl, N1 and Tl showed the probable presence of
petroleum hydrocarbons, but in concentrations similar to those of

biogenic origin. Sediments from stations M4, M6, N3, S3, and the two
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Figure 5.

Gas chromatogram for sediments from control
station C4
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Figure 6.

Gas chromatogram for sediments from station Ll
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control stations, Cl and C4, were comprised almost entirely of
naturally occurring hydrocarbons, while all other stations, including
those both near to and distant from the refinery, showed some evidence

of trace contamination.

Reference to Figure 1, showing the location of these 19 stations,
reveals no well-defined gradient of pollution emanating from the
refinery but, rather, a very patchy distribution of apparently

contaminated sediments.

Correlation analyses, employing Pearson's product-moment
correlation coefficient, were then performed in an effort to detect
any trends in hydrocarbon content with respect to sediment type which
might be of future predictive value. Three of the quantitative
criteria for assessing the degree of petroleum contamination were
correlated individually with depth and each of ten sediment variables
(percentages of silt and clay were combined for this analysis).
Pristane/Cjy and‘Pristane/Phyfane ratios were demonstrated to be
positively correlated (a<0.05) with percent silt-clay, median grain

size, total volatile solids, and depth (Table 3).

Total aliphatic hydrocarbon (TAH) concentrations were not
significantly correlated with either total volatile solids or depth;
while, correlations between TAH values and each of two other sediment
variables (percent silt-clay and median grain size) were only
marginally significant (@=0.05). It was determined that five stations

(Tl, L1, L3, M6 and E6) having disproportionately high concentrations



TABLE 3

SUMMARY OF SIGNIFICANT (d =0.05) PRODUCT-MOMENT CORRELATIONS
BETWEEN HYDROCARBON PARAMETERS AND SEDIMENT VARIABLES

Median % %
Depth $ size Silt-clay TVS
Total Aliphatic HC
All stations 0.30 0.40% 0.39% 0.21
Stations L1,L3, .
M6 , E6 and Tl 0.88 0.96% 0.96% 0.49
Remaining stations 0.70% 0.8L4%% 0.86%% 0. 79%*%*
Pristane/Ci7 O.6h%* 0.60%% 0.65%% 0.56%%
Pristane/Phytane 0.69%*% 0.45% 0.51%% 0.6L%*
* 4=0.05

¥% 4=0.01



of TAH were largely responsible for the poor correlations. The higher
TAH concentrations for these five stations cannot, however,
necessarily be construed as indicative of petroleum contamination,
since both M6 and E6 were judged on the basis of several other

criteria to be uncontaminated (Table 2).

Nevertheless, separate correlation analyses were run on  these two

*

groups of stations and, in both cases, correlations betwegn TAH
concentrations and each of the sediment variables improved.
Correlations were invariably significant (¢<0.05) for the group of 14
stations, but not so for the gréup of five anomalous stations,

presumably because statistical significance is more difficult to

demonstrate with so few cases.

Finally, a logarithmic transformation of the depth data improved
the significance of the correlations in some instances but not in
others. Because so few cases were considered, the ecological
significance of this improvement is unclear; although it may suggest
that hydrocarbon concentrations in the sediments tend to increase
initially with depth as the environment becomes more depositional.
Eventually, however, a concomitant increase in distance from
land-based sources of hydrocarbons may cause TAH concentrations to

plateau at some point along the depth continuum.

Preliminary Comparison of Sampling Designs

A total of 23,032 individuals representing 10 phyla and

distributed among 124 species were collected, counted and identified.
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The species found (Appendix 4) are typical of temperate zone,

meso-polyhaline assemblages of benthic infauna and sessile epifauna.
Absolute and percentage abundance data are reported for each of the
major taxa and for each of the 15 numerically dominant species in
Tables 4 and 5, respectively. Polychaete annelids accounted for the
greatest proportion (67.27%) of the total macrofauna, While phoronids,
which comprised only 14.77% of the macrofauna, ranked second in
numerical abundance. Molluscs and crustaceans each accounted for
somewhat less (5.4% and 7.9%, respectively) of the collection total.
Among the 15 numerically dominant species, there were 11 polychaetes,

1 phoronid, 1 gastropod, 1 amphipod, and 1 tunicate species.

Jaccard's coefficient of community was computed in a preliminary
attempt to compare each of the simulated sampling designs with the

comprehensive grid design. The coefficient is given by the formula,

J,. o= °
ik

(ai +a, - c)

where, in this application, i represents all stations included in the
grid design; k represents all stations included in the appropriate
simulated sampling design; ai = the number of species included in the
grid design = 124; a, = the number of species included in the appropriate
simulated design; and c = the number of species shared in common by

the two designs.

Values for the coefficient of community are reported in Table 6.
As expected, the level of similarity relative to the grid design

decreases with decreasing sampling effort. Thus, the one-way



TABLE L4

MACROFAUNAL PERCENTAGE ABUNDANCE DATA

FOR EACH OF THE MAJOR TAXA

56

Percent
of Total
Number of Macrofaunal
TAXON “Individuals Abundance
Phylum: Cnidaria * *
Class: Anthozoa 1L1 0.6
Phylum: Platyhelminthes 31 0.1
Class: Turbellaria 31 0.1
Phylum: Nemertinea 90 0.4
Phylum: Phoronida 3378 1k, 7
Phylum: Mollusca 1262 5.4
Class: Gastropoda 895 3.8
Class: Bivalvia 367 1.6
Phylum: Annelida 15633 67.9
Class: Polychaeta 15473 67.2
Class: Oligochaeta 160 0.7
Phylum: Arthropoda 1837 8.0
Class: Crustacea 1823 7.9
Subclass: Ostracoda 103 0.4
Subclass: Cirripedia 26 0.1
Subclass: Malacostraca 1694 7,4
Order: Mysidacea 39 0.2
Order: Cumacea 96 0.4
Order:; Isopoda 153 0.7
Order: Amphipoda 1250 5.4
Order: Stomatopoda L 0.1
Order: Decapoda 152 0,6
Phylum: Echinodermata 9L 0.4
Phylum: Hemichordata 86 0.4
Phylum: Chordata. L78 2.1

¥Hydrozoans were not enumerated



TABLE 5

MACROFAUNAL PERCENTAGE ABUNDANCE DATA
FOR EACH OF FIFTEEN NUMERICALLY DOMINANT SPECIES

Percent

of Total

Number of Macrofaunal

~ SPECIES Individuals Abundance
Paraprionospio pinnata (P) L629 20.1
Phoronis spp. (Ph) 3378 14,7
Spiochaetopterus oculatus (P) 2162 9.4
Nereis succinea (P) 1796 7.8
Sabellaria vulgaris (P) 1515 6.6
Heteromastus filiformis (P) 1216 5.3
Acteocina canaliculata (G) 805 3.5
Sabella microphthalma (P) T49 3,2
Glycinde solitaria(P) 626 2.7
Corophium tuberculatum (Am) 483 2.1
Molgula manhattensis (T) 478 2,1
Pseudeurythoe sp. (P) 456 2,0
Scolelepis squamata(P) L3 1.9
Sigambra tentaculata (P) ko1 1.7
Cistena gouldii (P) 207 0.9

P=polychaete; Ph=phoronid; G=gastropod; Am=amphipod;
T=tunicate



stratified random design (SR1), which included 110 of the 124 species,
is most similar (J;,,=0.89) to the grid design; while, the 8-station
design, which included only 78 of the 124 species, is least similar

(J{x=0.63) to the grid design.

"

Values for the coefficient of community were then recalculated
using only those common or abundant species chosen for inclusion in
the multivariate analyses of each design. It is evident from these
results (see Table 6) that the identity of those species considered to
be most common or abundant actually changes from one design to the
next; nevertheless, the level of similarity in each case is greater
than that computed using the total number of species. The higher
degree of similarity resulting from a consideration of only those
common or abundant species suggests that the dissimilarity between the
comprehensive and simulated sampling designs is due, primarily, to the
inclusion or exclusion of relatively rare species. Finally, as in the
previous analysis, the relation between sampling effort and degree of

similarity is monotonic decreasing.

Diversity Analyses. Values of H' varied widely over the grid

from a low of 0.81 at mud station M6 to a high of 4.36 at muddy sand
station T3. While diversity values were more commonly in the range of
2.0 to 3.5, these extremes are indicative of a general trend toward
higher diversity at the near-shore sand stations (H' = 2.76) and lower
diversity at the off-shore mud stations (H' = 2.23). The highest
diversities occurred at those muddy sand stations having a solid

substrate (either oyster shell or hydroids) supporting an attached
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TABLE 6

SUMMARY OF PRELIMINARY COMPARISON OF SAMPLING DESIGNS

59

o
L o
(] |
o +
o - o o 3
ir4 Cd [dp)
(3 ~ oS (] i
(&) w0 0p] E O
Total no. individuals 23,032 10,904 8,35k 2,749 2,811
Total no. species 12k 110 106 86 78
No. species included
in edited species list 66 65 72 62 53
No., species in edited
list shared in common
with grid design 66 63 66 57 50
Jaccard's Coefficient
(similarity to grid ,
design; all species) 1,00 0.89 0.85 0,69 0.63
Jaccard's Coefficient
(similarity to grid
design; species 1in
edited list) 1.00 0.93 0.92 0.80 0.72
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epifaunal community (' = 3.51). Mud stations with hydroids and
transitional stations characterized by poorly sorted sediments and a
relatively large (>10%) sand component, had somewhat higher diversity
values (H' = 2.70 and 2.57, respectively) than the more spatially
homogeneous mud stations (H' = 2.23). Consistent with these
observations, are significant (¢<0.05) product-moment correlations
between diversity values and percent sand, median grain size and
sorting coefficient. These trends are illustrated in a perspective
plot of diversity values over the entire grid as viewed from off-shore

(Figure 7).

A plot of the ranges and means of species diversity (H'),
evenness (J') and richness (S-1/1n N) for the 5 habitat types
suggested by a normal analysis of the 135 stations indicates that the
pattern of species diversity is closely paralleled by that of species
richness (Figure 8). Conversely, the trend in species evenness is
just the opposite of what one might expect. Thus, the most diverse
muddy sand stations are characterized by relatively low equitability,
while the least diverse mud stations have the highest values of J'.
This phenomenon is the result of an even distribution of individuals
among the few dominan£ species which comprise the entire faunal
assemblage at several of the mud stations. Furthermore, the
substantially lower values of J' for the muddy sand stations are
probably a consequence of the highly clumped distribution of the

sessile epifauna which characterize these stations.



Figure 7.

Three-~dimensional diagram of species diversity
(H') values over sampling grid as viewed from
offshore
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Figure 8.

Ranges and means of species diversity (H')
evenness (J') and richness (S8S-1/1n N) for
each of five habitat types
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All attempts, using both parametric and non-parametric
techniques, to correlate diversity values with three of the
quantitative hydrocarbon parameters (Pristane/Cjy, Pristane/Phytane
and total aliphatic hydrocarbons (TAH)) proved unsuccessful. A
significant (2<0.05) negative correlation between species richness and
TAH concentration was demonstrated; however, subsequent partial
correlation analyses in which each of the sediment variables was
successively held constant, revealed that the apparent correlation may
actually have been an artifact of coincident linear trends in percent

silt-clay and TAH concentration in the sediment.

Nevertheless, a second perspective plot of H' values - in this
instance, as viewed from on-shore - suggests the existence of another
trend in diversity superimposed on the first and not readily
correlated with sediment type (Figure 9). Thus, the portions of the
grid upestuary from, in the vicinity of, and immediately downestuary
from the refinery seem to be characterized by generally lower

diversities than the portion of the grid located further downestuary.

In order to test this hypothesis, means and variances were
computed for each of the nine subdivisions of the grid defined for the
two-way stratified random design (Figure 2). After testing for
homogeneity of variances using the Fpsyx statistic (Snedecor and
Cochran, 1967) the appropriate t-statistic was used to test
differences between means for areas upestuary from, adjacent to and

downestuary from the refinery within each of three strata representing
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Figure 9.

Three-dimensional diagram of species diversity
(H') values over sampling grid as viewed from
onshore
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sand, muddy sand, and mud habitats. These results are reported in

Table 7.

As a whole, the stations belonging to those subdivisions located
directly off-shore from the refinery (1B, 2B and 3B) had the lowest
values of H' within their respective sediment strata (although the
differences between subdivisions 3B and 3C, and between lA and 1B were
not significant at the 0.05 level). The relatively high values of H'
at stations both upestuary and downestuary from the refinery may be
indicative of improved conditions associated with greater distance
from this industrial facility. Finally, differences among the
uniformly low H' values for subdivisions belonging to the mud stratum
(3A, 3B and 3C) were either insignificant or only marginally
significant at the 0.05 level. Thus, it appears that the
Shannon-Weaver index is a less sensitive indicator of distance from
the refinery among the less diverse mud stations than it is among the

more diverse sand and muddy sand stationms.

Normal and Inverse Cluster Analyses.

a) Grid Design. Normal analysis of the entire complement of

135 stations produced three large site groups — A, B and C (Figures 10
and 11). These were demonstrated by discriminant function analysis to
correspond, roughly, to a sand and muddy sand habitat (Group A); a
transitional habitat (Group B); and a mud habitat (Group C). All
three habitat types are characterized by a generally moderate to Qery

high constancy of the most abundant and ubiquitous species found in
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Figure 10.

Cluster dendrograms and nodal constancy table:
Grid design
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Figure 1l1.

Cluster dendrograms and nodal fidelity table:
Grid design
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the lower York River (species group 4). Site Group A is separable
from Site Groups B and C on the basis of its moderate to high
constancy and fidelity of sand associated and epifaunal species
(species groups 1, 2, 8, and 12). Site Group B is characterized by
its high constancy and fidelity of species groups 5 and 7 which it
shares in common with Site Group A. In addition, its moderate
constancy and fidelity of species groups 6 and 9 link Site Group B
with Site Groups A and C, respectively, thus demonstrating its unique
transitional nature. Site Group C is notable for its low overall
abundances which allow the sporadic occurrence of relatively rare
infaunal and epifaunal species to dominate the faunal character of

constituent site groups 8, 12 and 13.

Each of the large aggregates (A, B and C) is, in turn, composed
of a number of smaller site groups, yielding a total of 13 subgroups
in all. Group membership for each of the 135 stations is reported in
Table 8. The presence of oyster shell at all stations in muddy sand
site group 4 and the presence of hydroids at both stations in mud site
group 12 distinguish these lesser groups from others belonging to the
same habitat type. Also noteworthy is the grouping of sand station L1
by itself (site group 2) suggesting a possible influence of

hydrocarbon contamination on the faunal composition at this station.

‘Inverse analysis of the 66 most common species produced four
large groups (W, X, Y, and Z). Reference to the nodal constancy and
fidelity diagrams (Figures 10 and 11) indicates that these groupings

are loosely interpretable as species associated with sand and muddy

69
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sand stations (Group W); ubiquitous species and species associated
with muddy sand and transitional stations (Group X); relatively rare
species associated with transitional and mud stations and
site-specific species (Group Y); and species epifaunal on, or
associated with, oyster shell or hydroids (Group Z). Each of these
large groups consists of a number of smaller species groups totaling
13 in all. The constituent members of these groups are listed in

Table 9.

The results of the normal and inverse cluster analyses agree with
previous observations on the species considered herein (see Appendix
4) and support evidence that the distributions of many infaunal and
epifaunal species in the polyhaline zone are controlled largely by
substrate affinities. Exceptions to this pattern are exemplified by
members of ubiquitous species group 4 which are commonly found in a
variety of habitats. Secondary associations arising from biotic
interactions may control the distributions of other species, notably,

the polychaete Lepidametria commensalis and the amphipod Listriella

barnardi both of which have been cited as commensals with the

terebellid polychaete Amphitrite ornata (Bousfield, 1973; Pettibone,

1963). Their grouping with the terebellid Loimia medusa in species
group 6 suggests that this polychaete may constitute an alternate host

for these species. Similarly, Listriella clymenellae the congener of

E, barnardi, grouped with the maldanid polychaete Clymenella torquata

(species group 8) thus corroborating evidence cited in the literature

to support a commensal mode of existence with this tube-building



TABLE 9
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SPECIES GROUPS GENERATED BY AN INVERSE CLUSTER ANALYSIS

OF 135 STATIONS (GRID DESIGN)

Species Associated with Sand and Muddy Sand Stations

Group 1 Group 2

G. gemma A. abdita

N. americana Cerebratulus sp.
T. gabriellae E. elegans

S. squamata H. filiformis

S. benedicti G. solitaria

G. dibranchiata.
Phoronid sp.
S. oculatus

Group 3

S.

A. verrilli

bombyx

Turbellaria sp.

Ubiquitous Species* and Species Associated with Muddy Sand

Group &% Group 5

A. canaliculata A. jonesi

N. succinea C. tuberculatum
P. pinnata G. vittata

P. paucibranchiata

S. tentaculata

Group 7 Group 8

C. gouldii C. torquata

E. triloba H. extenuata
M. atra M. mercenaria
S. texana L. clymenellae
S

. zostericola

E.
L.
L.
L.
L.

'Group 6
Carinomidae

heteropoda
commensalis
americanus
barnardi
medusa

Group 8 (cont'd)

.

HHAY

arenae
versicolor
setigera
interrupta

Relatively Uncommon Species Associated with Trans1t10na1 and Mud

Stations and Site-Specific Species¥*

Group 10%*
C. capitata

Group 9

C. acherusicum
0. limicola

P. chaetopterana
P. sayana

S. minuta

M.

Group 11%*

lateralis

Species Epifaunal on, or Associated with, Oyster Shell or Hydroids

Group 12 Group 12 (cont'd)
D. leucolena P. herbstii

G. mucronatus P. eximius

H. dianthus P. ligni

M. nitida S. microphthalma
M. manhattensis S. vulgaris

HOE P>

Group 13-
. gunneri

transversa
brasiliensis
penantis
tenuis
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polychaete (Bousfield, 1973). An association noted by Whitlach (1975)

between the amphipod Ampelisca abdita and the capitellid polychaete

Heteromastus filiformis (species group 2) was also observed in this

study, although the nature of the association is unclear and may

simply reflect similar substrate affinities.

Finally, each of two seemingly anomalous species, the polychaete

Capitella capitata and the bivalve Mulinia lateralis, grouped by

itself (species groups 10 and 11, respectively). These species are
affiliated with group 9 species as fellow members of Species Group Y
by virtue of a common infrequency of occurrence rather than a common
distributional pattern. M. lateralis exhibits an opportunistic
rgproddctive strategy and has been termed an "irruptive' species
(Boesch et ‘al., 1976)_because of its sporadic increase and decline in
abundance in the lower York River. 1In this study, however, the
bivalve never occurred in large numbers and is remarkable only in its
apparent rarity. It has been suggested (Boesch et al., 1976) that the
;ypically high turbidity of the estuary may be aggravated during the
summer by a seasonal increase in biogenically mediated sediment
resuspension. This could effectively exclude the suspension-feeding
bivalve. More recently, however, Virnstein (1979) has demonstrated
the extreme susceptibility of M. lateralis to predation by the blue

crab Callinectes sapidus. and the sciaenid fish Leiostomus xanthurus,

suggésting that predation is probably the.mOSt important factor in

controiling.its_adult population size during the summer months.



C. capitata occurred in appreciable numbers at a single station,
Ll (the station judged to be the most heavily contaminated by
petroleum hydrocarbons). This cosmopolitan opportunist is widely
acknowledged as an indicator of organic enrichment and unpredictable
environments in general (Bagge, 1969; Grassle and Grassle, 1974). Its

occurrence at station L1 would seem to support this contention.

b) One-Way Stratified Random Design (SR1). The same basic

pattern emerges at the 3-group level from a normal analysis of the
reduced data set comprised of only 69 stations (see Figures 12 and
13). Group memberships of the constituent sites for the SRl design
and for each of the three other simulated sampling designs are listed
in Table 8. Group D is essentially a subset of Group A, the sand and
muddy sand site group generated by a normal analysis of the grid
design; however, station L1 was eliminated in the stratified random
selection process and, consequently, sé is the species C. capitata.
Site Group E includes members from transitiopal Site Group B, but
differs from the latter in that it also inclﬁdes stations formeriy
belonging to mud Site Group C as defined in the grid analysis (Table
8). This phenomenon is indicative of the labile nature of these
cluster groups and is representative of the wide variety of substrate
affinities exhibited by the species which characterize this
ecologically amorphous habitat. Site Group F is roughly equivalent to
Site Group C with the exception of those stations now included in
transitional Group E. Constituent site groups 11 and 13 have both

retained their integrity in the reduced design. These are
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Figure 12,

Cluster dendrograms and nodal constancy table:
One-way stratified random design
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Figure 13.

Cluster dendrograms and nodal fidelity table:
One-way stratified random design
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characterized, respectively, by a high constancy and fidelity of
hydroid epibionts and a high constancy of the single species M.

lateralis.

The inverse analysis of 65 species produced a somewhat different
pattern at the three-group level than that generated by an inverse
analysis of the grid design. The constituent species of each group
are listed in Table 10. Species Group T is characterized by its
moderate to very low constancy and fidelity at muddy sand site group
4. Otherwise, the member groups share no common affinity for
substrate type and include species from three of the four large groups
as defined in the grid analysis, i.e., Species Groups W, Y and Z.
Species Group U is comparable to grid Species Group X, consisting
largely of species exhibiting high to very high constancy among sand
and muddy sand site groups 1 through 4. Constituent species groups 6,
7 and 8 follow a similar but less consistent trend among the
transitional sites as well. Finally, Species Group V is comprised of
a single species group (species group 10) which includes the oyster
epibionts and differs from grid species group 12 only in the absence

of two species, G. mucronatus and P. ligni.

c¢) Two-Way Stratified Random Design (SR2). Normal analysis

of the 46 stations included in the reduced stratified random design
(Figures l4a and b) distinguished between habitats having relatively
more or less sand (Site Groups G and H, respectively) but was not as

easily interpretable at the three-group level since transitional site
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Figure 1l4. Cluster dendrograms and nodal constancy and
fidelity tables: Two-way stratified random design
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groups 6, 7 and 8 are inseparable from the sand and muddy sand site

groups (1 through 5) below the five-group level.

Inverse analysis of the 72 species included in the reduced
stratified random design produced two large Species Groups. Group S
is characterized by its moderate to high constancy and fidelity among
its member species groups at site group 5 (muddy sand with oyster
shell) and by its relatively low constancy and fidelity elsewhere.
Species Group R, like Species Group T in the larger stratified random
design (SRl), is comprised of entities exhibiting a wide range of site
group affinities, but sharing a generally low level of constancy and
fidelity at site group 5. The single exception to this trend is
species group 2 whose members are ubiquitous throughout the sampling

area.

d) Transect Design. The interpretation of results generated

by cluster analyses of the 3-transect design consisting of 21 stations
and 62 species (see Figures 15a and b) is much the same as that for
the reduced stratified random design and, so, will not be discussed in
detail. Once again, the normal analysis distinguished between sand
and mud habitats (Site Groups I and J, respectively) but the
transitional nature of site groups 5 and 6 is somewhat obscured by
their inclusion, at a relatively high level of similarity, with mud

site groups 7 through 10.

The inverse analysis separates Species Group P and Q on the basis

of their differing trends in constancy and fidelity at site group 4
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Figure 15.

Cluster dendrograms and nodal constancy and
fidelity tables: Transect and Eight-station
designs
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(muddy sand with oyster shell) in an analogous manner to that
described for Species Groups R and S in the reduced stratified random

design.

e) Eight-Station Design. A normal analysis of the 8

stations chosen to represent, as nearly as possible, the 8 sites
sampled on a quarterly basis reproduced the same basic pattern at the
three-group level as that generated by the grid analysis (Figures 15c
and d). Site Group K is characterized by its very high constancy and
moderate to high fidelity of species groups 1 and 2 which are
comprised largely of sand and muddy sand associated species. Site
Group M is analogous to grid Site Group C in its generally low
constancy and fidelity of all but the most ubiquitous species and a
few species which seem to prefer muddy substrates (species group 4).

Finally, Site Group L is analogous to grid transitional Site Group B

86

in its high constancy and fidelity of species groups 1, 2 and 4. TUnlike

the grid analysis, however, the identity of a fourth habitat type
characterized by attached epifaunal species is obscured by the

inclusion of station P3 in sand Site Group K.

Reciprocal Averaging Ordinations. Several reciprocal averaging
(RA) ordinations involving various modifications of the original data

set were performed. Among these, two ordinations were deemed to be

most informative.

The first RA ordination (SQUASH I) initially lumped all species

belonging to each of 12 species groups generated by the inverse
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cluster analysis of 66 species. C. capitata, the sole member of
species group 10, was included in species group 2 in order to lessen
its effect as a characteristic species of a "type b" outlier (Gauch,
Whittaker and Wentworth, 1977). Each cluster of species was
subsequently considered to be a single entity. Weighted means
reflecting the distribution of the 12 species groups among the 135
stations were then calculated by the RA algorithm and separate but

complementary ordinations were generated for each of the two sets of

entities.

Conversely, the second RA ordination (SQUASH II) initially lumped
all samples belonging to each of 12 site groups generated by the
normal analysis of 135 stations. Station L1, the only member of site
group 2, was included in site group 3 in order to lessen its effect as
a "type b" outlier. Each cluster of stations was subsequently
considered to be a single entity. Weighted means reflecting the
species distributions among these 12 site groups were then calculated
by the RA algorithm, resulting in separate ordinations for the 12 site

groups and 66 species included in the multivariate analysis.

Finally, as justification for this procedure, it was discovered
that grouping entities in this manner facilitated the interpretation
of major ecological trends by effectively eliminating uninterpretable
variation within the clustered groups. Thus, the first three axes of
a preliminary ordination in which individual species and sites were
considered to be separate entities, accounted for only 36.22% of the

total variation in the data structure, while the SQUASH I and
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SQUASH II ordinations each accounted for nearly twice this amount of
variation on the first three axes. This improvement was simply a

consequence of reducing the number of entities considered.

a) SQUASH I. The first three axes generated by the SQUASH I
ordination accounted for 65.20% of the total eigenvalue. Axis 1,
alone, accounted for 30.27% while axis 2 accounted for somewhat less
(22.90%) of the total explained variance in the data structure. The
first axis was demonstrated by canonical correlation analysis to
correspond most closely with a depth/sediment gradient. Thus, shallow
sand stations belonging to groups 1, 2 and 3 are nearest the origin of
axis 1, while the deepest mud stations are most distant from the
origin of axis 1. All other stations, including muddy sand (group 4),
transitional (groups 5 and 6) and shallower mud stations (groups 7

through 11) are located more centrally on axis 1 (see Figure 16).

The depth/sediment gradient is reflected in the faunal
distributions as well (see Figure 17). Species groups 1, 2 and 3,
which were shown by nodal analyses to be characterized by their high
degree ‘'of constancy and fidelity among sand stations (site groups 1, 2
and 3), appear at the lower end of axis 1, while those species
demonstrated to be highly faithful to the deepest mud stations (site
group 12) are situated at the upper end of axis 1. All other species
groups are located more centrally on the first axis, reflecting their
association with stations of intermediate depth and sediment

structure.



Figure 16.

SQUASH I: reciprocal averaging ordination of
stations with species groups as attributes
(axes 1 and 2)
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Figure 17.

SQUASH I: reciprocal averaging ordination of species
groups with stations as attributes (axes 1 and 2)
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The second axis of the station ordination was demonstrated by
canonical correlation analysis to correspond more closely with a
gradient of microhabitat complexity. The shallower sand stations
(group 1) and those stations (groups 4 and 12) having a solid
substrate supporting an attached epifaunal community, have the highest
scores on axis 2. The deeper sand stations (groups 2 and 3) have
intermediate scores, while the transitional and the majority of mud
stations (groups 5 through 13) have the lowest scores on axis 2. The
species groups associated with these habitat types follow a similar
pattern, except that species associated with the deeper sand statioms
(species groups 2 and 3) are indistinguishable from transitional and

muddy sand assoclated species groups on the second axis.

The third axis contributed only 12.03% to the total explained
variance in the data structure. Axis 3 is an approximate quadratic
function of axis 1. Thus, the classic gaussian response curve which
is normally reproduced on the first two axes generated by RA
ordinations of simulated coenocline data (Gauch, Whittaker and
Wentworth, 1977) has, in this instance, been deferred to a higher

dimension. This phenomenon can be explained in either of two ways:

1) The data set may be conceived of as representing a

two-dimensional coenoplane. This is essentially the interpretation
implicit in the discussion of the first two axes generated by the

\
SQUASH I ordination. Thus, the first axis describes variation along a

depth/sediment gradient, while the second axis describes variation

along a gradient of micro-habitat complexity. Having explained the
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two major sources of variation in the data structure, the RA algorithm
generated additional axes which were merely curvilinear distortions of
the two environmental gradients which have already been adequately
described on the first two axes. This distortion is a consequence of
the assumption of a linear species response implicit in all
eigenvector methods of ordination. As such, the third and subsequent
axes do not contribute significantly to any further understanding of

ecological relationships.

2) Alternatively, the data set may be conceived of as essentially
representing a one-dimensional coenocline. In this case, the first
axis is still interpretable as a depth/sediment gradient which has,
however, been distorted in the second dimension to form an inverted
gaussian curve with only a few representative samples from the deepest
mud extreme of the continuum (R6, P7, V4, F7, J7, L7, K7, and E6).
Similarly, high scores for sand stations on axis 2 may simply be the
result of this quadratic distortion and, consequently, have no
ecological significance other than reflecting their position at the
opposite extreme of the depth/sediment continuum. No secondary
gradient of microhabitat complexity is implied by this latter
interpretation. The importance of axis 2, then, is relegated to the
separation of two partially disjunct station groups (4 and 12) and
their characteristic species. Having accounted for this unexpected
source of variation in the data structure on axis 2, the RA algorithm

then reproduces the expected bell-shaped curve, representing the only
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"true" environmental gradient, in the space defined by the first and

"third dimensions.

The validity of either interpretation is equivocal. The
canonical correlation analysis lends support to the former by
suggesting that certain sediment parameters indicative of spatial

heterogeneity have station means which do, indeed, follow a

progression culminating in the highest means for those stations having

the highest scores on axis 2; however, the relatively high scores for
those spatially homogeneous mud stations having no solid substrate

lends support to the latter interpretation.

b) SQUASH I1. The interpretation of this RA ordination is

essentially the same ‘as that for SQUASH I with a few minor exceptions.

Ths first three axes generated by the SQUASH II ordination accounted
for 65.07% of the total eigenvalue. Axes 1 and 2, however,
contributed almost equally (25.80% and 24.53%, respectively) to the
total explained variance in the data structure (see Figures 18 and
19). As in SQUASH I, axes 1 and 2 represent, respectively, a
depth/sediment gradient and a gradient of microhabitat complexity;
however, the polarity of the latter axis has been reversed in the
SQUASH II ordination. Thus, the most complex habitats (site groups 4
and '12) have the lowest scores on axis 2 while the least complex

habitats (site groups 7 through 13) have the highest scores on axis 2.

The two—-dimensional species ordination indicates that the

distribution of individual species associated with each of the major
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Figure 18.

SQUASH 1I: reciprocal averaging ordination of
species with site groups as attributes (axes
1 and 2)
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Figure 19.

SQUASH II: reciprocal averaging ordination of
site groups with species as attributes (axes
1 and 2)
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habitat types overlap considerably on both axes 1 and 2. This is
reflected in the interdigitation of boundaries describing their
affiliations with respect to the 13 site groups. The single exception
to this trend is species group 12 (comprised of species epifaunal on
oyster shell) which is the only group whose constituents are
discontinuous with members of all other groups on both axes 1 and 2.
This suggests that the corresponding site group, 12, is the only one
which is primarily defined by a qualitative difference in species
composition. The rest of the 13 site groups derive their individual

faunal characters largely from quantitative differences.

Finally, as in SQUASH I, reference to Figures 20 and 21 indicate
that axis 3 1s a quadratic function of axis 1 and, as such, is subject

to the same interpretations as those presented above.

Non-metric Multi-dimensional Scaling. Separate ordinations were
preformed on two matrices of Bray-Curtis similarity coefficients
reflecting inter—entity resemblances among either species or sites.

The species C. capitata was eliminated from this analysis.

The stress and phi levels for the two ordinations are depicted
graphically as functions of the number of dimensions derived
(Figure 22). In both cases, the degree of stress decreases while the
phi level increases as the dimensionality of the solution increases.
Only the first two dimensions were ecologically interpretable for both
the species and site ordinations; however, because the

higher-dimensional solutions eliminated a great deal of extraneous
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Figure 20.

SQUASH II: reciprocal averaging ordination of
species with site groups as attributes (axes
1 and 3)
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Figure 21.

SQUASH II: reciprocal averaging ordination of
site groups with species as attributes (axes
1 and 3)
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Figure 22. Non-metric multidimensional scaling: PHI and
STRESS levels for species and station ordinations
(four-dimensional solution)
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variation on the first two axes, the 4-dimensional solution was chosen

for interpretation in each case.

The station ordination in 4 dimensions has a stress of 12.98% and
a corresponding phi of 98.32%. Kruskal (1964a) categorically defined
a stress level in the range of 10 to 20% as 'fair to poor"; however,
in applying a statistical technique designed for sociological studies
to an ecological investigation, it is not necessarily appropriate to.
use the same criteria for judging its effectiveness. Rather, one must
assess the adequacy of the technique in terms of the interpretability
of the results it generates. Furthermore, the small body of knowledge

that exists (Matthews, 1978) suggests that a stress of 12.98% does,

indeed, represent an acceptable level for ecological data.

A canonical correlation analysis revealed that the first
dimension of the station ordination corresponds closely (6= 14.79°) to
a depth/sediment gradient in an analogous manner to that described for
the reciprocal averaging ordinations. The plot of stations on the
first two MDS axes (see Figure 23) suggests a very straightforward
interpretation of the data as constituting a coenocline which has’been
distorted in the second dimension. This distortion is a result of the
non-linear relation of the non-metric Bray-Curtis resemblance measure
to actual environmental separation. Consequently, the extremes of the
continuum are represented as being closer to one another on the first
dimension than they are in nature. This has the effect of bowing the

coenocline into a higher dimension. Use of a metric measure would,
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‘Figure 23. Non-metric multidimensional scaling: first
two axes of four-dimensional solution for

stations
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theoretically, have represented the depth/sediment gradient linearly

on the first dimension.

The mathematical interpretation of the second dimension as a
quadratic function of the first does not, however, preclude an
ecological interpretation for trends evidenced along this dimension,
as well. Thus, the same canonical correlation analysis mentioned
above produced a second canonical variate corresponding closely (@ =
82.39°) with the second MDS dimension and representing a gradient of
sediment types ranging from relatively well-sorted sand or mud to
poorly-sorted muddy sand and, mud having a greater percentage of sand
(and, consequently, a smaller median phi size) than stations of
comparable depth. Thus, most members of cluster Groups A and C,
representing the sand and mud habitats, respectively, have low scores,
while members of transitional Group B (and certain constituents of

Group A) have high scores on axis 2.

Finally, unlike the two reciprocal averaging ordinations,
non-metric multidimensional scaling does not distinguish the
constituents of station groups (4 and 12) (characterized by their
epifaunal species assemblages) from other stations having similar

depths and sediment types.

The 4-dimensional species ordination has a stress of 11.22% and a
corresponding phi level of 98.74% (see Figure 22). Unlike reciprocal
averaging, the MDS species ordination is not directly comparable with

the MDS station ordination because the two are based on different



matrices of similarity coefficients. The first axis separates those
species epifaunal on or associated with oyster shell and hydroids,
while the second axis separates sand associated species from all
others (see Figure 24). These functions are analogous to those
performed by the first two axes generated by the SQUASH II ordination;
however, the interpretation of the two axes has been reversed. MDS
axis 1 most nearly represents a multivariate response to the gradient
of spatial heterogeneity, while axis 2 closely approximates a

multi-species response to the depth/sediment gradient.

It is interesting to note,.in this context, that the most
important source of variation (i.e., that described by the first MDS
dimension) is different for species and sites. Thus, those stations
which were distinguished by reciprocal averaging as being most complex
comprise only 4.47% of the total number of stations and, as such,
account for a relatively small proportion of the variation among
stations. Conversely, those species limited in their distribution to
stations having a suitable solid substrate, comprise 22.73% of the
total number of species entered in the multi-variate analysis and
consequently, account for a significantly greater proportion of the
variation among species. Thus, the gradient of microhabitat
complexity assumes a more important role in describing variation among
species than it does among sites. This is consistent with the
eigenvalues assigned to the first two RA axes generated by the

SQUASH I and SQUASH II ordinations.
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Figure 24. Non-metric multidimensional scaling: first two
axes of four-dimensional solution for species
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Discriminant Function Analysis.

a) Three-Group Analysis. Nine of the 14 sediment variables

(including depth and the presence or absence of a solid substrate) had
partial F-values sufficient to merit their inclusion in the 3-group
discriminant function analysis. It is apparent from the results
summarized in Table 11 that prior to the derivation of the first
discriminant function, a significant (a< 0.01) correlation existed
between the entire set of untransformed sediment variables and the set
of "dummy" variables defining group membership for each of the 135

stations.

The first discriminant function accounts for 99.51% of the sum of
the eigenvalues, thus yielding a canonical correlationcdf 0.98 with
the set of station group variables. Thg standardized discriminant
function coefficients indicate that % silt is the sediment variable
which has the highest loading on the first discriminant function and,
consequently, is most important in differentiating among the three
groups along this dimension. Reference to the plot of group centroids
on the first two discriminant functions (see Figure 25) reveals that
the first function (i.e., the abcissa) clearly separates g;oup A from
groups B and C, but is less successful in distinguishing b;tween the
latter two groups. Site group A is comprised entirely of sand and
muddy sand stations as defined by Shephard's classification (Appendix
1). The variable having the largest negative coefficient (oyster
shell) is also responsible for the separation of Group A from Groups B

and C along this dimension.
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TABLE 11

DISCRIMINANT FUNCTION ANALYSIS 1:
3-GROUP ANALYSIS (GROUPS A, B AND C)

106

Discriminant Eigenvalue Percentage of Canonical
Function (Ai) % Eigenvalues Correlation
(uj)
1 27.35319 99.51 0.9822070
2 0.13550 0.49 0.3454392
Functions Wilk's Bartlett's Degrees Significance
Derived Lambda Chi-Square of (@)
n) Approximation Freedom
(V)
o* 0.0310608 444,390 18 0.0000
1* 0.8806718 16.265 8 0.0387
2%
*Denotes significance at the (& = 0.05) level
Variable Standardized Discriminant Function Coefficients
Function 1 Function 2
Percent Sand 0.60347 -3.09174
(% fine sand) 0.04227 -0.51651
(% coarse sand) -0.19250 -0.39862
Percent Silt 1.64199 -3.03025
Percent Clay 0.41653 =0.45274
Sorting Coefficient 0.58434 -0.83644
Kurtosis -0.26650 -0.25374
Oyster Shell -0.48066 -0.27077
Hydroids -0.14907 0.37111
Percentage of stations '"correctly" classified = 77.78

Variable Group Means
Group A Group B Group C
Percent Sand 89.71 11.83 7.86
Percent Silt 4.94 75.33 77.02
Sorting Coefficient 0.86 1.17 1.12
**Qyster Shell 0.13 0.00 0.00
**Hydroids 0.11 0.00 0.04

**Group means for these variables are based on presence/absence

data

and simply reflect the proportion of all stations in a group having
oyster shell or hydroids.
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Figure 25. Plot of group centroids on first two discriminant
functions: three-group analysis
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The second discriminant function accounts for a relatively small
percentage (0.49%) of the total eigenvalue. Nevertheless, its
successful separation of Groups B and C along the ordinate of
Figure 25 suggests the possibility of an ecological interpretation for
this dimension as well. Furthermore, the statistical significance
(0= 0.0387) of the residual discrimination after the derivation of the
first function would seem to warrant an analysis of the second
function in any case. The standardized discriminant function
coefficients are not as easily interpreted in this instance since the
most heavily weighted variables (% sand and % silt) contribute nearly
equally to the derivation of thé second function. Furthermore,
the coefficients for these two variables, which one might
expect to vary inversely with one another, actually have the same sign
(negative). These seemingly contradictory results are clérified by
reference to Figure 25 and consideration of the group means with
respect to the four variables judged to be most important in deriving
the sécond discriminant function (see Table 11). Group B is
distinguished as a whole from Group A by its higher % silt content.
This fact, which became evident in the analysis of the first
discriminant function, also contributes to the separation of Groups A
and B along the second dimension. In addition, however, the average %
sand content of Group B is considerably greater than that for group C.
Consequently, a vectorial combination of these two sediment parameters
(% sand and % silt), in conjunction with a higher average sorting
coefficient (indicating poorly sorted sediments), distinguishes Group

B as a transitional habitat. The absence of a solid substrate in the
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form of oyster shell or hydroids further distinguishes Group B from
Groups A and C, respectively. The composite nature of the sediment
regime at Group B stations is reflected in the variety of substrate
affinities exhibited by the species which characterize this Group in

the normal analysis (Appendix 4).

The percentage of stations judged by the DISCRIMINANT subprogram
to have been '"correctly" classified by the normal analysis is 77.78%.
In other words, if the stations had originally been classified on the
basis of the nine abiotic variables considered in the discriminant
function analysis, 22.22% of the stations would have been grouped
differently. This is not to say, however, that one classification
technique is necessarily preferable to the other. Rather, they are
complementary in that each aids in the interpretation of the other.
Since fully 100% of the Group A stations were ''correctly" classified,
the discrepancy between the observed and predicted group membership is
attributable to the '"inappropriate'" classification of stations

"misclassification"

originally assigned to Groups B and C. This
phenomenon is indicative of the greater similarity in sediment type

shared by the latter two groups and suggests that a rigid distinction

between the transitional and mud habitats is arbitrary, at best.

b) Thirteen-Group Analysis. A second discriminant function

analysis was performed on the 13 constituent site groups belonging to
large groups A, B and C. The results of this analysis are summarized
in Table 12 and Figure 26. The two variables indicating presence or

absence of oyster shell and hydroids were not entered in this analysis
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TABLE 12

DISCRIMINANT FUNCTION ANALYSIS 2:
13-GROUP ANALYSIS (GROUPS 1 THROUGH 13)

110

Discriminant Eigenvalue Percentage of Canonical
Function o) Y~ Eigenvalues Correlation
(uj)
1 26.79697 94.13 0.982
2 0.71651 2.52 0.646
3 0.39962 1.40 0.534
4 0.24730 0.87 0.445
5 0.12273 0.43 0.331
6 0.10781 0.38 0.312
7 0.06272 0.22 0.243
8 0.01365 0.05 0.116
Functions Wilk's Bartlett's Degrees Significance
Derived Lambda Chi~Square of @)
W) Approximation Freedom
()
0* 0.0090 582.294 96 0.000
1% 0.2491 171.665 77 0.000
2% 0.4275 104.939 60 0.000
3% 0.5984 63.419 45 0.036
4% 0.7464 36.128 32 0.282
5 0.8380 21.831 21 0.409
6 0.9283 9.187 12 0.687
7 0.9865 1.675 5 0.892
*Denotes significance at the (@ = 0.05) level
Variable Standardized Discriminant Function Coefficients
Function 1 Function 2 Function 3 Function 4
Depth -0.05378 -0.04485 -1.84958 -0.76958
Percent Sand -0.73192 18.67995 -1.61934 -13.64929
(% fine sand) -0.02112 0.00784 0.01361 -0.67075
(% medium sand) 0.00997 0.20043 0.02948 ~-0.18477
Percent Silt -1.52283 17.03784 0.38273 -11.96560
Percent Clay -0.15798 2.55220 -0.62819 -0.96051
Sorting Coefficient -0.10215 -0.18595 0.48493 -1.00041
Kurtosis 0.04376 0.29934 0.08171 0.00238

Percentage of stat

ions "correctly" classified = 51.85
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Figure 26. Plot of group centroids on first four discriminant
functions: thirteen-group analysis
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in order to see if the station groups characterized by their presence
were separable on the basis of other criteria as well. Among the 12
variables submitted for inclusion, only eight had partial F-values
equalling or exceeding the minimum allowable level. Once again, the
first discriminant function accounted for an overwhelming percentage
of the total eigenvalue (94.137%). Nevertheless, the discriminating
power of the second, third and fourth functions was significant as
well. The interpretation of the first two axes is much the same as
for the 3-group analysis. The variables accounting for the greatest
amount of variation among the groups are identical for the two
analyses, i.e., % silt on the first dimension and a complex
interaction of % sand, % silt and sorting coefficient on the second
dimension. Reference to the plot of group centroids, however, reveals
that neither axis is successful in separating the transitional from
the mud stations. The first axis distinguishes the sand and muddy
sand site group from the transitional and mud site groups; whereas,
the second axis discriminates between the muddy sand site group (site

group 4) and all others.

The third and fourth functions represent complex interactions of
several variables but, despite their statistical significance, are not
readily amenable to ecological interpretation. Since no further
contribution to an understanding of the faunal composition can be
gained from an analysis of these latter two discriminant functions,

they will not be considered in detail.
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A relatively high percentage of '"misclassifications" (48.15%)
suggests that the variables considererd in this analysis could not
fully explain the species distributions characteristic of the smaller
station groups. A consideration of other abiotic variables such as
dissolved oxygen levels or hydrocarbon concentrations may have
improved the discriminating power of this analysis and, consequently,
reduced the number of apparent '"misclassifications'". Alternatively,
biotic interactions may account for at least some of the discrepancy

between the actual and predicted group memberships.

Canonical Correlation Analyses.

a) ALSCAL Coordinates vs. Sediment Variables. The first

canonical correlation analysis relates the sediment variables
described on p.42 to the station scores on the first two axes
generated by a non-metric multi-dimensional scaling technique. The
first pair of canonical variates has a canonical correlation (uj) of
0.89577 and an eigenvalue (ujz) of 0.80240, thus accounting for over
807 of the variance shared by the two sets of variables. This linear
relationship is highly significant (@< 0.01) as measured by Bartlett's
V statistic. It is evident from the standardized canonical variate
coefficients that the importance of the second ALSCAL dimension (MDS2)
is negligible in comparison with that of the first dimension (MDS1) in
deriving the first canonical variate which is displaced only 14.79°

from ALSCAL axis 1 (see Table 13 and Figure 27a).
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TABLE 13

CANONICAL CORRELATION ANALYSIS 1:
SEDIMENT VARIABLES VS. NON-METRIC MULTIDIMENSIONAL

SCALING SCORES

114

Canonical Eigengalue Canonical Wilk's Bartlett's D.F. Significance
Variate (u3) Correlation Lambda Chi-Square (@)
(uj) (A) Approximation
(v)
1% 0.80240 0.89577 0.16564 226.53722 26 0.000
2% 0.16173 0.40216 0.83827 22.22824 12 0.035

*Denotes significance at the (a = 0.05) level

STANDARDIZED CANONICAL
COEFFICIENTS

VARIATE

Variable Set 1:

Canonical Variate 1

Canonical Variate 2

Sediment Variables (CANVAR 1) (CANVAR 2)
Depth 0.21055 -0.10195
Organic Carbon -0.01858 -0.48375
Percent Sand 0.07536 -1.18100
(% fine sand) 0.03875 0.31338
(% medium sand) 0.03659 -0.03830
(% coarse sand) -0.06116 0.09751
Percent Silt 1.29434 0.15639
Percent Clay 0.33116 -1.15604
Median Phi Size 0.93873 -2.46673
Sorting Coefficient 0.03897 1.01867
Skewness 0.20082 -0.47448
Kurtosis 0.02685 0.41027

Variable Set 2:

Canonical Variate 1

Canonical Variate 2

ALSCAL Coordinates (CANVAR 1) (CANVAR 2)
MDS(1) 0.99838 -0.13000
MDS(2) 0.26352 0.97295
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Figure 27. Orientation of canonical variates with respect
to the ordination axes
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The sediment variables having the highest loadings on the first
canonical variate are % silt and median phi size (an inverse measure
of grain size). Since the sign of these coefficients is the same
(positive) as that of MDS1, one might reasonably conclude that
stations having high scores on the first ALSCAL dimension will also be
characterized by primarily silty sediments with a small median grain
size (large ¢). Reference to Figure 23 reveals that those stations
having the highest scores on axis 1 belong largely to cluster Group C.
This group was demonstrated by discriminant function analysis to be
characterized by its high silt content. Similarly, low and
intermediate scores on axis 1 characterize those stations belonging to

sand Group A and transitional Group B, respectively.

The second pair of canonical variates accounts for only 16%Z of
the common variance but, nevertheless, represents a significant
(o= 0.035) linear relationship between the two sets of variables
(Figure 27b). 1In this case, however, station scores on the second
ALSCAL dimension (MDS2) are far more heavily weighted, as indicated by
the canonical variate coefficients and the angle of displacement from
axis 1 (6= 82.39°). These scores are most highly correlated with %
sand, % clay, median phi size and sorting coefficient. The first
three of these sediment variables are inversely related to high
station scores on the second ALSCAL dimension, as indicated by the
difference in sign. Conversely, the sorting coefficient is directly
related to high station scores on MDS2. The stations having the

highest scores on MDS2 belong largely to cluster Group B. As



indicated by discriminant function analysis, a complex interaction of
several factors contributes to the transitional quality of these
stations. The details of the two analyses differ, however. Thus, in
the case of canonical correlation analysis, Group B is distinguished
by its relatively low % sand composition with Group C. In both
analyses, however, high sorting coefficient is diagnostic in the
separation of transitional site groups from those belonging to either

of the more extreme habitat types.

b) SQUASH I Coordinates vs. Sediment Variables. A second

canonical correlation analysis was performed in an attempt to relate
station coordinates on the first two reciprocal averaging axes
generated by the SQUASH I ordination, to the 12 measured sediment
variables. The first pair of canonical variates accounts for greater
than 81% (uj2 = 0.81682) of the variance shared by the two sets of
variables (Table 14). A highly significant (¢< 0.001) canonical
correlation of 0.90378 implies the existence of a strong linear
relationship between the SQUASH I scores and the sediment variables.
The canonical variate coefficients indicate that the first axis
(SQI(1)) makes a larger contribution to the derivation of the first
canonical variate, although, the contribution of the second axis
(sQ1(2)) is, by no means, negligible (6= 34.07°). The sediment
variables having the highest loadings on the first canonical variate
and, consequently, accounting for the greatest proportion of the
common variance, are % sand, median phi size and depth. The first two

parameters are negatively correlated, while depth is positively
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TABLE 14

CANONICAL CORRELATION ANALYSIS 2:
SEDIMENT VARIABLES VS. RECIPROCAL
AVERAGING SCORES (SQUASH I)

Canonical Eigengalue Canonical Wilk's Bartlett's D.F. Significance
Variate (uj) Correlation Lambda Chi-Square (o)
(ujy) (A) Approximation
(V)
1* 0.81682 0.90378 0.12166 226.47412 24 0.000
2% 0.33583 0.57951 0.66417 51.76576 11 0.000
*Denotes significance at the (o = 0.05) level

STANDARDIZED CANONICAL VARIATE

COEFFICIENTS
Variable Set 1: Canonical Variate 1 Canonical Variate 2
Sediment Variables (CANVAR 1) (CANVAR 2)
Depth 0.31426 0.60511
Organic Carbon 0.04190 -1.13275
Percent Sand -1.70677 -12.36719
(% fine sand) 0.03921 0.19642
(% medium sand) 0.05024 -0.12810
(% coarse sand) -0.11782 -0.19592
Percent Silt -0.25672 -10.38057
Percent Clay 0.01923 -1.80947
Median Phi Size -0.82911 -1.45943
Skewness -0.02046 -0.34946
Kurtosis 0.10316 0.00140
Sorting Coefficient 0.12269 0.61106
Variable Set 2: Canonical Variate 1 Canonical Variate 2
RECIPRAVE Coordinates (CANVAR 1) (CANVAR 2)
SQI(1) 0.71359 0.80854

SQI(2) -0.48264 0.96437
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correlated, with high station scores on the first canonical variate.
The plot of stations in RECIPRAVE ordination space (see Figure 16)
clarifies this relationship. A gradient ranging from shallow sand
stations having a larger median grain size (smaller ¢ ) to deeper muddy
sand and mud stations having a smaller median grain size (larger ¢),
is reproduced along a diagonal from the upper left-hand corner to the
lower right-hand corner of the two-dimensional ordination space. This
diagonal corresponds in direction to that of the first canonical

variate, CANVAR 1, (see Figure 26c¢).

The second pair of canonical variates accounts for somewhat less
(uj2 = 0.34129) of the shared variance, yet represents a highly
significant (@<0.001) correlation between the two sets of variables.
In this instance, the contributions made by the scores on the first
and second ordination axes to the derivation of the canonical variate,
are approximately equal (® = 50.02°). The sediment variables weighted
most heavily on the second canonical variate are 7% sand, % silt,
sorting coefficient, and depth. The first two parameters are
negatively correlated, while the latter two are positively correlated,

‘

with high station scores on CANVAR 2. This vectorial combination of
sediment variables, together with the presence or absence of oyster
shell and hydroids, describes a gradient of microhabitat complexity
ranging from the less complex sand, transitional, and mud habitats
having relatively low scores on CANVAR 2, to the more complex muddy
sand and mud habitats (site groups 4 and 12, respectively) having high

scores on CANVAR 2.



c) SQUASH II Coordinates vs. Sediment Variables. A third

canonical correlation analysis was performed in an attempt to relate
station group coordinates on the first two axes generated by the
SQUASH II ordination, to the 12 measured sediment variables. These
results are summarized in Table 15. The first pair of canonical
variates accounts for 100%Z of the variance shared by the two sets of
variables along the dimension described by CANVAR 1. The canonical
variate coefficients indicate that both axes SQII(1l) and SQII(2) make
significant contributions to the derivation of the first canonical
variate ( 6= 56.22°), although the contribution of the second axis is
greater. The sediment variables having the highest loadings on the
first canonical variate and, consequently, accounting for the greatest
proportion of the common variance in this direc;ion, are % sand, %
silt and median phi size. The first two parame£ers are negatively
correlated, while the third is positively correlated, with high
station scores on CANVAR.1. The plot of station groups in RECIPRAVE
ordination space clarifies this relationship (see Figure 18). The
gradient of microhabitat complexity corresponding to the second
canonical variate generated by the SQUASH I correlation analysis
(Figure 26d) is essentially reproduced along the first canonical
variate generated by the current analysis (see Figure 26e), although
the polarity of the gradient has been shifted c. 96° in a clockwise
direction. Consequently, the less complex sand, transitional and mud
station groups appear in the upper left-hand corner, while the more
complex muddy sand and mud station groups appear in the lower

right-hand corner of the two-dimensional ordination space.

120



TABLE 15

CANONICAL CORRELATION ANALYSIS 3:
SEDIMENT VARIABLES VS. RECIPROCAL
AVERAGING SCORES (SQUASH II)

121

Canonical Eigen&alue Canonical Wilk's Bartlett's D.F. Significance
Variate (u3) Correlation Lambda Chi-Square (@)
(u:) () Approximation
J V)
1% 1.00000 1.00000 0.00000 9999.00000 24 0.000
2% 1.00000 1.00000 0.00000 58.22435 11 0.000
*Denotes significance at the (0@ = 0.05) level
STANDARDIZED CANONICAL VARIATE
COEFFICIENTS
Variable Set 1: Canonical Variate 1 Canonical Variate 2
Sediment Variables (CANVAR 1) (CANVAR 2)
Depth -2.46411 0.65073
Organic Carbon 1.32971 0.40119
Percent Sand -73.54184 -3.59177
(% fine sand) 1.08272 0.25542
(% medium sand) -1.48357 0.09033
(% coarse sand) 0.78495 -0.65906
Percent Silt -72.49178 -4.40175
Percent Clay -7.97026 0.03241
Median Phi Size 6.98922 0.25608
Sorting Coefficient -1.92311 0.29097
Skewness 0.14586 -0.63406
**Kurtosis 0.00000 0.00000

*%Rurtosis is a linear combination of preceding variables

Variable Set 2: Canonical Variate 1 Canonical Variate 2
RECIPRAVE Coordinates (CANVAR 1) (CANVAR 2)
SQII(1) 0.56969 0.82348
SQII(2) -0.85179 0.52643




The second pair of canonical variates also accounts for 100% of
the variance shared by the two sets of variables but, in this
instance, along the dimension described by CANVAR 2 (see Figure 26f).
As in the derivation of the first canonical variate, both ordination
axes, SQII(1l) and SQII(2), make significant contributions to the
derivation of the second canonical variate; however, in this case,
axis 1 makes the larger contribution (6= 32.59°). The sediment
variables having the highest loadings on the second canonical variate
are % silt, % sand and depth. The first two parameters are negatively
correlated, while the third is positively correlated, with high
station group scores on CANVAR 2. Reference to the plot of station
groups in RECIPRAVE ordination space (see Figure 18) reveals that the
depth/sediment gradient corresponding to that described by the first
canonical variate generated by the SQUASH I correlation analysis
(Figure 26c), is roughly approximated by the second canonical variate
generated in the current analysis (Figure 26f). The polarity of the
gradient has been shifted c. 67° in a counterclockwise direction,
however. Consequently, the relatively shallow sand and muddy sand
station groups (site groups 1 through 4) having low scores on CANVAR
2, are situated in the lower left-hand corner, while the deeper
transitional and mud station groups (site groups 5 through 13) having
high scores on CANVAR 2, are situated in the upper right-hand corner

of the two-dimensional ordination space.
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DISCUSSION

Patterns of Primary and Secondary Diversity. A species whose

distribution is controlled mainly by physical factors is known as a
"primary species'" and, as such, contributes to the "primary diversity"
of its community (Gray, 1974). The most obvious pattern which emerges
from this study, regardless of sampling design or method of analysis,
is one of a fauna whose component species distributions are controlled
largely by substrate affinities. This is especially true of those
species which are restricted to the sand and muddy sand stations

(Gemma gemma, Mercenaria mercenaria, Clymenella torquata, Scolelepis

squamata, Spiochaetopterus oculatus, Spiophanes bombyx, and Ampelisca
verrilli), and those species which are epifaunal on oyster shell or

hydroids (Diadumene leucolena, Molgula manhattensis, Hydroides

dianthus, Polycirrus eximius, Sabella microphthalma, Sabellaria

vulgaris, Erichthonius brasiliensis, Gammarus mucronatus, Melita

nitida, Caprella penantis and Paracaprella tenuis).

Exceptions to this pattern are exemplified by some of the most
abundant and ubiquitous species found in the lower York River and in
the Chesapeake Bay as a whole. These include the gastropod, Acteocina

canaliculata, and the polychaete annelids, Nereis succinea,

Paraprionospio pinnata, Pseudeurythoe sp. and Sigambra tentaculata.

These species were found in all sediment regimes and together
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accounted for more than 35% of the collection total. None was found
at fewer than 64 stations, or 47% of the 135 stations samples; while,
P. pinnata, the top-ranking numerical dominant, occurred at 119, or

88% of the total number of stations sampled.

Finally, several other species occurred in a variety of habitats,
but were obviously more common or abundant within a particular
sediment regime. These include the sand-associated species (Phoronis

spp., Ampelisca abdita, Edwardsia elegans, Heteromastus filiformis,

Glycera dibranchiata, and Glycinde solitaria), and the muddy

sand-associated species (Ancistrosyllis jonesi, Gyptis vittata, Eteone

heteropoda, Loimia medusa, Cistena gouldi, Harmothoe extenuata,

Corophium tuberculatum, Edotea triloba, Sarsiella texana, Sarsiella

zostericola, and Micropholis atra. These patterns of distribution

with respect to sediment type are remarkably similar to those
described by Boesch (1973) for the macrobenthos of Hampton Roads,

Virginia.

Several researchers have observed that suspension feeding
organisms are often dominant in well-sorted, fine-grain deposits and
decrease in abundance as the silt-clay content increases (Sanders,
1958; Bloom, Simon and Hunter, 1972; Eagle, 1975). This trend 1is
generally attributed to the physical instability of muddy substrates—-
a condition which is aggravated by the burrowing activities of deposit
feeders. Such instability can effectively exclude suspension feeders

by clogging their filtefing apparatus, resuspending and burying newly

settled larvae, and discouraging larval settlement in the first place



(Gray, 1974). This antagonistic interaction between deposit feeders
and suspension feeders is commonly referred to as 'trophic group

amensalism'" (Rhoads and Young, 1970).

Despite expectations based on these findings, the species
distributions observed in this study are not readily explained by
differences in feeding type. Animals representative of a variety of
feeding types co-occurred throughout the sampling area. Furthermore,
the predominant mode of nutrition was deposit feeding in both the sand
and the mud regimes (although carnivores predominated at the muddy
sand stations). Among the 65 most frequently found species, 25 were
cited in the literature as being primarily deposit feeders, while 20
were cited as carnivores and only 14 as suspension feeders. Among
these 59 species, 21 were cited as displaying alternate types of
feeding behavior as well (see Appendix 4). Thus, as Boesch (1973)
observed in his study of benthic community structure in the Hampton
Roads area, ''generalizations based on broad feeding-type categories
suffer because they are imprecise descriptions of feeding behavior and
because of the considerable feeding plasticity of many benthic

animals".

More recent evidence suggests that life style and relative
mobility may be at least as important as feeding type, per se, in
limiting the distributions of certain species (Young and Rhoads, 1971;
Jumars and Fauchald, 1977; Biernbaum, 1979). 1In a study of benthic
amphipod distributions in Fishers Island Sound, Connecticut, Biernbaum

(1979) noted a decrease in the proportion of infaunal tube-dwellers
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and a corresponding increase in the proportion of burrowing and
epifaunal species as sediments changed from fine-textured to
coarse-textured sands. This trend became even more pronounced in
winter as sediment instability attributable to wave scour increased at
the shallower depths due to winter winds. Jumars and Fauchald (1977)
have observed a similar phenomenon among polychaetes and hypothesize
that the increase in number of sessile species (both suspension
feeding and deposit feeding) from shallow to moderate depths (c. 400
meters) may be ascribed to a concommitant decrease in the intensity

and frequency of disturbance.

In a generally quiescent estuarine environment, however, wave
scour is rarely a controlling factor. Here, sediment instability is
more pronounced in sublittoral muds where tidal resuspension of clay
and silt-size particles may be exacerbated by the burrowing activities
of deposit-feeding organisms. Under these circumstances, sessile and
discretely motile species which must maintain contact with the
sediment-water interface, may be at a distinct disadvantage unless
they have evolved morphological or behavioral adapfations which germit
them to remain near the surface (Thayer, 1975); or they co-occur with
tubiculous species which serve to stabilize the sediments (Young and

Rhoads, 1971).

In light of these findings, the suspension feeders found in this
study may be categorized as follows: 1) those which are largely
restricted to sandy sediments (e.g., G. gemma and M. mercenaria); 2)

those which are ubiquitous but are more common in sandy sediments and
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are, themselves, tubiculous (e.g., Phoronis spp.); 3) those which
occur in muddy sediments, but have morphological or behavioral.
adaptations which enable them to maintain contact with the
sediment/water interface and regulate the influx of particulate matter
(e.g., M. lateralis); and 4) those which occur in a variety of
sediment regimes but are epifaunal on hydroids and oyster shells

(e.g., H. dianthus, M. manhattensis, S. vulgaris, E. brasiliensis, A.

transversa and C. penantis).

Thus, the seemingly anomalous distribution of suspension-feeding
organisms is not so inexplicable when one considers their life styles,
morphologies and relative mobilities, as well as the life styles and
relative mobilities of the species with which they co-occur. Finally,
in support of the "trophic group amensalism'" hypothesis, suspension
feeders do seem to be effectively excluded from those muddy sediments
where there is a paucity of sessile and discretely motile deposit
feeders and a predominance of highly motile deposit feeders and

carnivores.

Implicit in this discussion is the notion that certain species
control the distribution of others. The latter are known as
"secondary species" and, as such, contribute to the '"secondary
diversity'" of their communities (Gray, 1974). This type of diversity

is best exemplified in this study by the amphipods L. clymenellae and

L. barnardi. These species are commensal with, and consequently
dependent on, the distribution of the tubiculous polychaetes C.

torquata and A. ornata (or L. medusa), respectively. In a more



general sense, tubiculous species such as A. abdita and C. torquata
may foster secondary diversity by stabilizing muddy sediments, thereby
rendering an otherwise hostile environment suitable for colonization
by suspension feeding organisms. The topographic relief resulting
from the production of fecal mounds by the latter species may also
stimulate an increase in the secondary diversity of a community. This

is more appropriately discussed in the following section.

The Roles of Spatial Heterogeneity and Environmental Constancy.

Terrestrial ecologists were among the first to demonstrate the
importance of structural complexity in determining the species
diversity of habitat. Thus, McArthur (1965) noted an increase in
species richness among birds as the structural complexity of the
vegetation increased. This phenomenon is generally attributed to the

wider range of available niches in a more heterogeneous environment.

Similar findings have been reported by a number of benthic
ecologists (Holme, 1950; Craig and Jones, 1966; Day, Field and
Montgomery, 1971). The environmental parameter most often associated
with structural complexity in the soft-bottomed sublittoral zone is
grain-size composition (Gray, 1974). A comparison of data on infaunal
distributions in the European boreal region revealed a pattern of low
diversity in the coarsest sediments (i.e., gravel); higher diversity
in "medium-grade" sediments (i.e, sand); and lowest diversity in mud.
Furthermore, the highest diversities occurred in mixed sediments
(i.e., poorly sorted) composed of muddy sand (Gray, 1974). It was

concluded that sediment heterogeneity led to increased species
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diversity and, furthermore, that the sorting coefficient was a better

indicator of structural complexity than median grain size.

The results of this study corroborate these findings. The
highest diversities occurred at muddy sand stations, with somewhat
lower diversities at the more homogeneous sand and transitional
stations and, the lowest diversities in mud. These trends in
diversity were coincident with changes in species richness, rather
than species evenness. Both discriminant function and canonical
correlation analyses suggested that grain-size composition (i.e.,
percent composition of sand and silt) and degree of sorting were among
the most important sediment parameters related to faunal distributions

throughout the sampling area.

Nevertheless, the most easily measured enviromnmental variables
are not necessarily the only, or even the most important ones, in
determining species distributions. Conceivably, the more variable
temperatures and salinities at the shallower sand stations may be at
least partially responsible for the somewhat lower diversity here as
compared with the deeper muddy sand stations. Proceeding along the
depth gradient, this increase in environmental constancy is eventually

f
offset, however, by a coincident decrease in dissolved oxygen
concentrations as a consequence of the greater organic carbon content,
limited penetration of light, and isolation of the water column below
the pycnocline. This, in turn, may contribute to the trend toward

even lower diversity at the deeper mud stations where the shallower

depth of the redox discontinuity layer may effectively reduce spatial
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heterogeneity by decreasing the available living space for aerobic

infauna.

In some instances, spatial heterogeneity may be traced to
biogenic sources. The topographic relief of muddy sediments may be
enhanced by the reworking activities of selective deposit feeders such
as C. torquata and C. gouldii. The fecal mounds formed at the
posterior ends of their tubes may foster the growth of microorganisms
and provide a relatively stable surface for suspension-feeding
organisms in much the same way as that described for the holothurian,
M. oolitica, in Cape Cod Bay (Rhoads and Young, 1971). 1In this study,
the occurrence of large fragments of oyster shell and hydroids at
muddy sand stations further increased the structural complexity of
these habitats, providing a variety of microhabitats for both sessile

and motile epifaunal species.

Evidence for Petroleum Hydrocarbon Contamination of the Sediments

and Its Effects on the Benthos. Gas chromatographic analyses revealed

that, among 19 sediment samples taken from stations both near to and
distant from the refinery, 13 showed evidence of contamination by
petroleum hydrocarbons. However, except for a single occurrence of C.
capitata (49 individuals) at station L1, the fauna at these 13

stations did not differ markedly from that found at other stations
within comparable sediment regimes. Furthermore, while average values
for H' were generally lower in the refinery stratum than they were in
either the upestuary or the downestuary stratum, these differences were

not invariably significant. The results of this study, then, suggest
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that routine operations at the Amoco refinery have not had drastic or

very extensive effects on the benthos.

The classic responses of species number, abundance and biomass to
gradients of organic enrichment have been summarized by Pearson and
Rosenberg (1978) in so-called "SAB" (species/abundance/biomass)
curves. These are presented in modified form and contrasted with
curves derived from species data for stations L1 through V1 in the
first row of sampling grid (see Figure 28). The relationship between
abundance and biomass in the Pearson-Rosenberg model is premissed on
the following assumption: proceeding away from a source of organic
input, large numbers of a few, relatively small, opportunistic species
will gradually be replaced by smaller numbers, but a greater variety
of relatively large, less opportunistic species. Consequently, trends

in abundance and biomass should vary inversely with one another.

As Gray (in press) notes, however, this assumption is based on
changes which occurred in response to high inputs of organic matter
and, thus, "represent end-points in the decline of the communities".
Under conditions of slight pollution, however, the species which Gray
found to increase in abundance were the so-called '"middle-order"
species. These are species which are naturally occurring but
supdominant constituents of the unstressed community. Under these
circumstances, one would expect trends in abundance to vary directly
with trends in biomass, since the same species are responsible for

changes in both parameters.
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Figure 28. Number of species (S), total abundance (A) and
abundance of Spiochaetopterus oculatus for each
station in the first row of the sampling grid
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Unlike the abundance curve taken from the Pearson—-Rosenberg
model, the derived abundance curve displays no apparent ''peak of
opportunists" (point PO) coinciding with low species numbers.
Stations having the highest macrofaunal abundances are also
characterized by high species numbers. In fact, the shape of the
derived abundance curve more closely approximates that of the
predicted biomass curve, which is exactly what one would expect under
conditions of slight pollution if, indeed, Gray's predictions

concerning '"middle-order' species are correct.

Closer inspection of individual species response patterns reveals

that the '"middle-order" polychaete Spiochaetopterus oculatus is

largely responsible for the two peaks of abundance on either side of
the outfall at stations Il and 0l. Interestingly, both field studies
(Bender et al., 1974) and laboratory bioassays (Hyland, 1973) indicate
that S. oculatus is particularly susceptible to the toxic effects of
petroleum oils. This suggests that moderate increases in the
abundance of this species may represent an initial response to organic
enrichment of the sediments and, as such, may constitute a sensitive

indicator of slight pollution.

In summary, it appears that the portion of the Pearson-Rosenberg
model to the left of the "ecotone point" is not generally applicable
to cases of slight pollution where inputs of organic matter are
insufficient to generate a ''peak of opportunists'. Station L1, then,
more closely represents the "ecotone point'" where macrofaunal

abundances and species richness are low in comparison with stations on
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either side of the outfall. These latter sites constitute a
"transition zone' where ''organic enrichment of the sediments is
sufficient to‘produce a rich food source but not yet high enough to
cause serious oxygen depletion'" (Pearson and Rosenberg, 1978). The
observed pattern of increased species richness and higher macrofaunal
abundances, especially of "middle-order" speéies, is a consequence of

this "biostimulation'" phenomenon.

Finally, it should be noted that, despite an increase in species
richness, the 'transition zone'" is characterized by relatively low
values of H'. This is a consequence of low species evenness (J')
attributable to the numerical dominance by a few '"'middle-order"

species which apparently thrive under conditions of slight pollution.

Comparison of Sampling Designs. A preliminary comparison of

sampling designs, employing Jaccard's coefficient of community
revealed that the comprehensive grid design was the only one, among
the five sampling designs considered, which included all 124 species
collected. The species which were eliminated in the one-way and
two-way stratified random designs, and in the transect design, were,
for the most part, those relatively rare species whose seemingly
random distributions were not readily amenable to ecological
interpretation, in any event. The species which were eliminated in
the 8-station design, however, included several epifaunal species
whose sporadic occurrence in large numbers was associated with the
patchy distribution of oyster shell and hydroids. Some of these were

numerical dominants in their respective communities. The inclusion of
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such species would seem to constitute a reasonable minimum standard of
acceptability for any study purporting to examine macrobenthic
community structure. Thus, it would seem that the transect design
represents the lower limit of adequate sampling effort in a short-term

study such as this one.

Obviously, there exists a close relationship between one's
sampling design and the level of sampling effort required to determine
individual species response patterns, as well as broad-scale trends in
community structure. The results of normal and inverse cluster
analyses suggest that fewer samples are necessary to insure the
detection of these trends when one's sampling design accounts for as
many sources of variation in the environment as one can anticipate. A
lower limit to the required number of samples is approached, however,
when unanticipated sources of variation play an important role, as
well. Thus, the comprehensive grid design, while fully describing all
five habitat types, was less efficient than either the transect or
two-way stratified random designs because no a priori assumptions were
made regarding those factors thought to control species distributions.
Consequently, most habitats were over-sampled. Conversely, the
inadequacy of the 8-station design is a consequence of the tacit
assumption that all variation can be explained in terms of sediment
type or distance from the refinery. In effect, the excessively small
sample size precluded the detection of important within-habitat
differences, e.g., those resulting from the patchy distribution of

solid substrates or, the sporadic occurrence of petroleum hydrocarbon
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contamination. Thus, the less rigid constraint that at least some of
the variation in species distributions can be attributed to sediment
type or distance from the refinery, accounts for the relative success

of the transect and two-way stratified random designs.

In summary, it may be stated that the appropriateness of a given
sampling design is largely dependent on the investigator's objectives
in conducting a particular field study. Obviously, if one's goal is
to compile a comprehensive inventory of all species present, only the
most intensive sampling regime will suffice. This is exemplified in
this study by the grid design. Furthermore, as Green (1979) notes,
the most powerful argument for a large sample size is that most
statistical techniques with rigid distributional assumptions tend to
be more reliable when applied to large data sets. This is a simple

consequence of the Central Limit Theorem (Snedecor and Cochran, 1967).

If, on the other hand, one is concerned with minimizing one's
sampling effort while achieving a specified level of accuracy, one
might very well be willing to sacrifice the inclusion of some of the
less common species. In this instance, either the transect or two-way
stratified random design would be most appropriate. It should be
noted, however, that the very rarity of certain species may, in fact,
be more significant than the occurrence of others in comparatively
large numbers-— especially if one is interested in the adverse effects
of pollution. Nevertheless, the difficulties inherent in trying to
demonstrate statistically significant differences in species response

patterns, with so few individuals, are great. It may be concluded,
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then, that while rare species may indeed be ecologically important
indicators of pollution, the information gained from their inclusion
in community structure analyses does not warrant the excessive
sampling effort required to guarantee an accurate assessment of their

abundance and distribution.

Finally, it should be noted that sampling designs such as the
transect and two-way stratified random designs are particularly
appropriate to the study of environmental impacts because they allow-
for crucial within—-habitat comparisons of the fauna near to and
distant from the pollution source. In essence, these designs
eliminate the background '"noise'" of natural variation in the
environment which precludes the detection of more subtle trends

related to the effects of pollution.

Comparison of Statistical Techniques. Broad trends in community

structure related to sediment type and spatial heterogeneity were
adequately represented by both classification and ordination
techniques. Discriminant function and canonical correlation analyses
were especially helpful in identifying those abiotic parameters which
seemed to account for the observed distribution of species along these
gradieﬁts. As Hughes and Thomas (1971a) note, however, the selection
of environmental variables for inclusion in these analyses is,
necessarily, based on subjective preconceptions and methodological
limitations. Consequently, other factors which were also important

but less obvious or less easily measured, may have been ignored.
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With respect to the two ordination techniques, the major
environmental gradient (i.e., that related to sediment type) was more
clearly represented in the nonmetric multidimensional scaling
ordination. Interpretation was more difficult, however, since species
and site ordinations are not directly comparable as they are in
reciprocal averaging ordinations. Neither technique was completely
successful in representing this gradient as a straight line. In the
case of reciprocal averaging, the archlike distortion ('"horseshoe
effect'") is a consequence of the inherent assumption in its algorithm
of a linear species response to environmental variation; while, in the
case of nonmetric multidimensioral scaling, this distortion is a
result of using a nonmetric resemblance measure (Bray-Curtis), ‘i.e.,

one which does not obey the triangular inequality (Fasham, 1977).

Unlike either reciprocal averaging or cluster analysis, nonmetric
multidimensional scaling failed to distinguish those stations
characterized by an attached epifaunal community. This is a
consequence of the fact that the latter technique is apparently less
prone to the type of distortion caused by partially disjunct data
sets, 1.e., those characterized by at least one group of samples
sharing a distinct faunal assemblage, but also having a few species
which it shares in common with other groups of samples. Ironically,
the insensitivity of certain ordination techniques to partial
disjunction'is cited as an advantage (Gauch et al., 1977) and, indeed,
it is so, if one's only concern is with detecting trends in species

distributions related to the major environmental gradients. However,



when other factors, such as the patchy distribution of oyster shell or
the sporadic occurrence of petroleum hydrocarbon contamination, are
also important in determining the faunal composition of a habitat,
then this insensitivity is not necessarily an asset. Similarly, the
distortion of major environmental gradients caused by 'type a" and
"type b" outliers,:i.e., moderately deviant samples from atypical
habitats and strongly deviant samples from disturbed sites,
respectively'(Gauch et al., 1977), may also be ecologically
significant. Thus, both classification and reciprocal averaging
ordination techniques would seem to be more appropriate than nonmetric
multidimensional scaling when, in the words of Williams and Lance
(1968), 'the population of elements can most profitably be regarded as

comprising an unknown number of partly-dissociated sub-populations'.

Neverthelgss, all multivariate techniques were apparently less
successful in detecting the more subtle within-habitat differences
related to the effects of pollution than they were in detecting the
more obvious between-habitat differences related to sediment type and
spatial heterogeneity. This was the case even when stations belonging
to each of the three major habitat types (sand, transitional and mud)
were ordinated separately. Among the 66 species included in the
edited species list, the single occurrence of C. capitata at station
Ll was the only qualitative difference in species composition which
could possibly be related to the effects of pollution. It was
discovered, however, that simply plotting the values for species

number, total abundance and, in particular, the abundances of
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"middle-order'" species such as S. oculatus along the first row of the
sampling grid suggested that there may, in fact, be a detectable
gradient of organic enrichment emanating from the refinery and,
furthermore, that its effects on the benthos are manifested primarily

in quantitative, rather than qualitative differences in species

composition.

An Ecological Overview. This study has demonstrated differences

in the composition of the macrobenthos between areas near to and
distant from the Amoco refinery. The obvious implication is that
routine operations at this facility are somehow responsible for the
observed differences in community structure, although convincing
evidence in terms of high total hydrocarbon levels in the sediments is
lacking. These subtle variations gain import, however, when one
appreciates the difficulties inherent in trying to demonstrate
low-level impacts on an already oxygen-stressed system. In the
interests of preserving a valuable resource, the very nature of the
estuarine environment and its constituent fauna demand that these

subtle effects not be underestimated.

Benthic communities are known to be an essential component of any
estuarine ecosystem. The benthic fauna constitute a major food source
for both commercial and sport finfish and, furthermore, play a vital
role in the oxygen dynamics and nutrient cycling of the system
(Roberts et al., 1975). The latter is especially true of such

"conveyor belt'" deposit feeders as Clymenella torquata and Cistena

gouldii. In addition to making otherwise inaccessible nutrients
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available to surface deposit feeding and suspension feeding organisms,
the activities of these and other bioturbating species may increase
the depth of oxygen penetration into the sediments by as much as 20 to
30 cm (Rhoads, 1974). Since the oxygen supply is often the
rate-controlling factor in the degradation of oil in muddy sediments,
the importance of these organisms in maintaining a healthy environment

bears serious consideration.

Sediment working by the deposit—feeding polychaete Arenicola
marina has been demonstrated to increase the weathering rate of
sediment-bound o0il in laboratory experiments (Gordon et al., 1978;
Prouse and Gordon, 1976). Hydrocarbon concentrations were
substantially lower (17-72%) in worm casts than in the initial
sediments. Bioturbation by such organisms is thought to stimulate the
growth of microorganisms, many of which are known to be capable of
metabolizing petroleum hydrocarbons (Lee, 1976; Butler and Levy,
1978). Hylleberg (1975) reported the occurrence of higher
concentrations of microbes in sand at the bottom of the headshaft of
another species of lugworm. It was speculated that the presence of
nutrients in the reduced sediments and of oxygen in the irrigation
water stimulated their growth. It was further suggested that

microbial growth was stimulated by excretions from the worm.

In addition to aerating the sediments and fostering microbial
growth, benthic meiofauna and macrofauna may contribute directly to
the degradation of petroleum hydrocarbons through the induction of AHH

(aryl hydrocarbon hydroxylase) activity (Lee, 1976). This
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detoxification system converts lipid-soluble xenobiotics into
water-soluble compounds, thus facilitating their metabolism and
discharge. Calanoid copepods, and presumably harpacticoid copepods as
well, are known to possess hydrocarbon-degrading systems (Lee, 1975).

The commercially important blue crab, Callinectes sapidus, is able to

metabolize hydrocarbons taken from either food or water (Lee et al.,

1976). Cell-free extracts of Capitella capitata have AHH activity and

living animals are able to take up benz(a)anthracene from the
sediment, with subsequent metabolism of this compound to
5,6=dihydro-5,6-dihydroxbenz(a)anthracene (Lee, 1976). The same

metabolite is produced by the polychaetes Nereis succinea and Nereis

virens when individuals of these species are exposed to sediments
containing benz(a)anthracene (Lee et al., 1976). Finally, Rossi and
Anderson (1977) have demonstrated the uptake of detritus-bound

methylnaphthalene by the polychaete Neanthes arenaceodentata, followed

by rapid discharge of this compound and its metabolites.

Clearly, benthic organisms are essential to the maintenance of a
healthy biotic balance in the estuarine ecosystem. The evidence cited
above suggests that they may also be important, both directly and
indirectly, in the restoration of polluted environments to their
former pristine condition. Nevertheless, the ability of these
organisms to contribute to this process of recovery through the
-degradation of petroleum hydrocarbons, is almost invariably dependent
on the presence of oxygen. The only exceptions to this rule are a few

species of anaerobic bacteria (notably, the sulfate-reducing bacteria,
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Desulfovibrio) which, in fact, contribute little to the weathering
rate of oil (Lee, 1976). 1In light of the fact that bottom waters in
the lower York River often violate Virginia State Water Control Board
standards for dissolved oxygen concentrations (Jordan et al., 1974),
the additional impact from even moderate inputs of organic matter

could be substantial.

As Odum (1970) observed, "all of the factors which enable an
estuary to concentrate and recycle nutrients also allow the estuary to
become a pollution sink'. Recent evidence indicates a general
deterioration of conditions in the léwer York River and in the
Chesapeake Bay as a whole (Roberts et al., 1975). This phenomenon has
been related to a variety of both natural and man-induced
perturbations. Oyster populations have declined in recent years,
Perhaps related to this, are tﬁe longer duration and greater frequency
of occurrence of dinoflagellate blooms ('"red tides"). The latter have
been attributed to increased nutrient loads from both point and
nonpoint sources. While these blooms are not thought to produce toxic
substances, they can produce local oxygen depletion and may smother
extensive areas of the benthos. Furthermore, since the major
constituents of these blooms are not suitable food for oysters, the
growth of this commercially important species is depressed during

bloom periods (Roberts et al., 1975).

The relatively recent decimation of eelgrass populations in the
Chesapeake Bay and its tributaries has been variously ascribed to

climatic changes, uprooting by cownosed rays, and the lowered salinity
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and increased turbidity following Tropical Storm Agnes in 1972
(Roberts et al., 1975). In particular, Orth (197%) has documented a
drastic decline in the number of eelgrass beds in the lower York
River, especially near the refinery. The elimination of rooted
aquatics has, in turn, left more nutrients available to the

trophically undesirable blue-green algae.

Finally, several species previously dominant in muddy sediments

of the lower York River (notably, the polychaetes, Nephtys incisa and

Cirriformia grandis; the anemone, Edwardsia elegans; the ophiuroid,

Micropholis atra; and the decapod, Ogyrides limicola) are now

relatively rare. These have been replaced, to a large extent, by a
few eurytolerant opportunists, including the polychaetes

Paraprionospio pinnata, Heteromastus filiformis, Glycinde solitaria

and Pseudeurythoe paucibranchiata. Most of these species are usually

more abundant in lower salinity, polluted or disturbed habitats

(Boesch et al., 1976).

It is now commonly thought that estuarine organisms are both more
resistant to, and more resilient in face of perturbation than their
marine counterparts (Boesch and Rosenberg, in press). This seems to
be true regardless of whether the perturbation is induced by natural
phenomena or human activity. Adaptations to the highly variable and
often stressful environment in which they live range from simple

tolerance to local oxygen depletion (e.g., G. dibranchiata), to

"flexible" reproductive strategies incorporating both brood protection

and pelagic dispersal (e.g., C. capitata). The former would clearly
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be advantageous in any oxygen-stressed system, while the latter would
allow for short-term selection of locally adaptive traits, as well as
for rapid colonization of new habitats (Grassle and Grassle, 1974).
Several other estuarine organisms may have more specific physiological
adaptations for the metabolism of foreign substances (xenobiotics)
(e.g., N. succinea). This has already been discussed in the context
of petroleum hydrocarbon degradation. In conclusion, considering the
remarkable ability of these organisms to tolerate adverse conditions,
even such subtle changes in their community structure as those
demonstrated in this study, could forebode a more drastic decline in

the estuarine ecosystem.as a whole.
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Field Observations* and Composition of the Coarse (3 2 mm) Fraction
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APPENDIX 3
Total o | |- = it
No. Pl | | S (T
TAXON ‘Individ.| © 2 wn B~ o
Cnidaria (Class: Anthozoa)
Edwardsia elegans Verrill 47 +. |+ ]+ | + |+
Haloclava producta (Stimpson) 1 VA A B ¢ I
Diadumene leucolena (Verrill) 93 + | + | + / +
Platyhelminthes (Class: Turbellaria)
Turbellaria sp. (unid.) 31 + | + + + | +
Nemertinea
Carinomidae sp. (unid.). 52 + |+ |+ +]| /
Cerebratulus sp. (unid.) 38 + |+ + |+ /
Annelida (Class: Polychaeta)
Harmothoe extenuata (Grube) 39 + |+ + ] + +
Lepidametria commensalis Webster 42 + + + + +
Lepidonotus sublevis Verrill 10 /| /t+1 /| O
Paleonotus heteroseta Hartman 2 /1 /70| /
Eteone heteropoda Hartman 37 + | + | + + +
Eumida sanguinea Oersted 1 /ot /}t/1]O0
Phyllodoce arenae Webster 11 + + + + +
Gyptis vittata (Webster and Benedict) 110 + |+ +] +] +
Ancistrosyllis jonesi Pettibomne 62 + | + + | + +
Sigambra tentaculata (Treadwell) 401 + | + ] +( + ]+
Nereis succinea (Frey and Leuckart) 1796 + |+ + + +
Nephtys picta Ehlers 1 VA N Y A B ¢ B
Glycera dibranchiata Ehlers 169 + |+ +| +] +
Glycinde solitaria (Webster) 626 + + 1 + | + +
Capitella capitata ((Fabricius) 49 + 0 + | + 0
Heteromastus filiformis (Claparede) 1216 + ] +1 +] +| +
Clymenella torquata (Leidy) 56 +1 +] +1 +| +
Polydora 1ligni Webster 45 +| +| + / +
Paraprionospio pinnata (Ehlers) 4629 + ! +] +} +] +
Scolecolepides viridis (Verrill) 24 /I /1 /) /{0
Scolelepis squamata (Muller) 443 +| + +]| +] +
Spio setosa (Verrill) 2 / / / 0] O
Spiophanes bombyx (Claparede) 15 +1 +| +] +] +
Streblospio benedicti Webster 68 + + + +| +
Spiochaetopterus oculatus Webster 2162 +| +| +] +| +
Sabellaria vulgaris Verrill 1515 +| +] +| +] +
Diopatra cuprea (Bosc) 7 /Y /)y /) /)10
Lumbrineris tenuis (Verrill) 1 /ol /] /] O
Drilonereis sp. (unid.) 1 / / ol 0| O
Pseudeurythoe paucibranchiata 456 +| +| +| +{ +
Tharyx setigera Hartman 193 +| + +{ + +
Cistena gouldi (Verrill) 207 +| +| +| +! +
Melinna maculata (Webster) 2 /) /) /) o)/
Loimia medusa (Savigny) 175 +] +! + + +
Amphicteis gunneri (Sars) 12 +] +| +] +] O

+ designates occurrence and inclusion in multivariate analyses

/ designates occurrence but exclusion from multivariate analyses

0 designates no occurrence
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APPENDIX 3 (cont'd.)

T;\)I tal g || (é g

o. .

TAXON Individ. | & | & |8 |8 |
Polycirrus eximius (Leidy) ‘ 23 + |+ {+ |0} +
Sabella microphthalma Verrill 749 + |+ |+ |+ |+
Hydroides dianthus (Verrill) 116 + |+ |+ 0| +

Annelida (Class: Oligochaeta)

Peloscolex gabriellae Marcus 160 + |+ |+ /1 +

Mollusca (Class: Gastropoda)

Epitonium rupicolum (Kurtz) 4 /! |/ |+ 10/
Crepidula convexa Say 8 / / / / /
Polinices duplicatus Say 2 / / / 0| O
Mitrella lunata Say 4 /I /LY /
Nassarius vibex (Say) 6 / / / / /
Cylichna alba Brown 3 / / {0 (0] O
Acteocina canaliculata (Say) 805 + |+ |+ |+ ]+
Odostomia bisuturalis Say 7 VAR VA I BV A
Odostomia impressa Say 2 / 0 0 0 0
Odostomia dux Dall and Bartsch 1 / / / 10 0
Pyramidella candida Morch 3 / /7 |/ |ofoO
Turbonilla interrupta Totten 50 + |+ |+ |+ | +
Mollusca (Class: Bivalwvia)
Anadara transversa (Say) 198 + |+ |+ |+ ]+
Anadara ovalis (Bruguiere) 4 /' {/ {0}/ 1|0
Anomia simplex Orbigny 7 VA A A B B
Lucina multilineata Tuomey and Holmes 3 /] / / 0| O
Dosinia discus Reeve 1 /1/ [0 0o O
Mercenaria mercenaria (Linnaeus) 29 + |+ |+ |+ ]+
Gemma gemma (Totten) 23 + |+ |+ |/ 0
Petricola pholadiformis (Lamarck) 3 / 0 oo }| O
Tellind agilis Stimpson 20 / / / |+ ] 0
Tellina versicolor De Kay 27 + |+ |+ |+ |+
Macoma balthica (Linnaeus) 4 / / 10 |O | +
Macoma tenta Say 3 / / |/ {0 |+
~Macoma phenax Dall 4 /|7 [0 |+ ]0
Tagelus divisus (Spengler) 2 /{7 {/7 [|O0]|O
Mulinia lateralis (Say) 16 + |+ |+ / 0
Mya arenaria (Linnaeus) 3 /17 |7 |0}/
Cyrtopleura costata (Linnaeus) 9 / o4{/ (0] O
Martesia cuneiformis (Say) 1 / oo /1o
Lyonsia hyalina Conrad 10 VAN RV A AV 4

Arthropoda (Class: Pycnogonida)

Anoplodactylus parvus Giltay 1 / |/ {/7 ]0o]o
Anoplodactylus lentus Wilson 5 / {7/ |/ |0]oO
Tanystylum orbiculare Wilson 8 / |/ {0 0|+
Arthropoda (Class: Crustacea) '
Sarsiella texana Kornicker and Wise 39 + |+ |+ |+ 0
Sarsiella zostericola Cushman 64 + |+ |+ |+ ]/
Balanus improvisus Darwin 26 / |+ [+ ]0}]O
Squilla empusa Say 4 / |/ |/ j0]O
Neomysis americana (Smith) 39 + |+ |+ /| +
Leucon americanus Zimmer 95 + I+ |+ |+ |+
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No. Tl || 813
‘Individ. O (v jun | H ] ®
Oxyurostylis smithi Calman 1 / {0 ]OoO] O} O
Erichsonella filiformis (Say) 1 / /(o] /| O
Idotea metallica Bosc 1 / 1/ 1o} /] O
Edotea triloba (Say) 136 + |+ |+ + | +
Cyathura polita (Stimpson) 3 / /1 /)0
Cyathura burbancki Frankenberg 11 VAR VAR A B 4
Sphaeroma quadridentatum Say 1 / o/l 0] O
Ampelisca abdita Mills 48 + + | + + /
Ampelisca vadorum Mills 4 / /1 +10 /
Ampelisca verrilli 33 + ]+ + ]+ +
Ampelisca macrocephala Liljeborg 14 /1 / {/ | +] O
Cymadusa compta (Smith) 1 / lolo|l o} o0
Cerapus tubularis Say 4 /1 + |/ 0 0
Corophium acherusicum Costa 75 + |+ |+ | + | +
Corophium lacustre Vanhoffen 14 /I t/ /7| +( 0
Corophium simile Shoemaker: 3 / / / / 0
Corophium tuberculatum Shoemaker 483 + |+ |+ +| +
Erichthonius brasiliensis Dana 74 + |+ |+ ] + /
Unciola irrorata Say 1 / 0 / 0 0
Elasmopus levis (Smith) 13 / 0 o +1 O
Gammarus tigrinus Sexton 1 /' 1ojo| /| O
Gammarus mucronatus Say 67 + 1/ |+ +| +
Melita nitida Smith 16 + |/ 1+ +] 0
Microprotopus raneyi Wigley 2 / |0 |0} O] O
Listriella barnardi Wigley 26 + |+ 1+ + | +
Listriella clymenellae Mills 171 + |+ [+ +] +
Paraphoxus spinosus Holmes 1 /| /0| 0] O
Stenothoe minuta (Holmes) 45 + |+ |+ + /
Caprella penantis Leach 59 + l++ |+
Paracaprella tenuis Mayer 95 + |+ |+ + /
Ogyrides limicola Williams 19 + 1+ |+ ]/
Calinectes sapidus Rathbun 4 / / 1+ 0 /
Panopeus herbstii Milne-Edwards 25 + |+ + / +
Pinnixa chaetopterana Stimpson 53 + |+ |+ +] +
Pinnixa sayana Stimpson 51 + |+ 1+ +] +
Phoronida '
Phoronis sp. (unid.) 3378 + |+ [+ ] +]| +
Echinodermata (Class: Ophiuroideas)
Micropholis atra (Stimpson) 94 + |+ |+ +] +
Hemichordata
Hemichordate sp. (unid.) 86 + |+ |+ +] /
Urochordata (Class: Tunicata)
Molgula manhattensis ‘(De Kay) 478 + |+ 1+ +] +
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