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ESTIMATION OF OYSTER SHELL SURFACE AREA USING REGRESSION EQUATIONS
DERIVED FROM ALUMINUM FOIL MOLDS'

REINALDO MORALES-ALAMO
The College of William and Mary
Virginia Institute of Marine Science
School of Marine Science
Gloucester Point, Virginia 23062

ABSTRACT A method is described for estimation of surface area of shells of the American oyster, Crassostrea virginica (Gmelin
1791), as an alternative to direct measurement of surface area with aluminum foil molds. It is based on computation, from a small
sample of shells, of the equation for regression of area of aluminum foil molds of shells on area enclosed within tracings of the shell
outline. Area of other shells is then predicted from their shell outline area using the equation. Accuracy of the regression method in
spatfall studies was established using data from shellstring collectors suspended in the Piankatank River, Virginia. For the most part,
differences between foil mold area of individual shellstring shells and the area predicted from regression equations were small, and
spat densities on individual shells, as computed from foil mold area and from regression-predicted area, were almost identical.

KEY WORDS:

INTRODUCTION

Quantitative field studies of settlement of oyster larvae (spat-
fall) on shell cultch of the same species is hampered by difficulty
in measurement of shell surface area (Butler 1954). For that reason
settlement data have been presented most frequently as number of
spat per shell or per oyster (e.g., Singarajah 1980, Haven and Fnitz
1985, Morales-Alamo and Mann 1990, Adams et al. 1991); those
data, however, cannot be compared with each other or with other
data because they lack shell dimensions.

Some investigators have estimated shell surface area from the
dimensions of the longer and shorter axes of the shell (Lunz 1954,
Carreon 1973), from the weight of paper cutouts of shells (Mc-
Nulty 1953) or from shell height (Galtsoff 1964, Marcus et al.
1989). Those methods, however, failed to account for shell shape
and texture. Other investigators avoided the problem by using
alternate materials with flat surfaces and square corners (e.g.,
Kennedy 1980, Osman et al. 1989, Kenny et al. 1990).

Healy (1991) made direct surface area measurements of oysters
using aluminum foil molds that accounted for shell shape and
surface texture. Foil had been previously used to measure surface
area of corals (Marsh 1970), stones (Shelly 1979), and the bivalve
mollusc Donax serra (Donn 1990). Whereas Donn (1990) and
Healy (1991) prepared foil molds of each animal in their studies.

a technique is presented here for estimation of the surface area of

shells of Crassostrea virginica (Gmelin 1791) that reduces time
and tediousness because it does not require a foil mold of every
shell examined. Shell surface area is predicted from the equation
for regression of actual (foil mold) area on the area enclosed by a
tracing of the shell perimeter outline; Marcus et al. (1989) mea-
sured the area within the shell perimeter outline to vahdate their
area estimates but apparently did not consider shell shape and
texture.

MATERIALS AND METHODS

Source of Oyster Shells

Area measurements using aluminum foil were made on random
samples of C. virginica shells from a natural oyster reef in the
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James River, Virginia (referred to as reef shells), and from refuse
piles at local oyster-packing houses (house shells). Regression
equations were computed for three samples: a 1983 sample of 48
mixed reef and house shells, a 1983 sample of 68 reef shells, and
a 1990 sample of 80 house shells. Attached organisms were
scraped off reef shell surtaces before foil molds were made.

The 1990 sample of house shells came from stock used to
construct shellstrings deployed in the Piankatank River, Virginia,
as part of a spatfall monitoring program (Barber 1990), and the
equation derived from those shells was used to predict surface area
of shellstring shells. Shellstring collectors were described by Ha-
ven and Fritz (1985).

Foil Mold Preparation and Area Measurements

Molds were made by pressing aluminum foil over the shell
surface and molding it over mounds and ridges and into depres-
sions and crevices. The mold of the inner surface included the
ligament furrow in the left valve and the buttress and umbonal
cavity in the nght valve. The foil was smoothed out continuously
during the molding process to avoid pleating. Excess foil extend-
ing over the shell edge was trimmed and the mold removed from
the shell without distorting mold shape. Slits were cut into the
mold from the margin inward and carefully flattened out, concave
surface down. The outline of the flattened mold was traced on
paper and area of the tracing measured with an electronic digitiz-
ing planimeter; this area will be referred to as the foil mold area
(FMA). Shell outline area (SOA) was also measured with the

planimeter from a tracing on paper of the perimeter outline of each
shell.

Accuracy of FMA Measurements

The accuracy of FMA measurements was evaluated by com-
parison with another measure of true surface area based on divi-
sion of the shell surface into 1-cm segments across the long axis of
the shell and addition of the segment areas. Length ot the lines
between segments was measured with a cotton string following
shell contours and surface area computed using the equation for
the Trapezoidal Rule (Britton et al. 1965). Lohse (1990) also
measured the area of Myrilus edulis valves directly by adding
segmental areas.
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Figure 1. Line and 95% prediction interval for the regression of FMA
(foil mold area) on SOA (shell outline area) in three different samples
of oyster shells. Lack of symmetry of prediction intervals is due to
conversion of computed values from logarithms to original form.
Mixed shells were a mixture of reef and house shells. Left: outer =
outer surface of left valve; Right: inner = inner surface of right valve.

Reproducibility of FMA Measurements

Reproducibility of FMA measurements was tested by replicat-
ing the process 10 times for the outer surface of each of two shells
and computing the coefficient of variation (CV). The outer surface
was selected for this test because it 1s more uneven and complex
than that of the inner surface, thus providing a more ngorous test.
One of the shells was a very convex left valve with outer surface
deformations originating from another oyster previously attached
to it; the other shell was a relatively flat right valve.

Regression Equations

Equations for regression of FMA on SOA were computed by
the least-squares method after logarithmic transtormation of the
data to correct for heterogeneity of variance. Shell surface area
was then predicted from those equations for a multiple number of
SOA measurements. Use of the same regression equation to make
multiple predictions precludes application of the usual prediction
interval (Tiede and Pagano 1979, Snedecor and Cochran 1980). In
its place, a prediction interval given by Snedecor and Cochran
(1980) was computed.

Accuracy of Predicted Surface Areas

Accuracy of surface area predictions was tested by comparing
FMA of shellstring shells with the area predicted from the regres-

sion of FMA on SOA (the regression-predicted area, or RPA).
Spat densities on the shellstring shells as denved from FMA and as
obtained from RPA were also compared.

RESULTS

Accuracy of the Aluminum Foil Mold Measurement

There was a high correlation between FMA and the area ob-
tained from the sum of the segmental areas of the shell; the coef-
ficients of determination (r°) for the outer and inner surfaces were
(.99 and 0.98 in a mixed sample of 20 reef and 20 house shells
which ranged from 10.27 to 70.64 ¢cm” in SOA. The absolute
percent difference between the two types of measurements for
individual shells ranged between 0.1 and 9.6 (mean = 3.0; stan-
dard deviation (5D) = 2.4) for the outer surface and between 0.1
and 13.6 (mean = 4.8; 5D = 3.8) for the inner surface.

Mean surface areas obtained by the two methods were almost
identical: for the outer surface, 45.2 em” (SD = 20.8) by the foil
mold method and 45.5 cm”® (SD = 21.2) by the sum of segmental
areas; for the inner surface they were 36.9 cm” (SD = 16.9) and
36.6 cm” (SD = 16.8), respectively. The coefficient of variation
for ten FMA replications of the outer surface of each of two
individual house shells was very low (1.2 and 1.4), indicating that
this technique 1s highly reproducible.

Regression of FMA on SOA

There was a strong correlation between FMA and SOA 1n each
of three shell samples analyzed (Fig. 1, Table 1). All coefficients

TABLE 1.

Equations for the regression of foil mold area (Y) on shell outline
area (X) in shells of Crassostrea virginica from three sources.

Source of Shells
Valve and Surface

Regression Equation
(logY = a + logX) r?

1983 Mixed Reef & House Shells:
Left Valve (n = 23)

Outer Surface: logY = 0.249 + 0.954 logX 0.91
Inner Surface: logY = 0.171 + 0.949 logX 0.96
Right Valve (n = 23)
Outer Surface: logY = 0.072 + 1.039 logX 0.97
Inner Surface: logY = 0.115 + 0.964 logX (.99
1983 Reet Shells:
Left Valve (n = 29)
Outer Surface: logY = 0.057 + 1.094 logX 0.91
Inner Surface: log¥ = 0.038 + 1.047 logX 0.96
Right Valve (n = 39)
Outer Surface: logY = 0.051 + 1.047 logX 0.91
Inner Surface: logY = 0.006 + 1.038 logX 0.96
1990 House Shells:
Left Valve (n = 40)
Outer Surface: logY = 0.153 + 1.004 logX (.86
Inner Surface: log¥ = 0.085 + 0.994 logX 0.95

Right Valve (n = 40)
Outer Surface:
Inner Surface:

0.95
0.98

logY = —0.012 + 1.086 logX
log¥ = 0.093 + 0967 logX

Reef shells collected from Wreck Shoal in the James River Virginia; house
shells, origin unknown, were obtained from shucking-house refuse piles in
Virginia. Logarithms to the base 10, Y = fitted Y, i.e., estimated Y (RPA
in text).
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TABLE 2.

Cumulative percent frequency distribution of the difference (in
percentages, sign ignored) between foil mold area (FMA) and
regression-predicted area (RPA) for individual oyster shells from
shellstrings suspended in the Piankatank River in 1990 (predictions
based on 1990 house shells).

Left Valves Right Valves
Pet Outer Surf. Inner Surf. Quter Surf. Inner Surf.
Difference n Pct. n Pct. n Pct. n Pet.
< 5.00 15 53.6 18 thd 3 4 iy el P 17 75.0
5.01-10.00 6 5.0 9 96.4 5 56.3 3 038
10.01-15.00 5§ 92 .9 l 1000 5 87.5 0 93 8
15.01-20.00 I 06.4 2 1000 1 100 .0
20.01-25.00 l 100.0
n 28 28 16 16
Mean 6.5 4.2 9.1 4.1
SD 53 2.8 5:1 4.7

SD = standard deviation.

of determination were higher than 0.86. Prediction intervals for
the regression lines were very wide because a value of 500 was
used for the number of future predictions in the equation from
Snedecor and Cochran (1980). Figure 1 only includes the data for
inner surface of right valves and outer surface of left valves be-
cause they represent extremes of shell flatness and concaveness (or
convexity), respectively; regression data for the other two valve-
surface combinations were intermediate in prediction interval
width.

Comparison of Area and Spat Density Estimates

Differences between FMA and RPA were either all or mostly
all under 15% for both surfaces of left and right valves in indi-
vidual shells from Piankatank River shellstrings (Table 2). The
same was true for shellstring shells used in the James River in
1983 (R. Morales-Alamo and D. S. Haven, unpublished data).
Means for FMA and RPA were very close in each of the four
groups of Piankatank River shellstring shells (Table 3).

Spat densities computed for individual shellstring shells using
the two area estimates were identical or nearly identical in most
shells (Table 3). Mean spat densities for each shellstring were
identical in 6 of the 8 surface comparisons and very similar in the
other two. The large variation around these means is associated
with variations in larval settlement between shells in the same
shellstring and not with variation in area estimates.

DISCUSSION

Surface area measurements of oyster shells using aluminum
foil molds provide the closest approximation to true surface area of
any technique proposed to date because they are the only ones that
account for variations in shell shape and texture among individual
shells. Their accuracy was demonstrated here by comparison with
the sum of shell segmental areas.

Direct foil measurement of every shell examined (as done by
Donn 1990 and Healy 1991) is the most desirable option. How-
ever, in studies that involve large numbers of shells, as in exten-

sive spatfall monitoring programs, that method would require an
inordinate amount of time and effort. The same would be true n
studies involving natural reef shells because direct measurement
with foil molds would require preliminary removal of fouling or-
ganisms. The regression method presented here 1s a suitable alter-
native that would substantially reduce time and effort investment
because few actual foil mold measurements are required. A max-
imum of 40 each of the right and left valves would be satistactory
to derive a regression equation; tracing shell outline and measure-
ment of the area enclosed for all other shells is done relatively
quickly.

Use of direct foil mold measurements or predictions made from
regression of FMA on SOA solves some of the problems associ-
ated with substrate suitability in larval settlement studies with
oysters: (1) they provide dimensional measures of spat density,
unlike data presented in terms of spat per shell, (2) they make it
unnecessary to use, just for dimensional purposes, alternate ma-
terials that may be potentially less attractive than oyster shells to
oyster larvae (Kennedy 1980), and (3) they permit comparison of
settlement on oyster shells with settlement on alternate materials
when such comparisons are required. They also offer the option of
making counts on several measured small areas of the shell sur-
face, instead of on the whole shell, when the number of spat 1s
extremely large. The mean of those counts would be comparable
to those made on whole shells.

Regression of FMA on SOA may be characterized by wide
predictive intervals, depending on the valve and surface being
analyzed, which would ordinarily handicap use of the regression
for prediction purposes. In actual practice, however, percent dif-
ferences between individual FMA and RPA were ftor the most part
small and when tested in spatfall studies, their effect was incon-
sequential: spat density values for Piankatank River shellstring
shells were almost identical regardless of whether the area mea-
sured with foil mold or the area predicted from regression was
used. In that context, therefore, it is acceptable to ignore the wide
predictive regression intervals.

A drawback of methods based on foil molds is that a foil mold
of the outer surface of an oyster shell cannot account for surface
areas inside very small depressions, crevices and pits on the shell
surface. They may, thus, underestimate the total area available to
settling oyster larvae in heavily-pitted shells. That, however, is not
a serious problem when house shells are used because their outer
surfaces are relatively unblemished. Old shells from natural reets
are usually heavily pitted and the problem created by that condi-
tion must be acknowledged when surface area estimates are made
using foil molds.

Investigators using shellstrings in spatfall studies have often
stated that they used shells of similar size (Lutz et al. 1970,
Kennedy 1980, Singarajah 1980). Although those data may
present an adequate picture of relative spatfall at ditferent stations
and in different years, absence of dimensional units considerably
reduces confidence in comparisons with other data. Adoption of
the technique presented here, as an alternative to direct foil mold
measurements of all shells, would be advisable in spatfall studies
that use whole oyster shells as collection substrate. Refinement of
the method for improved accuracy is possible by using very flat
right valves and examination of only the inner surface. Differences
in size and shape of shells from different geographic locations and
environments require computation of separate regression equations
in subsamples from each of those populations to ensure the highest
accuracy of predictions based on the equations.
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TABLE 3.

Surface area of oyster shells and density of spat in shellstrings suspended in the Piankatank River, VA.

Shell Surface Area (cm?) No. Spat and Density (No./cm?)
. Qutside Surface Inside Surface QOutside Surface Inside Surface
Outline
Area No. Dens. Dens. No. Dens. Dens.
v (em?) FMA RPA FMA RPA Spat (FMA) (RPA) Spat (FMA) (RPA)

Exposure Peniod: 16-23 Aug 1990
Palace Bar (n = 12)

L 36.33 54.62 52.42 43.03 43.24 8 0.15 0.15 8 0.19 0.19
L 41.99 67.88 60.62 46.10 49.94 14 0.21 0.23 7 0.15 0.14
R 45.57 6. 74 61.56 49.02 49.77 2 0.03 0.03 9 0.18 0.18
R 30.67 40.73 40.05 32.91 33.94 7 0.17 0.17 10 0.30 0.29
L 31.22 50.95 45.02 37.31 37.19 12 0.24 0.27 10 0.27 0.27
R 48 86 61.67 66.41 52.59 53.24 16 (.26 0.24 13 0.25 0.24
R 6015 79.67 83.22 64.77 65.09 3 0.04 0.04 6 0.09 0.09
R 47.50 57.94 64.40 51.31 51.80 Y 0.16 0.14 f 0.12 0.12
R 40.27 58.78 53.83 42 88 4416 5 0.09 0.09 11 0.26 0.25
L 55.41 82.18 80.09 66.63 65.78 13 0.16 0.16 3 0.05 0.05
L 61.06 85 66 88.29 71.26 72.45 7 0.08 0.08 4 (0.06 0.06
L 52.77 78.93 76.26 65.41 62.67 10 0.13 0.13 9 0.14 0.14
Mean 45 98 65.31 6435 51.93 52.44 8.8 0.14 0.14 8.0 0.17 0.17
SD 10.30 13.92 15.26 12.47 12.01 4.4 0.07 0.08 2.9 0.09 0.08
Burton Point (n = 12)
Mean 39.17 59.22 56.20 47.04 46 .38 5.0 0.09 0.09 30 0.07 0.07
SD 7.90 14.31 11.93 10.46 9.63 4.2 0.07 0.07 23 0.05 0.05
Exposure Peniod: 23-30 Aug 1990
Palace Bar (n = 10)
L 49.97 75.38 72.19 57.90 59.36 22 (.29 0.30 32 0.55 0.54
L 69 .60 100.38 100.69 89.92 82.52 30 (.30 0.30 31 0.34 0.38
L 60.56 100.97 87.56 74.98 71.86 7 0.07 0.08 52 0.69 0.72
R 45.01 55.49 60.74 53.76 49 18 41 0.74 0.67 29 (.54 0.59
R 39.13 58.86 52.18 44 22 42.95 9 0.15 0.17 25 0.57 (.58
L 48.93 74.50 70.69 62.62 58.14 10 0.13 0.14 30 0.48 0.52
= 35.92 35.62 51.83 43.58 42.76 5 0.09 0.10 25 0.57 0.58
L 53.26 70.33 76.97 59.36 63.25 23 (.33 0.30 55 (.93 0.87
R 39.83 66.45 53.19 53.01 43.69 13 0.20 0.24 22 .42 0.50
L 37.42 62.98 54.00 46.51 44 53 I 0.02 0.02 9 (.19 0.20
Mean  47.96 72.10 68.00 58.59 55.82 16.1 0.23 0.23 31.0 0.53 0.55
SD 10.90 16.63 16.79 14.53 13.74 12.6 0.21 0.19 13.6 0.20 0.19
Ginney Point (n = 10)
Mean 47.89 66.09 66.73 56.01 54.03 3i5 0.06 0.06 18.8 0.34 0.35
SD 10.90 15.66 14.43 10.00 10.91 3.3 0.06 0.06 7.6 0.12 0.13

key to abbreviations: n = Number, V = Valve, L = Left, R = Right, SD = Standard Deviation.

Individual data for Palace Bar strings and means only for two other stations. Areas given as measured from aluminum foil molds (FMA) and as obtained
from the regression equation of foil mold area on shell outline area for a sample of the house shells used to construct the shellstrings (RPA). Spat density
computed using both surface area values
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