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Abstract

The oxygen consumption, pumping rate and filtration
efficiency of Mercenaria mercenaria L., from the York River,
Virginia, U.S.A., were measured at low oxygen tensions and
compared to the same measurements taken at high oxygen
tensions., All experiments were conducted under naturally
fluctuating conditions of salinity, temverature, turbidity,
and food levels. Analysis of results from 58 clams indicated
Mercenaria could maintain a constant oxygen consumption in
declining oxygen tension, but the critical oxygen tension (Pc)
at which this respiratory regulation ceased appeared to depend

=Oon the clam's size and sex. Gravid females, dry tissue weight
1.20 - 5,03 g, displayed a P_ near an oxygen teansion of 40 mm
Hg (25% sat.). Male clams with gametes, whose dry tissue weight
was less than 3.0g had a P_ near 80 mm Hg oxygen tension
(50% sat.). Some evidence is offered that larger males have a
P, similer to females, Three modes of respiratory regulation
wére observed. In the first, oxygen utilization and pumping
rate remained unchanged at all oxygen levels above P such that
the oxygen consumption, the product of these two variables,
remained unchanged., 1In the second mode a decrease in pumping
rate was comvnensated by a sufficient increase in oxygen utili-
zation to give a constant oxygen consumption. In an anomalous
third mode, an increase in pumping rate was not fully compensated
by a decrease in oxygen utilization, but oxygen consumption
remained constant. The efficiency with which the gill's cilia
were able to remove particles in the 3-20 m range was found to
be independent of the pumping rate, oxygen consumption and the
oxygen tensions. Multiple linear regression analysis showed
that the cbserved values of temperature, salinity turbidity
and food level showed little =2ffect on either male or female
Mercenaria at high or low oxygen tensions. Sexual differences
were again evident at high versus low oxygen tensions when size
and the oxygen utilization of the clam was analyzed by MLR
analysis.




THE RESPONSE OF THE BIVALVE MERCENARIA

MERCENARIA TO DECLINING OXYGEN TENSIONS




Introduction

Oxygen is relatively scarce in water and thus often an
important limiting factor to aquatic organisms (Odum, 1971).

Considerable research has indicated that with regard to

respiration marine invertebrates can be placed in two broad
categories regarding their reaction to a decline in dissolved

oxygen, Those with independent respiration maintain a

constant rate of oxygen consumption over a wide range of

oxygen tensions until reaching a certain critical oxygen
tension (PC), below which the rate of oxygen consumption drops

precipitously. In organisms with dependent respiration oxygen
consumption falls continuously with decreasing oxygen tension
(Beadle, 1961). Prosser and Brown (1961) have designated

these two categories "regulators" and 'conformers'" respectively.

Most marine bivalves regulate their oxygen consumption,

but different PC and regulatory mechanisms are found (Galtsoff
and Whipole, 1931; Van Dam, 1938, 1954; Bayne, 1967, 197la, 1973).
Regulatory mechanisms involve manipulation of the two factors
governing biva}ve respiration: pumping (ventilation) rate and the

oxygen utilization (Ghiretti, 1964). The volume of oxygen

consumed per unit time is obtained when the oxygen utilization
(reduction in oxygen content between incurrent and excurrent
water) is multiplied by the pumping rate (the amount of water

passing over the clam's gill per unit time). Because by the defini-

tion.



of resvpiratory regulation the product of these two variables
must be constant at all oxygen tensions above PC, three modes
of regulation are theoretically available to a regulating
bivalve: (1) The oxygen utilization and pumping rate are both
held constant at all oxygen tensions above P . (2) A decrease
in pumping rate is coupled with an increase in the oxygen
utilization. (3) A decrease in the oxygen utilization is
coupled with an increase in the pumping rate.

Examination of the literature on bivalve respiration
revealed most studies on bivalve respiration were done under
conditions of cconstant temperature, salinity and food levels
in closed-system respirometer (Galtsoff and Whipple, 1931,
Nazawa, 1929, and Bayne, 1967). 1In many of these studies
the bivalve was allowed to reduce the oxygen level in a
closed container and the point at which oxygen was no longer
consumed at a constant fate was defined as Pc. These
exwveriments could not be conducted over long time periods
because of oxygen depletion and waste accumulation. In
other experiments the water in the chamber was replaced with
water of a given oxygen tension and the animals respiration
‘was measured for a given period of time (Bayne, 1971b, 1973).
In only one study was an open flow-through system used
(Hamwi, 1969). However, in this latter study the bivalve's
resviration was measured under conditions of rapid fluctuations

in oxygen tension.,



In all of the above studies the period of exposure to
a given oxygen level was a few minutes to a few hours at most.
A chronic exvosure to low oxygen tensions under condition of
naturally fluctuating environmental variables might give a
value for Pc closer to that value occuring in nature. For
example, Prosser, Barr, Pinc and Lauer (1957) demonstrated
goldfish responded to chronic exposure to low oxygen by a
shift of P, to lower oxygen tensions, Odum (1971) pointed
out that organisms which are normally subjected to variable
temperatures in nature were found to be depressed, inhibited
or slowed down by constant temperature. The pattern of

mortality of the oyster drill, Urosalvinx in fluctuating

salinities was reported to be quite different from mortality
partterns in constant salinity (Zachary and Haven, 1973).
Organisms in situ respond to their total environment rather
than to a single factor. Hence, "monofactorial analysis may
lead to conclusions that are ecologically invalid (Kinne, 196L).
Accordingly, the purposes of this study were (1) to
determine the critical oxygen tension (Pc) of the hard clam,

Mercenaria Mercenaria exposed to reduced oxygen tensions for

a minimum 48 hour period, (2) to determine the mode of
regulation governing oxygen consumdtion, and (3) to analyze
the effects of fluctuating environmental variables which

might modify the clams response to declining oxygen tensions.



Materials and Methods

1, Collection and Preperation of Clam Stock

Adult Mercenaria were collected from tongers operating

in the York River near Gloucester Point, Virginia or from
clam. beds- -located near the laboratory. The salinity ranged
from 12 ©/oo to 21°/0o0 during the course of this study; the
average salinity was 17°/oo. A total of 68 clams were used
in this study and except for two clams that had spawned,
all clams had developing gametes. Clams were maintained in
the laboratory in sand-filled boxes to prevent possible
infestation by the annelid Polydora (Landers, 1967).
Unfiltered York River water flowed vpast the animals contin-
uously so that the clams experienced the natural fluctuations
of the estuarine environment.

Because the York River estuary exhibited abnormally low
salinities during the winter, several experiments were

verformed to study the response of Mercenaria to declining

oxygen tensions at reduced salinities. During the winter
(1972-1973), the clams were thermally acclimated a minimum
of two weeks at fluctuating temperatures of 22-256°C. No
other environmental factors were controlled. Widdows and
Bayne (1971) determined it took a minimum of two weeks for

Mytilus edulis to completely acclimate their oxygen consumption

and filteration rateto temperature changes, Copious production
of feces and the presence of growth rings indicated food

sources were not limiting in the winter water.



2. Avpvaratus

The apparatus used to maintain clams under variable oxygen
tensions (Figure 1) consisted of a submersible pump (A) supplying
a continuous flow of unfiltered water to two polyvinyl chloride
water/gas exchange columns (C). Water for all studies was
pumped through plastic pipes from a source 0.5 m above the
bottom, 90 m. offshore in the York River, to a constantly
overflowing overhead trough in the laboratory.

For the winter experiments the water was heated by two
glass heat exchange units (B) to the experimental temperatures
(22-26°C) before entering the exchange columns. One column
furnished high oxygen tension water for the control (01), while
the other column (C2) furnished water stripped of oxygen by
oxygen~-free nitrogen (N2) bubbling upwards. Oxygen super-
saturation of the water during the winter was prevented in the
controls by bubbling a small stream of nitrogen into the
control colunn.

The desired level of oxygen for the various studies was
maintained by adjusting the amount of nitrogen entering the
column by use of a micrometer valve (D). Flowmeters (E) gave
a controlled flow of 560-600 ml/min of river water into a twin
chambered trough (F) that had four clams buried in course beach
sand., The sand was vacked in a concave configuration to minimize
turbulence and recirculation and produce a near laminar flow

nast the animals. The clams were vpositioned with their inhalent



Figure 1.

Flow-through environmental system employed in the measurement

of vumping rate, oxygen consumption and filtration evviciency
of Mercenaria

A, Pump; B, Heat exchange coils; C, PVC
water-gas exchange columns; D, Nitrogen
regulation valve; E, Flowmeters: F, Twin
chambered trough; G, Partitions; H, Light
bank; I, Capillary collecting tubes; J,
Oxygen probe unit; K, Lab-Crest Flowmeters;
L, Ambient water bath.
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siphon facing upstream. Plastic partitions (G) insured that
each clam received clean unfiltered water. A blue-green light

bank (H) provided light from 0500-1800 hours daily.

1 mm I.D, glass capillary tubes (I) were used to collect
water sanmples from the clam's siphons. The oxygen content of
the water was measured by a self-stirring polorqgraphic probe
(J) (Model 54, Yellow Springs Instrument Company, Yellow Springs,
tho). Lab Crest Flowmeters (K) (Fisher Scientific Company,
Pittsburg, Penn.,) were used to measure the clams pumping rate.
Water for the pumping rate determination was collected in

flasks and placed in an ambient temperature water bath (L).

3. Experimental Procedure
a, Time Tabie
An experiment lasted for one week and consisted of three

vhases., Phase one was a two day adjustment period to the

trough. Phase two lastéé approximately two and one half days,
during which time measurements of the pumping rate and oxygen
consumption for all four animals were monitored at high oxygen
tensions of 120-160 mm Hg (75-100% saturation). At the beginning
of phase three the oxygen tension in the experimental trough

wags lowered to a designated level over a one hcur period. The

designated oxygen tensions were 80 mm Hg (50% sat.), 40 mm

Hg (25% sat.) and 18 mm Hg (12% sat.). The control chamber

remained at high oxygen tensions. Once the oxygen level was
stabilized in the experimental trough, measurements of oxygen
consumption and pumping rate were continued daily from 0800~

1700 hr on both the controls and exverimental animals for at
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least 48 hours. At the end of phase three the clam's length
(maximum distance between external surface of the valves) .
tissue wet weight and tissue dry weight/were recorded., Tissue
dry weight was obtained by heating the tissue in a drying oven

at 87°C until a constant weight was recorded,

b. Measurement of Oxygen Consumption and Pumping Rate

A cavpillary tube, withdrawing water by gravity at a rate
of 8-10 ml/min, was positioned over the animals incurrent
siphon. This water collected in a chamber situated in a water
bath at ambient temperature, and was recorded as the incurrent
oxygen concentration., The oxygen probe was calibrated at least
twice daily with air saturated water using the tables of oxygen
saturation of sea water (Green and Carritt, 1967).

Using the method of Coughlan and Ansell (1964), the
instantaneous pumping rate was read from the calibrated flowmeter
when the dyed water just began to overflow the incurrent siphon.
In all exveriments, the soluble nontoxic dye used was green
food coloring (C.F. Sauer Company, Richmond, Va.; the dye
contained vpropylene glycol, water and 2.5% pure green food dye).

Immediately after the pumping rate determination, the
capillary tube collected excurrent water by gravity at a rate
one half or less than the previously determined pumping rate.
The oxvgen content of this water was recorded over several

minutes as the average excurrent oxygen concentration. Next,
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the incurrent oxygen concentration was recorded again and the
two readings averaged, The difference between the averaged
incurrent and excurrent oxygen concentration is the oxygen
utilization (d [Oé] ). Finally, the pumping rate was measured
again and the two readings averaged. The oxygen consumption
was then determined by multiplying the average pumping rate by
the oxygen utilization., Weight-specific oxygen consumption
(Qoazml 0, (STP)/hr/g dry wt.) and weéight specific pumping rate
(SPR:LHzo/hr/g dry wt.) were calculated at the end of the
experiment. The oxygen utilization coefficient (O.U;C.)
(Hazelhoff, 1938):

0.v.c. =1, -[] ., ¥ 100

0,1 in

was also determined for each set of measurements. This coefficient

measures the vercentage of oxygen removed for respiration as the
water passes over the gills,
The efficiency (E):

E = pumping rate
Oxyvgen consumption = L HZO/mL 05

defines the amount of water pumped to gain one milliliter of

oxygen (Dejours; Cary, Rahn, 1970)
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c. Measurement of Filtration Efficiency

Several experiments were performed to measure the effect
of low oxygen tension on the gills'!' particle filtering capacity.
The filtration efficiency is defined by the following equation:

Filtration Efficiency = Particle in = Particle ox X100

Particle
in

The filtration efficiency was measured by carefully sampling
incurrent and excurrent water simultaneously with a capillary
collecting tube. The capillary was always positioned inside

the siphon and water was withdrawn slowly by gravity. Particles

in the water sample in the size range 3-20 u were measured and

counted using the Coulter Electronic Particle Counter (lModel B,
Coulter Electronics Inc., Franklin Park, Illinois). The pumping
rate was determined by the method of Coughlan and Ansell (1964)

before or after the collection of these samples.

The pumping rate (amount of water passing over the gills
per uait time) and the filtration rate (amount of water cleared
of particles per unit time) are related (Rice and Swmith, 1958).

Both are exvressed in the same units: liters of water (pumped

cr filtered) ver unit time., If the filtration efficiency is

100%, then the volume filtered is the volume pumped and the
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pumping rate and filtering rate are equal. If the filtration
efficiency is 50%, then the filtration rate is one-half the
pumping rate., Therefore, the filtration rate is directly
vroportional to the pumping rate and the filtration efficiency
is the proportionality factor:

Filtering rate = (filtration efficiency) X (pumping rate)
Thus, by measuring the pumping rate and filtration efficiency,

the filtration rate was calculated.

d. Measurement of environmental variables,

The following environmental variables were monitored
throughout each experiment: temperature, salinity, turbidity
and chlorophyll YA'", Temperature was measured by a Yellow
Springs Instrument Thermistor whenever oxygen consumption was
measured. Salinity was recorded hourly during the day with a
Beckman induction salinometer. (Beckman Instruments, Inc.,
Fullerton, California.)

Turbidity and chlorophyll "A" were determined at 0900,
1200, and 1600 hours each day of the experiment. A volume of
LOO ml was collected from an area immediately in front of the
animals; 200 ml -was filtered through a 0.45 u pre-weighed
Gelman filter, dryed overnight and weighed to give the turbidity
weight (mg particulate matter per liter). The standard method
of Strickland and Parsons (1968) was used to extract the
chlorophyll from the remaining 200 ml of water. No corrections

were made for phaeovigments because living and dead phytoplankton
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are probably filtered from the water by bivalves.

L, Statistical Analysis
Analysis of variance (ANOVA) and multiple linear regressions

were applied to the data using the statistical formulas and

methods of Snedecor and Cochran (1967).

Pumping rate (SPR), oxygen consumption (QOZ), oxygen

utilization (4 0, ), oxygen utilization coefficient (0.U.C.)
and efficiency (E) of individual clams were compared by ANOVA.
ANOVA for individual clams were used to determine significant
differences (P 0.05) or highly significant differences (P 0,01)
between the mean value of observations at high oxygen tensions
(Phase two) with mean values of observations at a given low
oxygen tension (Phase three). The data on oxygen utilization
coefficient, a percentage, was first transformed into degrees

using the arcsin transformation. Data from the individual
control clams were likewise divided into two data blocks
corresponding in time to phase two and phase three of the

exnerimental animals. ANOVA was applied to see if there was any
change in the control caused by enviroamental variables other
than oxygen tension.

Next, the exverimental clams were pooled into five
arbitrarily defined weight classés. (eg., Table 1). Each weight

class covered 0.99 grams from 1.00 to 5.99 grams, Individuals

of a given weight class were divided into three subsets: (1)
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those animals exposed to high oxygen tensions (120-160 mm Hg)
throughout the exveriment (controls); (2) those animals exposed
to high oxygen tension followed by an average oxygen tension of
80 mm Hg (50% sat.), and (3) those animals exposed to high
oxygen tension followed by an average oxygen tension of 40 mm
Hg (25% sat.). Data on animals exposed to 18 mm Hg (12.5% sat.)
was not pooled because so few data points were collected at this
low oxygen tensioa due to the animal not pumping. Lastly, the
npooled data in each subset were divided into two other data
blocks: high (Phase two) vs. experimental oxygen tension (Phase 3)
and significant differences between the means were found by ANOVA,

Multiple linear regression (MLR) with ANOVA was employed to
determine if such environmental factors as temperature, salinity,
turbidity and food level (chl. "A") or such factors as body
weight and oxygen utilization had an effect on the animals'
response to a decline in oxygen level as measured by pumping
rate and oxygen consumption.MLR was used only to discover which
X variables are related to Y (pumping rate or oxygen consumption)
and, if possible, to rank the variables in order of their
importance.

A1l measurments taken at high oxygen tensions (120-160 mm
Hz) and low oxyvgen tensions (40 mm Hg) were pooled and analyzed
by MLR. Comvarison of a variable's partial regression coef-
ficient (b) at high oxygen tension and 4O mm Hg were made to see
if the variable's effect on the clam is altered by changes in

oxygen tension.



Results

1. The Critical Oxygen Tension (Pc)

Unless otherwise indicated "oxygen consumption' refers to
weight svecific oxygen consumption (Qoa) and “pumping rate"
refers to weight specific pumping rate (SPR). Gravid females
of the five weight classes studied maintained a constant oxygen
consumption down to an oxygen tension of 4O mm Hg (25% sat.)
(Tables 1-5). The only exceptions were a single female that
had spawned (Table 1) and two females that were subjected to

an oxygen tension of 40 mm Hg when a red tide (Cochlodinium

heterclabotum) was present in late summer (Table 3). In

these three cases regulation broke down above 40 mm Hg oxygen
tension. In all other cases female regulation disappeared
between an oxygen tension of 4O mm Hg and 18 mm Hg (contrast,
figure 2 with figure 6).

The response of male Mercenaria to declining oxygen tension

differed significantly from female clams. Male Mercenaria, whose

dry tissue weight was under three grams, were able to regulate
cnly down to an oxygen tension of 8C mm Hg (50% sat.). Oxygen
consumption declined rapidly between an oxygen tension of 80 um
Hg and 40 mm Hg (Tables 64P). Above three grams dry tissue weight

the Pc for males is uncertain because by chance only one



Figure 2

Female Mercenaria displaying the first mode of respiratory

regulation while exposed to low oxygen levels., (23% sat,)

17
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experimental male was tested whose dry tissue weight ekceéﬁed
three grams, This individual male, L4.l6g dry weight, regulated
it oxygen consumption down to 40 mm Hg (Table 3).

The oxygen consumption of the control male and female
clams showed no change during the course of the experiments
(Table 1-8), except in the case of small female clams (mean
weight: 1.67 g) where there was a significant decrease in
oxygen consumption (Table 1). In several cases the control
clams'! pumping rate declined during the coursé of the experiment,

but the oxygen consumption was maintained (Tables 2,8).

2, Modes of Respiratory Regulation

When the pumping rate remained unchanged at oxygen tensions
above PC, the oxygen utilization likewise did not change in its
value, As a result the oxygen consumption remained constant
(Figure 2). In this mode of regulation the amount of water
pumped to gain one milliliter of oxygen, the efficiency (E),
also remained constant at all oxygen tensions above Pc (Figure 2).

A second response of the pumping rate was that it decreased
in declining oxygen tension. This was compensated by an
increase in the'oxygen utilization such that the oxygen
consumption remained constant (Figure 3). In this second mode
of regulation the amount of water pumped to extrect one
milliliter of oxygen (E) was reduced at low oxygen tensions

above PC,
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In several cases the clams' pumping rate increased as
oxygen tension declined. However, the oxygen utilization did
not show a significant decline in value, nor did the oxygen
consumption show a significant increase, In this anomalous
third mode of regulation the amount of water pumped to extract
one milliliter increased at low oxygen tensions above Pc
(Figure 4).

The oxygen utilization coefficient (0,U.C.) always showed
a highly significant increase at low oxygen tensions, (Figures
2~5, Tables 1=-8)., This coefficient increased regardless of
which mode of regulation was in effect,

Oxygen consumption declined precipitously below PC (Figures
5,6, Table 7)., At an oxygen tension of 18 mm Hg (12% sat.,) the
amount of water that would have to have been pumped to gain one
milliliter of oxygen was at least three times the normal amount

at high oxygen tensions (Figure 6).

%, Filtration Efficiency

Preliminary experiments indicated Mercenarial's filtration

efficiency in the size range of 1-3 u was 10-25% over a wide
range of oxygen tensions, However, when this size range was
exceeded efficiency averaged from 60~97% over a wide range of
oxygen tensions., The filtration efficiency in these size range
over 3 u was not a function of particle size or particle

concentration naturally present in the York River. 1In general,



Figure 3%

Male Mercenaria displaying the second mode of respiratory

regulation while exposed to low oxygen levels (50% sat)
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the volume of particles removed decreased with increasing
varticle size (Figures 7 A-=D).

In one series of experiments, the clam's filtration
efficiency, pumping rate, filtering rate and oxygen consumption
were measured at high oxygen tensions for two days (Figures 7A-B).
The oxygen tension was then lowered below the critical oxygen
teasion for both male and female clams. After one hour and
24 hours exposure, the same four measurements were taken again
(Figure 7 C=D). A surprising result of these experiments was
that the filtration efficiency remained unchanged below the
critical oxygen tension even though the pumping rate, filtration
rate and oxygen consumption had declined precipitously.

A second series of experiments were performed on the sanme
time schedule as those determining the critical oxygen tension.
For example, a clam whose dry tissue weight was 2.20 g had an
average pumving rate of 11594 L/hr/g and a filtering efficiency
of 84% during two days at high oxygen tensions (filtration rate:
1.036 L/kr/g). During 48 hours exposure to an oxygen tension
of LO mm Hg, the average pumping rate was 1.254 L/hr/g and
the filtration efficiency was 85% (filtration rate: 1.066 L/hr/g).

Sex did not influence the filtration efficiency of the clam.
For example, a male (2.86 g dry weight) showed a mean filtration
efficiency of 91% at high oxygen tensions; at 80 mm Hg the mean
filtration efficiency was 97%. This particular male closed

between an oxygen tension of 80 mm Hg and 40 mm Hg. In the
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same experiment a female (2.72 g dry weight) had a filtration
efficiency of 338% at high oxygen tensions compared to 87% at
80 mm Hg and 40 mm Hg.

L, TInfluence of Environmental variables, body weight and oxygen
utilization

In the multiple linear regression analysis the amount of
variation of Y (pumving rate and oxygen consumption) explained
by the four variables (Xl - Xq) ranged from R2:0.098 to R°=
0.3%, Analysis by MLR revealed that the turbidity, food level
(Chlorovphyll "“A'), temperature and salinity had little effect

of Mercenaria's pumping rate or oxygen consumption (Tables 9,10).

Initially, a seven factor MLR was run but the effect of turbidity
and chlorophyll "A" were so0 insignificant that they were dropped
from further analysis.
Increasing the temperature from 22.2 to 27 C caused a
slight increase in oxygén consumption of males at high oxygen
tensions. At low oxygen tensions only the combined effect of
all four variables tested had a smalil effect on male oxygen
consumption (Table 10). Female oxygen consumption increased
with decreasing salinity at low oxygen tensions, but this
effect was not evident at high oxygen tensions. The pumping
rate of both sexes was not affected by the observed temperatures
or salinities at either high or low oxygen tensions (Tables 9,10).
In contrast to the environmental variables, body weight and

oxygen utilization usually displayed a highly significant partial



Figure 4

Female Mercenaria displaying the anomalorus third mode

of respiratory regulation while exposed to low oxygen
levels (48% sat.)
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regression coefficient in the MLR analysis. Thus, both oxygen
consumption and pumping rate increased in both sexes with
increasing weight at high oxygen tensions.(Tables 9-10). This
relationship continued to hold for females at 4O mm Hg oxygen
tension (Table 9). However, male oxygen consumption and pumping
rate showed no statistically signigicant dependence on weight

at 40 mm Hg oxygen tension (Table 10).

Surprisingly, the largest partial regression coefficient
was for the regression of pumping rate on oxygen utilization,
indicating a highly significant (P £ 0.01) relationship between
these two factors. At high oxygen tensions both sexes required
an avproximately equal reduction of pumping rate to obtain an
increase in the amount of oxygen extracted from the water
nassing over the gills. However, at the low oxygen tension of
LO mm Hg. a much greater reduction in the pumping rate of the
female was required for’e given increase in the oxygen utili-

zation than was evident for the male.(Tables 9-10).



Discussion
A, Statistical Evaluation

The large biological variability associated with the
parameters studied in this report caused difficulties when the
data was subjected to statistical evaluation. Pooling the data
produced two deleterious effects: first, it weakened the power
of the F-test in the Analysis of Variance (ANOVA) for the weight
class. The error mean square for the pooled data was larger
than the error mean square calculated during ANOVA for individual
clams. In only one case, however, did the ANOVA results for
pooled‘data on oxygen consumption differ from ANOVA for individual
clams of a given weight class., It involved the two expgrimental
females in weight class 3.,00-3%.99 g. which were subjected to a
low oxygen tension of 4O mm Hg. The pooled ANOVA for these two
animals indicated a significant decline in oxygen consumption
(Table 3). However, an ANOVA analyses of each individual animal
revealed no significant decline in oxygen consumption,

The second effect of pooling data was that the interaction
between pumping rate and oxygen utilization was often obscured
due to the wide range variability associated even with clams of
the same weight class. The interaction between pumping rate and
oxygen utilization was evident in the analysis of each individual
clam, Thus individual clam data was used in evaluating modes of

regulation, but both vooled and individual data were used in

28



Figure 5

Male Mercenaria displaying loss of respiratory regulation

at 39 mm Hg oxygen tension (24% sat.)
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determination of the critical oxygen tension.

B. Critical Oxygen Tension (Pc)
In the only other study of the effects of declining oxygen

tension on Mercenaria, Hamwi (1969) found the P, to be 104 mm Hg

(65% sat.) at a temperature of 20° * 1°C and salinity 21.5-22.8
mnt. Indirect evidence indicated the seven clams tested in
Hamwi's study had a dry tissue weight of 3.0-7.0 grams; sex was
not determined., Using measurement techniques and a flow through
system similar to Hamwi, the results of the present study differed
significantly. I found females in the dry weight range of 1,21~
5.03 gms. exhibited a P_ of around LO mm Hg. (25% sat.). Some
evidence is presented indicating large males might also have

a PC of 40 mm Hg. Males less than 3.0 grams dry Weightnhad a

P, which fell between 80 mm Hg and 40 mm Hg.

The large differegce between Hamwi's results and the present
results may be due to the rapidity with which Hamwi's clams were
subjected to declining oxygen tension and the short exposure time
to low oxygen levels,

That is, Hamwi took measurements at ambient oxygen tension
and made comparative measurements on the same clam at lower
designated oxygen tensions. Hamwl apparently allowed the oxygen
level to change rapidly in the flowing chamber ("under rapid

fluctuations in oxygen level'"). I found Mercenaria often

decreased its pumping rate or even closed if the oxygen level

was lowered too quickly. In contrast, when the oxygen tension
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was lowered gradually over one hour, Mercenaria adjusted quickly;

after one more hour at the designated oxygen level, the animal
was almost completely acclimated, if the oxygen tension was not
below PC.

The dependance of PC on size displayed by the male clams
in the present study has been found for several bivalves.

For example, the P_ of Mytilus perna (Bayne, 1967) and M. edulis

~and Laevicardium crassum (Bayne, 1971la) is size-dependent. Part

of the reason for this size dependance of Pc is that small
individuals have high metabolic rates and are less tolerant of
low oxygen tensions than larger individuals with relatively low
metabolic rates.

However, the mechanism for the size~independence of the Pc

for female Mercenaria is unknown, No significant difference was

found between male and female oxygen consumption at high oxygen
tensions (pO, = 120-160"mm Hg), provided they were of the same
size., As was to be expected, smaller male and female clams had
higher weight specific oxygen consumption values than larger clams.
Differences between the sexes appeared only below an oxygen
tension of 80 mm Hg (50% sat.). Sexual differences in response
to declining oxygen have been reported for other invertebrates.
For example, Haefner (1970) found gravid female sand shrimp to
be less tolerant of low oxygen than males.

Below PC the oxygen consumption of males and females in all

weight classes studied drops to very low values. Recent



Figure 6

Female Mercenaria displaying loss of respiratory

regulation at 18 mm Hg oxygen tension (11% sat)
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work on bivalve facultative anaerobiosis (Hochachka, Fields

and Mustufa, 1973; Simvson and Awapara, 1966) indicated bivalve
resyiration may continue to suvply the animal with energy by

a unigue pattern of anaerobic carbohydrate metabolism. This
may exvylain why in other investigations carried out in this

laboratory, small male and female Mercenaria (£ 1.0 g dry wt)

were still alive after two weeks'! exposure to oxygen tensions

below 18 mm Hg (12% sat.).
C. Mode of Regulation

Oxygen consumption of Mercenaria remained constant at

oxygen tensions above PC. . The first mode of regulation involves
maintenance of both the pumping rate and oxygen utilization at
a relatively constant value at oxygen tensions above Pc‘ In

Hamwi's {(1969) study, Mercenaria, subjected to rapid fluctuations

in oxygen tension, had this mode of regulation. Crassostrea

virginica also maintained a stable oxygen consumption down to
LO~50 mm Hg..by this same mode of regulatidn (Galtsoff and
Whiople, 1931). In addition, the present study found that

Mercenaria also displayed a second mode of regulation involving

a reduction in pumping rate coupled with an increase in the
oxygen utilization. This mode of regulation has not bteen
vreviously reported in the literature.

An anomalocus third mode of regulation was also observed,
Here the vumping rate increased, but the oxygen utilization

showed no significant decline as would be predicted from the
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theoretical model presented in the introduction of this paper.
However, in all cases where this third mode was evident, the
oxygen utilization was much more variable than in the other

two modes. Furthermore, examination of the oxygen utilization
data in these cases revealed that the trend was certainly towarad
a smaller value of oxygen utilization at lower oxygen tensions
(Fig. 4). However, the trend was not significant during the
time of exposure to low oxygen. Thus this particular mode of
regulation might take more than 48 hours to establish itself.

Mytilis perna L. displayed this third mode of regulation after

a short exposure time at reduced oxygen tensions (Bayne, 1967).
Bayne (1971b) suggested that regulation of oxygen consumption
inFﬁytilus at reduced oxygen tension is based on the ccntirol
of the ventilization: perfusion ratio, a ratio of the pumping
rate to the frequency and amplitude of heart beat.

The percentage of oxygen removed from the water by the clam
increased with decreasing oxygen tension in all three mcdes of
regulation. However, this does not necessarily mean an increase
in the "extraction efficiency" of the gill in removing oxygen
from the water. Recall the oxygen utilization coefficient is
the ratio of oxygen removed (ie. oxygen utilization) divided
by the oxygen available ( EOé] in) exvressed as a percentage.

In the first mode of regulation the amount of oxygen removed, the

oxygen utilization, remains unchanged in declining oxygen tension,



Figure 7 (A-~D)

The effect of oxygen tension below P on the filtration
efficiency of Mercenaria

P in Concentration of particles (3=20u)
entering the animal.,

P Concentration of particles (3-=20u)
ex after filtration by the gills.
The numbers between P and P give
the percent removal of a glven par%%cle
size. The mean filtration efflclency is

the average of these numbers.,



PPM (BY VOLUME)

PPM(BY VOLU ME)

Date : 12/13/72

A pO2= 134 mm Hg
Filtrotion Rate:
36-~-3.8L/Mr/clam
1.000+ Pumping Rate:
5.7-6.0L/hr/clam
02Consumoﬁon:
0.800 .4 mi/hr/clam
0.600+
0.4004
Q - 200+
°3 Lol osl 6501 da
C.e 7 5
LOGIO PARTICLE OC;AMETYER
pate: 12/14/72
B8 pO2=13Imm Mg
Eiliratien Pata:
3.8-90L/Nr/clam
Eg_rl\pmq Rate:
47-5.0 L/hsklam
10001 ©2Consumption:
OSmi/hr/clam Flia
0.800 1
S.
0.6 C04 / e
79.8
0.4004 79.8
84.0 695
Fle
0. 2004 89.9 / x
LN
0

N

oloeal I .o,
odos!, dso.s 0.4
LOG,, PARTICLE DIAMETER

PPM (BY VOLUME)

PPM {BY VOLUME)

Date: 12/14/72

Cc -
pO2=293mmHg
Fittering Rote:
2= 5L /hr R lom
1000 Pumping Rate:
1.6-20L/hr /clam
02 Consumption:
0800 - 0.2mi/ht/clam
0.600 ] in
0.400 9.8
0.2004
[l
(o] . .
] U
|‘00‘90' 80‘7 c.6 0‘.5
LOG,o PARTICLE DIAMETER
Date: 12/15/72
D pOp =28 mmHg
Filtering Rate:
-6 ~2.5L/hr/clom
Pumping. Rate:
2.0007 23-36 L/nr/clam
OpConsumption: (p] i
0.2ml/hr/clam
1.600
1.2007
0.8007
0.400 1
© T oe T
2 510 el oe

386

0.9 0.7 0.5
LOGloPARTICLE DIAMETER



39

but the oxygen available is less at low oxygen tensions; there-
fore, the 0.U.C., increased in value as the oxygen level declined.
‘In the second mode, the oxygen utilization increased as the
oxygen available decreased resulting in an increase in the value
of 0.U.C, 1In the third mode, the oxygen utilization decreased,
but the 0.U.C., increased in declining oxygen tension because the
oxygen utilization and oxygen available were not decreasing
vroportionately.

The voint to be made is that the 0,U.C. is not only a
function of the bivalve's respiration in declining oxygen,
expressed here as the oxygen utilization, but its value is also
a function of the declining oxygen tension, the denominator in
the 0.U.C. ratio. Declining oxygen tension can be brought about
by many other factors in addition to bivalve respiratioﬁ.
Intervretation of 0.U.C. in declining oxygen tensions can thus
lead to questionable conclusions. For example, several authors
(Hazelhoff, 1938; Bayne, 1967, 1971b) have used the 0.U.C. as
a measure of the gill's "extraction efficiency" in declining
oxygen tension., I believe, the parameter E (efficiency) which
is the amount of water pumped to gain one milliliter of oxygen
is more accurate indicator of the gill's oxygen "“extraction
efficiency". As an example, Bayne (1967) indicated the gill's

'extraction efficiency" (0.U.C.) of Mytilus perna L. is unchanged

over all oxygen tensions above the animal's Pc' In order for this

to be true, the mussel's oxygen utilization must have decreased



40

srovortionately with decreased oxygen tension. The decrease

in oxygen utilization was compensated by an increase in the
mussel's pumping rate to give a constant oxygen coansumption.
Recall this is the third mode of regulation available to bivalves
Now is the pumping rate increased and the oxygen consumption
remained unchanged then the amount of water pumped to gain one
milliliter of oxygen increased, indicating a decrease in the

efficiency of the gill to extract oxygen. Thus, in actuality,

the capacity of Mytilus's gill to remove oxygen decreased in

declining oxygen tension.

As can be seen in the preceding discussion, the efficiency
in removing a milliliter of oxygen from solution depends on the
magnitude of the pumping rate because the oxygen consumption,
by definition, remains unchanged in all modes of regulation.

Thus the efficiency in the second mode of regulation must increase
because the pumping rate decreased. Efficiency in the first

mode of regulation is unchanged because pumping rate remained
unchanged at all oxygen tensions.

Two sources in the literature have reported the efficiency

of Mercenaria in removing oxygen from the water is independent

of pumpingurate.

Hamwi and Haskin (1969) reported a linear relationship
between pumping rate and oxygen congumption. Besides indicating
a constant efficiency (E) regardless of pumping rate, these

findings voredict a decline in oxygen consumption whenever their
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is a reduction in pumping rate. Hamwi and Haskin (1969) used
linear regression analysis to decribe this relationship between
oxygen consumption and pumping rate. The graphs and equations
of Hamwi and Haskin are invalid because they plotted a variable
(pumpning rate) against a function of that variable (oxygen
consumption). They measured pumping rate and oxygen utilization,
but they computed the oxygen consumption as a product of these
two variables., Pumping rate and oxygen consumption must be

indepnendently determined before they can be analyzed by linear

regression analysis.

At all oxygen tensions abpve PC the clam's pumping rate and
oxygen consumption did decrease together as the animal begins to
close, Upon.opening, the clams pumping rate and oxygen
consumption would increase together, However, the relationship
between oxygen consumption and pumping rate during opening and
closing was not linear,. but roughly hyperbolic: that is oxygen
consumption increased rapidly with the initiation of the pumping
apparatus, but soon reached a plateau, Thus, most of the time
the clam was open and oxygen consumption remained stable despite
fluctuations in the pumping rate. Similar stable oxygen
consumption has been reported in resting specimens of Pectin

irradians.(Van Dam, 1954) and Crassostrea virginica (Galtsoff,

196L) .
Loveland and Chu (1969) derived a mathematical formula

relating pumping rate to oxygen consumption:
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m = 1 Mdp wt E'EQO wt
dp dt wt dp 2

where m is pumping rate, M is volumed pumped, dp is absolute
oxygen utilization (ie., d [62] ) and QO is weight (wt) -
specific oxygen consumption. They obtaingd Mdp or total oxygen
removed, gasometrically and dp polarographically. Knowing
weight, they computed pumping rate from the above formula. Their
results indicated that at constant oxygen concentration,
temverature and salinity, the volume of water pumped to remove
one milliliter of oxygen (E) was constant and independent of
pumping rate. The experiments of Loveland and Chu (op. cit.) were
verformed at a constant 02 concentration of 5.0 ml/1. The present
study indicated a different vattern exist under fluctuating
environmental conditions and declining oxygen tensions. The
mean efficiency did remain counstant, regardless of pumping rate,
in the first mode of respiratory regulation because the average
pumnping rate did not change during the decline in oxygen tension.

However, in the other two modes of regulation, the mean efficiency

depended on the pumping rate in declining oxygen tension.

D, Tiltration Efficiency

In this study Mercenaria showed a high (60-97%) filtration

efficiency for particles above 3%u in diameter. This has also

been recorded for Mercenaria by Smith (1957), Rice and Smith

(1958) and Walne (1972), and for Crassostrea virginica by Haven
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and Morales-Alamo (1970). Also, the present study verified

that the filtration efficiency was independent of the pumping

rate and filtration rate as reported by Smith (1957).
Contrary to this, Dral (1967) found Mytilus edulis

filtered vparticles more efficiently at lower filtration rates.
Jorgenson (1956) has attributed much of the differences in
filtration efficiency and rates between bivalves to differences
in technique. The differences in filtration efficiency among
bivalves may, however, reflect true differences based on species
morphology. For example, Tenore and Dunstan (1973) found the

(filtering) rates of Mytilus was greater than Crassostrea and

Mercenaria., The same measuring technique was used for all three

vivaives, The results would indicate the gills of | Vytﬂl are
more efficient in retaining particles because the flow of water
vast all three animals was the sane.

In the only other study of filtration rate as a function

of declining oxygen tension, Mytilus edulis increased its

filtration rate slightly down to a P_ of 80-100 mm Hg PO,
(Bayne, 1971b). With the technique used, this would indicate
the filtratica efficiency increased slightly at the oxygen
tension declined,

The observed independence of Mercenaria's filtration

efficiency from its pumping rate can be explained in the

following manner. Dral (1967) and Moore (1971) present con-
clusive evidence the lateral-frontal cilia control the filtration
efficiency of the gill by forming a fine mesh over the gill ostia,
Galtsoff (196L) has shown the synchronized beats of the lateral

cilia are the major factor in producing the water flow
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(pumping rate). Obviously, the size of the animal, temperature,
salinity, turbidity, pH, etc, may influence the number and rate
of beat of the lateral cilia. The lateral-frontal cilia,
adductor mussel, gill muscles and ostia and the mantle all may
contribute to the pumping rate, but under normal conditions
their supvort is small. For example, the ciliary currents on
the mantle are mainly used for cleansing and for rejection of
deposited material (Hillman, 1964).

These findings indicate the pumping rate is a function of
lateral cilia movement, but the filtration efficiency is a
function of the structure of the lateral-frontal cilia. There-
fore, no matter what the speed of water through the lateral=-
frontal cilia mesh, the mesh structure of these cilia is going
to determine the particle retention efficiency. The amount of
material swept from the water per unit time (filtration rate)
will depend on both thé‘amount of water pumped through the mesh
(pumping rate) and the filtration efficiency.

Although the filtration efficiency for particles in the
size range below 3 u may be very low, this low percentage does
represent a sizeable volume of potential food for the bivalve,
because natural particles were numerically most abundant in
this size range. 1In fact, even though the percentage remgved
in this size range is small, the volume this percentage represents
may exceed the total volume removed over the size range 3-20 u.

For example, in Crassostrea virginica, the combined volume
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removed between 1.0-4.0 u represents 52% of the total removed
between 1.0 and 12,0 u. The 4~7 u fraction represented 34.5%
of the total (Haven and Morales-Alamo, 1970). However, the
nutritional value of these size particles is uncertain. Marine
bacteria are within the 1-3 u size range, but Davis (1953)
tested 13 species of marine bacteria and none were utilized

by larvae of Crassostrea,

D. Environmental variables, body weight and oxygen utilization

The unexplained variation in R for the multiple linear
regression is probably due to seasonal variation; diurnal
cycles, influence of the tide and probably to a large degree,

random variation.

1. Salinity
Castagna and Chanley, (1973) determined experimentally that

the minimum salinity the Chesapeake Bay Mercenaria tolerate is

12.%%. In the present study, a salinity above 14% did not affect

the clam's capacity to regulate in declining oxygen tensions.

The bivalves Geloina ceylonica, Anadara granosa and Mytilus
edulis likewise did not lose their capacity to regulate in
declining salinities until thier salinity tolerance limit was
avporopriate (Bayne, 1973%). However, as the salinity declined

, . . o) .
to Mercenaria's lower tolerance limit (12.5./00), the animals

closed for much longer periods of time in low oxygen tension

water compared to controls at high O, tension (Table 6).
2
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2. Temperature

The results indicate oxygen consumption and pumping rate of

Mercenaria were influenced little by the observed temperature

variation over the range of oxygen tensions tested. At high
oxygen tensions Hamwi (1969) found no change in the pumping

rate of Mercenaria between 12-18°C. and optimum conditions

between 20-25°C. Feng (1968) found with increase in temperature,
the greatest increase in clam activity occurred between 4—800.,
with no further significant increase between 8-22°C. I believe
the clams capacity to regulate at low oxygen tensions was not
affected by the observed temperature variation range because this

range was well within the temperature limits of Mercenaria.

Hamwi (1969) found the temperature limits for the clamfs yumping
rate were 6° and 3200. at favorable salinities; and high oxygen
tensions, oxygen consumption did not decline until temperatures

exceeded 26°C.

3, Turbidity and food level.

The observed levels of turbidity and food had no effect
on the clam's pumping rate or oxygen consumption at either high
or low oxygen tensions. Again, the observed levels were well
within the clam's tolerance.

Mercenaria are highly tolerant of silt concentrations

below 1000 mg/l. (Hamwi, 1959). The average turbidity in this
study was‘below 100 mg/L. The natural food content of the water
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was low and generally did not influence the clam. However,

during the course of these experiments, a red tide (Cochladiniunm

hetrolabortum occured for several weeks in the late summer,

This high level of algae seriously weaken the clam's capacity

to regulate at low oxygen tensions. A possible reason for

this loss of regulation is that the decay of the large concen-
trations of dead cells produced by-products which are more toxic
at low oxygen tensions. Hydrogen sulfide could occasionally

be smelled in the experimental trough, supporting this
hypothesis: Another explanation might be that the heavy cell

concentrations clogged the animal's gills.

L. Body weight and Oxygen utilization.

As voreviously indicated, the capacity of Mercenaria to

regulate is devendent on size and sex. This was again indicated
in the MLR analysis on the two sexes., This study confirmed
Hamwi's (1969) revort that male and female oxygen consumption and
pumping rate increased with increasing weight at high 02 tensions.
I found this relationship continued to hold for females down

to an oxygen tension of LO mm Hg. Male oxygen consumption

showed no dependance on weight at 40 m Hg. oxygen tension. This
breakdown in the relationship between oxygen consumption and
weight is vrobably correlated with the disappearence of

respiratory regulation in the male at oxygen tensions below the

PC of 4O mm Hg.
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The negative partial regression coefficient for the
regression of pumping rate on oxygen utilization indicates that
slower the pumping rate, and thus the longer the water takes
to pass over the gills, the greater will be the extraction of
oxygen from the water. Sexuval differences were again observed
in this relationship between pumping rate and oxygen utilization
at 4O mm Hg oxygen tension. In both sexes there was a clockwise
rotation of the slope of the line to a more negative value;
however, the female regression coefficient indicated a much
greater rctation of the slope of the line than the male at
LO mm Hg. ox§gen tension, This rotation of the slope of the line
by both sexes indicates that at low oxygen tensions a greater
reduction in pumping rate is necessary to gain an increase in
the amount of oxygen extracted from the water than is the case
at high oxygen tensions. This required reduction in pumping
rate is greater for thé'female than the male at 4LO mm Hg. oxygen
tension. It is interesting to note that the majority of females
tested tie oumping rate either remained unchanged or increased
when the oxygen was lowered to a level above P_ (Tables 1-5).
The two exceptions were a female that had spawned (Table 1) and
a large female (5.09g dry weight) exposed to a low oxygen tension
of 30 mm Hg. (Table 5).

The male could get a greater amount of oxygen from the
water per unit reduction in its pumving rate at low oxygen

tensions, but apparently below PC this increase in the oxygen
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utilization was not enough to compensate for the reduced pumping
rate. Consequently, below 30 mm Hg. oxygen tension the oxygen
consumvtion, a product of the pumping rate and oxygen
utilization, steadily declined and regulation was no longer

evident.



Summary

In the laboratory Mercenaria mercenaria from the York

River, Virginia were exposed to various low oxygen tensions
under fluctuating eanvironmental conditions of temperature,
salinity, turbidity and food level. The effects of these
low oxygen tensions on the clam's pumping rate, oxygen
consumption and filtration efficiency were recorded and
compared to similer measurements taken on the same clam

at high oxygen tensions.

Gravid females, ranging in dry tissue weight from 1.20 -
5.03%5 g, regulated their oxygen consumption‘down to an oxygen
tension of LO mm Hg. Male clams, with gametes, whose dry
tissue weight was below 3.0 g could regulate their oxygen
consumption down to a critical oxygen tension of 80 mm Hg.
Evidence from a sinéle male weighing over 3.0 dry weight
indicated large males had a critical oxygen tension of

40 mm Hg.,

Regulation of oxygen consumption above the critical oxygen
tension was accomplished by three different modes, involving
the pumping rate and oxygen utilization. In the most
coansistant mode of regulation, the pumping rate and oxygen

utilization remained constant such that the product of

these two variables, the oxygen consumption, remained

50
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unchanged. The other two modes of regulation involved
an increase or decrease in the pumping rate compensated
by a decrease or increase in the oxygen utilization, such

that the oxygen consumption remained constant.

At oxygen tensions below the critical oxygen tensions,
oxygen consumption, pumpling rate and filtration rate
declined to very low values, but the clam's capacity to
filter particles from the water was not affected at least

for 48 hours.

The efficiency with which the gill removes particles in

‘the size range of 3-20 u was consistantly high (60-87"%

retention) and was found to be independent of the oxygen

consumpiion, pumping rate and oxygen tensions tested. A
review of the literature support the hypothesis that
filtration efficiency is dependent only on the structure

of the gill's lateral-frontal cilia.

Using multiple linear regression analysis, the observed

values of temperature, salinity, turbidity and food level,

were shown to have little effect on Mercenaria's pumping

rate or oxygen consumption at oxygen tensions above 4O mm Hg.

Below a critical level of 80 mm Hg O2 tension, male oxygen

consumvtion and pumping rate did not increase with increasing
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size of the clam. Female oxygen consumption and pumping
rate did increase with size down to an oxygen tension of

LO mm Hg.

Multiple linear regression analysis indicated that female
oxygen utilization could not be increased in large amounts
by reduction in pumping rate at 4O mm Hg oxygen tension.
This conclusion is supported by the observation that most
females maintained or increased their pumping rate in
declining oxygen. Males, however, could gain more oxygen
by a reduction in pumping rate, but increase in oxygen
utilization was not enough to maintain a constant oxygen

consitmption at 40 mm Hg.



Tables 1-8

The Effect of declining oxygen tensions on male and female
Mercenaria: pooled data.

N, Total number of animals tested in a given
weight class,

n, Number of animals tested at each oxygen
level.

d.f. Degrees of freedom in the analysis of
variance (ANOVA).

Tb, Turbidity (milligrams particulate matter/liter).

chlVvA"™, A measure of the food content of the water
(ug"A'/L.).

SPR. Weight svecific pumping rate

QOE’ Weight specific Oxygen consumption

.0.U.C, Oxygen Utilization Coefficient
d [02] Oxygen utilization

B, Efficiency of gill in removing oxygen
* Significant differences between means (P 0.05)
* % High significant differences between means (P 0,01)
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Table 1

The effect of low oxygen levels on female Mercenaria

(dry tissue weight 1.00-1.99g): pooled data
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Table 2

The effect of low oxygen levels on female Mercenaria
(dry tissue weight 2.,00-2,99 g): pooled data
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Table 3

The effect of low oxygen levels on female Mercenaria
(dry tissue weight 3.00-~3.99g): pooled data
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Table 4

The effect of low oxygen levels on female Mercenaria
(dry tissue weight 4.00-4.99 g): pooled data
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Table 5

The effect of low oxygen levels on female Mercenaria

(dry tissue weight 5.00-5,99 g): pooled data
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Table 6

The effect of low oxygen levels on male Mercenaria

(dry tissue weight 1.00-1.99 g): pooled data
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Table 7

The effect of low oxygen levels on male Mercenaria

(dry tissue weight 2.@0-2.99@): pooled data
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Table 8

The effect of low oxygen levels on male Mercenaria

(dry tissue weight 4.00-4.99g): pooled data
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Table 9

The effect of environmental variables, body weight
and oxygen utilization on the oxygen consumption and
vunving rate of female Mercenaria as analyzed by
multiple linear regression with ANOVA
R? Maltiple correlation coefficient
d.f. degrees of freedom in ANOVA
b. partial regression coefficient

% significant (P 0.05)
%%  high significant (P 0.01)
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Table 10

The effect of environmental variables, body weight
and oxygen utilization on the oxygen consumpticn and
pumping rate of male Mercenaria as analyzed by

multiple linear regression with ANOVA

R? ‘Multiple correlation coefficient
d.f. degrees of freedom in ANOVA

b. partial regression coefficient

n¥ high significant (P 0.01)
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