
ESTIMATING ABUNDANCE AND ANNUAL PRODUCTION OF STRIPED BASS 
EGGS WITH IN SITU SILHOUETTE PHOTOGRAPHY

A Thesis 
Presented to 

The Faculty of the School of Marine Science 
The College of William and Mary in Virginia

In Partial Fulfillment 
Of the Requirements for the Degree of 

Master of Arts

by
John Douglas Field 

1991



APPROVAL SHEET

This thesis is submitted in partial fulfillment of the 
requirements for the degree of

Master of Arts

Approved, August 1991

John E. Olney, M.A. 
Committee Chairman/Adv

James Colvocoresses, Ph.D
"7/ r, ,

" " -fcJc.
Bruce Neilson, Ph.D.

George Grant, Ph.D.

Roger Aann, Ph.D.

1 1



TABLE OF CONTENTS

ACKNOWLEDGMENTS ........................................ V

LIST OF T A B L E S .................................... vi

LIST OF FIGURES...................................... viii

A B S T R A C T ..............................................  xi

INTRODUCTION ..........................................  2

METHODS AND MATERIALS .................................  5
Camera description ...............................  5
F i e l d ............................................  9
Laboratory........................................ 11
Statistical analyses .............................  14

RESULTS................................................  17
Paired-net comparisons...........................  17
Synoptic comparisons.............................  23
Egg staging........................................ 25
Sample processing times...........................  32
Egg depth distributions...........................  33
Egg abundance,production,female biomass estimation. 37

iii



D I S C U S S I O N ............................................  41

LITERATURE CITED ......................................  53

V I T A ................................................... 57

iv



ACKNOWLEDGMENTS

All of my committee members, especially John Olney, 
provided insight and wisdom that were instrumental in 
planning field work and writing the text. In addition, Dr. 
Robert Diaz helped extensively with statistical analyses. 
Without the technical expertise of William Shannon, 
construction of the towing systems would have been 
impossible. William Matthews, John Posenau, and Suzanne 
Alexander were all invaluable in developing the electronics 
and software used for data acquisition from the camera 
system. Last, but certainly not least, Patricia Crewe, Jack 
McGovern, Martin Cavalluzzi, Louis Daniel, and Kathryn 
Kavanagh provided invaluable assistance, friendship, and 
encouragement throughout all 3 years of field work.

This research was sponsored, in part, by a grant from 
the Maryland Department of Natural Resources, Contract No. 
PR89-111-04.

v



LIST OF TABLES

Table 1. Developmental stages of striped bass eggs. . 13

Table 2. Summary of sampling effort on the Pamunkey River,
1989-1991 ..........................................  18

Table 3. Results of paired-sample t tests and
nonparametric correlation coefficients (r) for density 
estimate differences. .........................  21

Table 4. Density estimates (eggs/100 m3) from 1991
Hansen net and camera collections ............... 2 6

Table 5. Stage-specific abundances (eggs/100 m3)
determined from 1991 Hansen net and camera collection27

Table 6. Summary of variables associated with vertical 
distributions of striped bass eggs observed in film 
records................................................34

Table 7. Summary of egg density gradients (eggs m3) and 
corresponding tide stages in selected 1989-1990 film 
records............................................  3 6

vi



Table 8. Estimates of annual egg production (eggs x 
109) and spawning female biomass (kg) in the 
Pamunkey River, 1989-1990   40

Table 9. Mean weights (kg), yearclasses, and weighted
mean fecundity (eggs x 104 / kg) estimates for striped 
bass females caught in Virginia commercial pound nets, 
spring 1990 ..........................................  43

Table 10. Potential causes of significant density estimate 
differences and presumed effects on paired-net and 
synoptic collections.................................. 45

vii



LIST OF FIGURES AND PLATES

Figure 1. Diagram of twin-net plankton camera frame. 
Labelled instruments are: A = electronic 
flowmeters; B = CTD probe; C = inclinometer; D = 
plankton camera .................................. 7

Figure 2. Diagram of single-net plankton camera frame. 
Labelled instruments are: A = CTD probe; B =
electronic flowmeters; C = inclinometer; D = 
plankton camera .................................. 8

Figure 3. Chart of the Pamunkey River, VA. Labelled
stations mark surveyed strata (4.8 km) to nearest whole 
km. Rectangular area in inset locates sampling in 
Chesapeake Bay region ...........................  10

Figure 4. Log-transformed photographic and traditional egg 
density estimates (eggs/100 m3) from paired-net 
collections, 1989-1990 .............................. 22

Figures 5a-f. Paired density estimates from 1990 synoptic 
comparison tows. a) 333 |J,m vs. 1 mm bongo, 26 April; 
b) 333 |lm vs. 1 mm bongo, 17 May; c) camera vs. 1 mm 
bongo, 2 6 April; d) camera vs. 1 mm bongo, 17 May; e)

viii



camera vs. 3 33 |im bongo, 2 6 April; f) camera vs. 333 |Lim 
bongo, 17 May. .   24

Figure 6. Age structures of eggs in the 1991 film records
and paired Hensen net collections.................... 31

Figures 7a-f. Depth distributions of eggs. Number of eggs 
examined is listed in upper right corner of each graph, 
and number of frames exposed at each depth is listed at 
the end of each bar. Tide stages at time of collection 
are: a,b - slack water; c - flood; d - ebb; e - slack 
water; f - ebb..................................... 35

Figures 8a-b. Spatial and temporal abundances of striped 
bass eggs in the Pamunkey River determined from 
photographic collections, a) 1989 ; b) 1990 ........  38

Figure 9. Pamunkey River stratum egg production expressed
as percent of annual production, 1989-1990 ........  39

Figure 10. Annual production of striped bass eggs (eggs x 
109) in four Virginia rivers, 1980-1990. Abbreviations 
are: P = Pamunkey River; M = Mattaponi River; J =
James River; R = Rappahannock River; * = 
photographically derived estimates................ 42



Plates la-f. Images of staged eggs from film records.
a) stage II; b,c) stage IV; d) stage I; e) stage IV; f)
multiple eggs in different stages................. 29

Plates 2a-f. Images of unstageable eggs from film records..
..............................................30

x



ABSTRACT
In situ silhouette photography was evaluated to 

increase the accuracy and efficiency of striped bass egg 
production surveys in 1989-1990. Specific objectives were 
to: 1) make extensive comparisons between estimates of egg
density obtained from the camera system and concurrent 
traditional collections; 2) generate annual egg production 
estimates for the Pamunkey River, VA spawning grounds from 
photographic data; 3) compare annual egg production 
estimates derived from traditional and photographic data; 4) 
compare the times required to process paired film records 
and traditional samples; 5) examine small-scale patterns of 
vertical distribution of eggs seen in photographic records; 
and 6) document developmental staging of images of striped 
bass eggs in the film records.

The technique utilized a 35-mm camera opposed by a 
flash assembly. The cod-end of a standard plankton net was 
attached to a photographic chamber between these two 
components and fish eggs were photographed in silhouette as 
they passed from the net through the chamber. Two towing 
frames were used to deploy the camera over the study period: 
a paired-net frame which yielded both photographic and 
preserved collections, and a smaller single-net frame. 
Comparison tows were made with a 60-cm bongo frame fitted 
with 1-mm and 333 |im mesh nets and a 1-m Hensen net fitted 
with 35-|im mesh Nitex.

Egg density estimates ranged from 0.0 to 908 eggs/100 
m3 in the preserved samples and to 4,167 eggs/100 m3 in the 
film records. Log-transformed paired density estimates 
derived from paired-net frame collections generally showed a 
strong relationship, and simple linear regression of that 
data was significant. However, significant differences did 
exist between paired density estimates obtained from 
synoptic comparisons of the single-net frame and bongo nets.

The clarity of egg images in the films facilitated 
ontogenetic staging of live eggs, and age structures were 
calculated for photographic collections and synoptic Hensen- 
net samples. Age structures were dissimilar and did not 
exhibit expected frequency distributions across the five 
stages. Depth distributions of eggs calculated from film 
records exhibited three patterns that were related to tide 
stage. Spatio-temporal distributions of eggs 
were similar to those observed in previous surveys of the 
Pamunkey spawning grounds. Distributions observed during 
the 1990 photographic survey suggested more elevated and 
sustained spawning activity than in the previous year, and 
the annual egg production estimate for 1990 was twice as 
large as the 1989 estimate.

Although annual egg production estimates derived from 
photographic surveys were considerably higher than estimates 
from previous surveys, annual estimates from 1980-1990 
indicate a substantial increase in striped bass spawning 
activity over the last 11 years in Virginia rivers.

xi



ESTIMATING ABUNDANCE AND ANNUAL PRODUCTION OF STRIPED BASS 
EGGS WITH IN SITU SILHOUETTE PHOTOGRAPHY



INTRODUCTION

Ichthyoplankton surveys have been used to estimate egg 
abundance, distribution, mortality, and annual production 
for various Atlantic coast fishes (Berrien et al. 1981, 
Pennington and Berrien 1984, Houde et al. 1988, Olney et al. 
1991), but the need to increase the efficiency and accuracy 
of such surveys has been emphasized (Houde et al. 1989) . 
Plankton nets traditionally used in such surveys yield 
samples that are laborious to sort and offer little 
information on small-scale (< 1 km) spatio-temporal 
distributions of eggs.

A variety of electronic, volumetric, and weighing 
techniques have been used to rapidly count large numbers of 
live fish eggs (Burrows 1951, Pohar and Pen 1983, Joyce and 
Rawson 1988), but these were developed primarily for 
hatcheries, where samples were simply large batches of 
identical or monospecific eggs. Such techniques could not 
generate density estimates (eggs per unit volume) and were 
not suitable for processing field-collected samples, that 
usually contain different types of eggs or large amounts of 
detritus and zooplankton. Murdoch et al. (1990) recently
described a shipboard method for rapidly enumerating eggs
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collected with a standard plankton net. The technique 
employed a shipboard silhouette photograph of a small 
measured portion of the sample to enumerate images of live 
eggs. The method generated reliable estimates of egg 
densities (Murdoch et al. 1990), but could not provide 
information on small-scale spatio-temporal distributions 
unless used in conjunction with opening/closing nets.

In situ silhouette photography was first described by 
Ortner et al. (1981). This technique utilized a submersible
camera which photographed planktonic targets as they passed 
through the cod-end of a plankton net. Initial deployments 
of the instrument in the Gulf Stream (Ortner et al. 1981) 
yielded high quality images of live zooplankton that 
provided fine-scale (1-10 m) horizontal and vertical 
distribution data and provided permanent records of live 
plankton in the water column. Houde et al. (1988) used the
system in ichthyoplankton surveys of lower Chesapeake Bay to 
determine the abundance and distribution of bay anchovy 
(Anchoa mitchilli) eggs and larvae. The resulting films 
yielded abundance estimates similar to those derived from 
concurrent traditional collections, and the quality of the 
images permitted developmental staging of photographed eggs. 
Houde et al. (1988) reported that the system was most
effective when ambient plankton densities were relatively 
high and when deployed in areas of low species diversity. 
Subsequently, Olney and Houde (1991) conducted multiple sets
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of comparative tows with the camera and a paired traditional 
net (Fig. 1) throughout Chesapeake Bay, including tidal 
freshwater portions of the Pamunkey River, VA (USA) where 
striped bass (Morone saxatilis) spawn (Grant and Olney 
1991). Paired estimates of striped bass egg density (eggs 
per unit volume) resulting from eight casts of the camera 
and paired net were statistically equivalent (Olney and 
Houde 1991) . Furthermore, film records took significantly 
less time to sort than paired preserved collections (Olney 
and Houde 1991), and images of eggs exhibited great detail.

These results suggested that in situ silhouette 
photography could be used in more extensive anadromous fish 
egg production surveys, while greatly reducing the time and 
effort required to process samples and providing unique 
information on spatial variability in egg distribution. Egg 
production surveys have proven useful in fishery-independent 
monitoring of the recovering Atlantic coast striped bass 
stocks. Olney et al. (1991), however, considered daily
differences in spawning activity, within-stratum patchiness 
and variable egg mortality to be important sources of error 
in egg production estimates. All of these potential sources 
of error have been difficult to evaluate because of the high 
cost and laborious nature of sampling and data analysis.

Consequently, this study was conducted to determine if 
in situ silhouette photography could be used in striped bass 
egg production surveys to increase their accuracy and
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efficiency. Specific objectives were to: 1) make extensive
comparisons between egg density estimates obtained from the 
camera system and concurrent traditional collections; 2) 
generate annual egg production estimates for the Pamunkey 
River, VA spawning grounds from photographic data; 3) 
compare annual egg production estimates derived from 
traditional and photographic data; 4) compare the times 
required to process paired film records and traditional 
samples; 5) examine small-scale patterns of vertical egg 
distribution seen in photographic records; and 6) document 
developmental staging of striped bass egg images in the film 
records.

METHODS AND MATERIALS
Camera description

The camera (Model 3 73 submersible camera, Benthos,
Inc.) was fully described in previous studies (Ortner et al. 
1981, Houde et al. 1989), so is only briefly described here. 
The mechanism consisted of a 35-mm camera opposed by a high­
speed, high-intensity flash assembly. These components were 
contained in watertight housings bolted to a flow-through 
photographic chamber constructed of PVC material. The cod- 
end of a standard plankton net was attached to the chamber 
and fish eggs were photographed as they passed from the net 
through the chamber. The film advanced 1 frame s’1 and a 5 
min. deployment yielded a filmstrip nearly 8 m long
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containing about 300 exposures. Kodak Panatomic-X and Kodak 
T-Max 100 films were used because of their relatively high 
light sensitivity in turbid waters and good image 
resolution. Each exposure "sampled" 6.2 L of filtered water 
(Olney and Houde 1991) .

Two towing systems were used to deploy the camera. The 
larger, paired-net frame (Fig. 1) was described by Olney and 
Houde (19 91), and measured 3.7 m long, 1.4 m wide, and 0.6 m 
tall. A smaller, single-net frame (Fig. 2) was constructed 
to facilitate deployment of the plankton camera from a small 
boat, and measured 2.1 m long, 0.6m wide, and 0.6 m tall. 
The frame was fitted with a 60-cm mouth net made of 1-mm 
Nitex mesh and the following instruments: a conductivity- 
temperature-depth probe (Applied Microsystems STD-12), two 
flow meters (General Oceanics model 2031H), and an 
inclinometer (Midori American Co., model PMP-45UV). A 50-m
data cable relayed output from these instruments to 
shipboard computer and permitted remote activation and 
deactivation of the camera during deployment. Hydrographic, 
flow, and positional data were retrieved at 1 s intervals 
and stored in ASCII format in the following order: elapsed 
time (s), depth (m), temperature (°C), conductivity, 
horizontal inclination (deviation from 0° side-to-side), 
vertical inclination (deviation from 0° fore and aft), flow 
rate outside the net (cm s'1), and flow rate inside the net 
mouth (cm s'1) .



Figure 1. Diagram of paired-net camera frame 
instruments are: A) electronic flowmeters; B)
inclinometer; D) plankton camera.

Labelled 
CTD probe;





Figure 2. Diagram of single-net camera frame. Labelled 
instruments are: A) CTD probe; B) electronic flowmeters;
inclinometer; D) plankton camera.





9

Field
Weekly egg production surveys of striped bass spawning 

grounds in the Pamunkey River, VA were made with the small 
and large camera frames from 1989-1990. In addition,several 
sets of comparative casts were made with the camera and 
traditional nets during those years and 1991. Details of 
each sampling category are listed below.

Egg production surveys. Weekly ichthyoplankton surveys 
were conducted from 17 April through 3 0 May, 1989 on the 
Pamunkey River. The river was divided into 4.8 km strata 
(Fig. 3), and sampling sites were chosen by randomly 
selecting one river km from each stratum. The paired-net 
frame was deployed in 5 min. stepped oblique tows at each 
sampling site. Exposed film strips were packed in light­
tight containers for darkroom processing on shore, and 
plankton samples resulting from the paired net were 
preserved in 5-8% buffered seawater formalin. In 1990, 
weekly surveys were conducted from 5 April through 14 May, 
following the same sampling protocol used in 1989. The 
single-net camera frame replaced the twin-net system, except 
on 12 April 199 0, when the larger frame was used.

Synoptic tows. On 2 6 April 19 9 0 and again on 17 May 
1990, striped bass eggs were located at single sites on the 
Pamunkey River. Ten consecutive casts were made with a 
bongo net (60-cm mouth diameter) deployed concurrently with 
the single-net camera frame. Two boats were used: one boat
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Figure 3. Chart of the Pamunkey River, VA. Labelled 
stations mark surveyed strata (4.8 km) to the nearest whole 
km. The rectangular area within the inset locates the study 
area in the Chesapeake Bay region.
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towed the bongo net and the other (approximately 2 0-30 m 
away) towed the camera system. The bongo frame was fitted 
with paired 333 |J.m and 1 mm nets, and volumes filtered were 
determined from flowmeters mounted in each net.

Egg staging study. During four of the 19 91 weekly 
surveys, a Hensen net (35-|Jm mesh, 1-m mouth diameter) was 
deployed in vertical casts immediately after the 5 min. 
stepped oblique tows of the single-net camera frame. Hensen 
net casts were brief (< 1 min.) to minimize damage to eggs 
and collections coincided with slack water when suspended 
detritus loads were low. Collections were preserved in 
Stockard's solution (85% water, 6% glycerin, 5% acetic acid, 
4% formalin) to facilitate staging of the eggs in the 
laboratory.

Laboratory
Eggs were sorted from whole preserved samples using a 

dissecting microscope. Two sorting protocols were used 
over the three year period. In 1989, both intact eggs (i.e. 
embryo and attached chorion) and separated embryos were 
counted. In samples collected from 1990-1991, only intact 
eggs were counted, while separated embryos were ignored.

Images of eggs in the photographic records were 
examined and enumerated with a microfiche reader. 
Distinguishing characteristics such as a large perivitelline 
space and a single large oil globule made the targets easy
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to identify in the films. The depth (to the next lowest 
whole m) of each exposure was determined from the 
corresponding hydrographic data. For example, eggs 
enumerated in exposures taken at 0.0-0.9 m were considered 
to be at 0 m and those counted in exposures taken at 1.0-1.9 
m were considered to be at 1 m. Depth-specific egg 
abundance (eggs rrr3) was calculated, and depth distributions 
of eggs were derived from film records containing 10 or more 
total images of M. saxatilis eggs. Records with fewer than 
10 images were not analyzed at this level because the rarity 
of targets made depth distributions difficult to interpret.

In addition, the time (min.) to enumerate striped bass 
eggs and larvae in the 1990 comparative samples was recorded 
by each sorter.

Specimens and images in the 1991 Hensen net samples and 
paired film records were developmentally staged following 
illustrations provided in Hardy (1978) and using a 
modification of the scheme proposed by Olney et al. (1991) .
The stages, developmental times, and distinguishing 
characteristics of the modified scheme are listed in Table 
1. Pigmentation, eye development, and length of coiled 
embryos could not be ascertained in silhouette images, so 
staging of photographed eggs was based only on those 
characteristics that were visible in the films. Eggs in 
either photographic or preserved samples were judged dead if 
they possessed a clouded chorion or a deformed embryo. Dead
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Table 1. Developmental stages of striped bass eggs, modified 
6-stage scheme. Developmental times and stage descriptions at 
6.7-17.2 °C are adapted from Hardy (197 8).

Minimum time to stage
Stage completion

I 12 h

II 16 h

III 20 h

IV 30 h

V 48 h

VI >48 h

Description
Four-cell stage through 
gastrula; blastoderm is berry- 
or cap-like in appearance; 
covers 1/2 of yolk.
Blastocoel forming; germ-ring 
thickened around periphery of 
blastoderm, which covers more 
than 1/2 of yolk.
Embryo beginning to develop, 
neural ridges and eyes barely 
visible; pigmentation present 
on embryo and oil globule.
Embryo at least halfway around 
yolk; pigment on dorsolateral 
region of body and adjacent 
blastoderm; tail may be free 
but curved.
Embryo 1.6 to 3.1 mm long, tail 
free and straight; lens and 
pigment may be well developed.

Larva



eggs and those lacking key characteristics for staging were 
classified as unstageable. Stage-specific and unstageable 
egg densities (eggs/100 m3) were calculated for each sample 
and age structures were determined for each set of 
collections.

Data analysis
Differences between egg density estimates (eggs/100 m3) 

from paired photographic and preserved collections (referred 
to hereafter as "density estimate differences" or "d") and 
differences in total time to process film records and 
preserved collections were the primary data sets used in 
statistical analyses. Positive differences indicated that 
the film records yielded higher density estimates or 
processing times than paired preserved collections. Paired 
estimates that were both zero and data sets containing fewer 
than 10 observations were omitted from statistical analysis. 
Normality of differences was tested with the Shapiro-Wilk 
statistic (a = 0.05) . To attain normality, data were log- 
transformed (log10 (x+1) transformation) and differences 
were calculated by subtracting the transformed values. 
Homogeneity of variance in data subjected to analysis of 
variance was tested for with the Fmax test (a = 0.05) . Data 
that failed the Fmax test were analyzed with the Kruskal- 
Wallis nonparametric analysis of variance. Specific uses of 
each statistical test are listed below.
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1-Way ANOVA and Kruskal-Wallis analysis - One-factor 

analysis of variance (a=0.05) was used to determine if sets 
of density estimate differences or paired sort times could 
be pooled before being subjected to paired-sample t tests. 
When transformed estimates of total egg density from the 
1991 synoptic collections did not exhibit normality, a 
Kruskal-Wallis nonparametric analysis (a = 0.05) was used to 
determine if data could be pooled.

Paired-sample t test - Paired-sample t tests (a=0.05) 
were used to determine if density estimate differences or 
processing time differences were significant (i.e. paired 
data were unequal).

Correlation analysis - Spearman's rank coefficient was 
calculated for each set of paired density data collected 
from 1989-1990. In addition, pooled stage-specific density 
estimates from the 1991 synoptic collections were subjected 
to correlation analysis. Spearman's rank analysis was used 
unless paired estimates exhibited bivariate normality.

Regression analysis - Simple linear regression was 
performed on pooled non-zero paired density estimates 
obtained from paired-net frame collections in 1989 and 1990.

Chi-square analysis - Chi-square analysis (a = 0.05) 
was performed on the age structures calculated for 
photographed and preserved eggs in the 19 91 synoptic 
collections. The time-zero age structure in an egg



mortality study by Olney et al. (1991) was chosen for
expected frequency distributions of staged cohorts.

16

Egg production estimation - Egg density data obtained 
from the 1989 and 19 9 0 weekly ichthyoplankton surveys were 
used to generate estimates of annual egg production in the 
Pamunkey River. For comparative purposes, paired data 
collected with the paired-net frame in 1989 were processed 
separately. Olney et al. (1991) give a complete description
of the egg production model used to generate the annual 
estimates, and calculations followed the series of equations 
provided there. Spawning female biomass in 1989 was 
estimated using the fecundity estimate provided in Olney et 
al. (1991). The fecundity estimate for 1990 was calculated
using a weight regression given in Setzler et al. (1980),
and following the procedure described by Olney et al.
(1991). Mean weights of females (5 years or older) caught 
in 1990 in Virginia commercial pound-nets were used in the 
regression to estimate weight-specific fecundity for each 
year class represented. These estimates were then 
multiplied by the number of individuals from each 
weightclass, summed, then divided by the total number of 
females to generate a weighted mean fecundity for the year.
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RESULTS

Paired-net comparisons
In total, 40 preserved and 40 photographic collections 

resulted from egg production surveys with the paired-net 
frame in 1989 (Table 2). Egg density estimates at positive 
stations (stations where eggs were collected or 
photographed) ranged from 1.4 eggs/100 m3 to 653.6 
eggs/100m3 in the preserved samples and from 46.7 eggs/100 
m3 to 2,756.8 eggs/100 m3 in the film records (Table 3).

Based on the results of analysis of variance, all 
density estimate differences from the 1989 paired-net frame 
data were pooled before subjected to a paired-sample t test. 
Although negative differences occasionally occurred, the 
mean transformed density estimate difference was 0.04 
eggs/100 m3, a nonsignificant value (Table 3). Spearman's 
rank correlation analysis yielded a correlation coefficient 
of 0.71, the lowest coefficient calculated in the 1989-1990 
comparisons.

The 1990 deployments of the paired-net frame generated 
a total of 8 preserved and 8 photographic collections (Table
2). Log-transformed density estimates obtained from these 
collections were plotted with the 1989 paired-net data (Fig. 
4). Except in the cases where one sampling method detected 
eggs and the other did not, log-transformed paired estimates 
showed a strong linear relationship (Fig. 4). Regression
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Figure 4. Log-transformed photographic and traditional egg
density estimates (eggs/100 m3) from paired-net collections, 
1989-1990.
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analysis on paired non-zero density estimates from the 1989 
and 1990 collections indicated that transformed density 
estimates derived from preserved collections were related to 
transformed photographic estimates by the following 
equation:

Photographic estimate = 0.66(Preserved estimate) + 1.30 (1)

This regression was significant at an alpha level of 5%, and 
yielded an R-square value of 0.80.

Synoptic comparisons
A total of 3 9 preserved and 2 0 photographic collections 

resulted from the synoptic comparisons of the single-net 
frame and bongo nets taken on 2 6 April and 17 May 19 9 0 
(Table 2). Maximum egg density estimates in the collections 
were 446.2 eggs/100 m3 in the preserved samples and 4,166.7 
eggs/100 m3 in the film records. Paired estimates from 
these collections are presented in Figures 5a-f. Based on 
analysis of variance, differences were pooled for each data 
set (camera vs. 333 |Llm bongo; camera vs. 1 mm bongo; 3 33 |J,m 
bongo vs. 1 mm bongo). Paired-sample t test results 
indicated that the mean transformed density estimate 
difference from the 333 |im mesh bongo net and the 1 mm mesh 
bongo net collections (untransformed d = 18.5 eggs/100 m3) 
was not significant (Table 3). These paired data also
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Figures 5a-f. Paired density estimates from 1990 synoptic 
comparisons. A) 333 |lm bongo vs. 1mm bongo, 26 April; B)
333 |im bongo vs. 1mm bongo, 17 May; C) camera vs. 1mm bongo, 
2 6 April; D) camera vs. 1mm bongo, 17 May; E) camera vs. 333 
Jim bongo, 2 6 April; F) camera vs. 3 33 |im bongo, 17 May.
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yielded the highest Spearman's correlation coefficient 
(0.91) of all the data analyzed (Table 3). Differences 
calculated for the paired film records and bongo collections 
were highly significant (P < 0.01) for both cruises (Table 
3) .

Total egg abundances were calculated from 1991 synoptic 
comparisons of the camera system and Hensen net (Table 4). 
Kruskal-Wallis analysis of variance indicated that total egg 
density data for all four cruises could be pooled for a 
paired-sample t test. The t test detected no difference in 
paired transformed total egg density estimates from the 
camera and Hensen net collections, and Spearman's 
correlation analysis yielded a coefficient of 0.83 (Table
3) .

Egg staging
Analysis of the 1991 collections resulted in 76 

silhouette images of eggs from the film records and 171 
preserved eggs from the Hensen net samples that could be 
staged. The clarity of egg images in the films facilitated 
ontogenetic staging of stageable live eggs (Plates la-f), 
and unstageable eggs were easily discerned (Plates 2a-f). 
Table 5 lists paired estimates of stage-specific abundances 
for all collections, and Figure 6 shows age structures of 
the photographic and preserved collections. Paired values 
were not well correlated, with correlation coefficients
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Table 4. Density estimates (eggs 100 m 3) from 1991 Hensen net 
and camera collections.

Date Collection
Hensen net 

data
Camera
data

18 April 1 907.7 789 .5
2 260.9 111.1
3 602 .6 1555.6
4 354.5 1210.5
5 309.1 166.7
6 153 .8 55.6
7 68.5 166.7

1 May 8 156.9 176.5
9 162 .8 277 .8

4 May 10 76.9 222.2
11 145.8 100.0
12 23 .8 52 .6
13 44.8 0.0
14 0.0 45.5

11 May 15 0.0 0.0
16 41.7 0.0
17 0.0 50.0
18 3.0 52.6
19 0.0 0.0
20 0.0 0.0
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Plates la-f. Images of staged eggs from film records, 
stage II; b,c) stage IV; d) stage I; e) stage IV; f) 
multiple eggs in different stages.
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Plates 2a-f. Images of unstageable eggs from film records.
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Figure 6. Age structures of striped bass eggs in synoptic 
comparisons of the camera-net system and vertical Hensen net 
casts.
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ranging from 0.05 (Stage III) to 0.68 (Stage V).
Unstageable eggs made up 34% of all eggs in the Hensen 
collections and 18% of all eggs in the film records. Film 
records provided lower stage-specific density estimates than 
Hensen collections in 52% of the paired estimates. The 
camera failed to detect a stage that was present in the 
Hensen collection in 35% of the paired estimates, while the 
reverse was true in 13% of the paired estimates.

Overall age structure of eggs was dissimilar in 
synoptic comparisons (Fig. 6), and chi-square analysis 
indicated that neither collection exhibited the expected 
frequency distribution of staged cohorts (%2Hensen = 1508.2; 
%2camera = 17 0.4) . Stage II was the most abundant cohort in 
the film records, comprising 29% of the total eggs, while 
stage IV eggs abounded in the preserved samples, making up 
43% of the total. Stage III eggs were in nearly equal 
proportions in films and Hensen samples, making up 9% and 
10% of the totals, respectively (Fig. 6).

Sample processing times
Film records taken in the 1990 synoptic tows required 

an average of 2 6 min. to process. The 3 33 fim mesh bongo net 
and the 1 mm mesh bongo net samples collected on the same 
cruises required average processing times of 243 min. and 
100 min., respectively. Analysis of variance indicated that 
only processing times from the camera and 333-jLim mesh bongo
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comparison could be pooled for a paired-sample t test; 
paired sort times from the camera and 1-mm mesh bongo 
comparison were examined on a cruise-by-cruise basis. Mean 
processing time differences ranged from -25 min (camera and 
1 mm mesh bongo samples from 2 6 April) to -2 0 9 min (camera 
and 333 |im mesh bongo samples). All differences in paired 
processing times for film records and bongo samples were 
significant except for the film records and 1-mm mesh bongo 
samples collected on 26 April.

Egg depth distributions
Depth distribution of eggs was examined in 17 film 

rolls from five sampling dates and seven stations (Table 6). 
Although no two distributions were exactly alike, patterns 
could be qualitatively classified into three types: positive 
gradient (egg density generally increasing with depth, Figs. 
7a,b), negative gradient (egg density decreasing with depth, 
Figs. 7e,f), and no gradient (Figs. 7c,d). Temperature 
ranges, thermocline depth, and sampling effort (sec. at 
depth) for odd and even depths are summarized in Table 6. 
Standard tows were stepped oblique, usually at two m 
intervals from the surface to 10 m. Thus, all depths were 
not sampled equally, as indicated by numbers of exposures 
taken at each depth (Figs.7a-f). Density gradients were 
related to tide stage (Table 7). Records taken at slack 
water generally exhibited positive gradients, and most of
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Figures 7a-f. Distributions of eggs with depth. Number of 
eggs examined is listed in upper right corner of each graph, 
and number of frames exposed at each depth is listed next to 
each depth on the ordinate. Tide stages at time of 
collection are: a,b) slack water; c) flood; d) ebb; e)
slack water; f) ebb.
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Table 7. Summary of frequencies of various egg density
gradients (eggs/m3) at different tide stages in 1990 film 
records.

^^''-^Ttlde stage 
Gradient Ebb Slack Flood

Negative 1 1 0
None 4 0 1

Positive 1 9 0
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the records taken during ebb or flood tide showed no 
discernible density gradients.

Egg abundance,production. and fema1e biomass estimation
Spatio-temporal abundances of striped bass eggs based 

on camera survey data for 1989 and 1990 are depicted in 
Figures 8a-b. Relatively high egg abundances were observed 
in the initial 1989 surveys (17 April, 25 April), indicating 
that spawning activity had commenced sometime before initial 
sampling. Peak spawning activity was confined spatially and 
temporally in 1989, with highest densities observed in the 
third week of April in a 6 km section of the river (Fig.
8a). In 1990, peak spawning activity was distributed over 
24 km of the spawning grounds, and lasted for most of April 
(Fig. 8b).

Stratum egg production for each of the 10 strata was 
expressed as a percent of annual egg production for 1989 and 
1990 (Fig. 9). Stratum 4 (river km 58 - 61) produced the 
highest proportion of eggs in both years, contributing over 
half the annual production in 1989. Eggs were more evenly 
distributed throughout the river in 1990, and were found in 
strata that were nonproductive the previous year (Fig. 9). 
Paired data collected in 1989 were processed separately to 
yield two estimates of annual egg production and spawning 
female biomass (Table 8). Egg production and biomass 
estimates from the 1989 film records were 3.12 times higher
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Figures 8a-b. Spatial and temporal abundances of striped 
bass eggs determined from film records for the Pamunkey 
River, 1989-1990. a) 1989; b) 1990.
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Figure 9. Pamunkey River stratum egg production expressed 
as percent of annual production, 1989-1990. Stratum 
designations are from Olney et al. (1991).
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Table 8. Estimates of annual egg production (eggs x 109) and 
spawning female biomass (kg) in the Pamunkey River, 1989-1990. 
Abbreviations are: AV = annual variance (eggs x 1018); Cl =
95% confidence interval (eggs x 109) ; F = fecundity (eggs x 105 
/kg) .

Data Egg Female
Year source production AV Cl F biomass
1989 Preserved 1.84 0.22 0.37 6.90 2,669

samples
Film 5.75 0.46 0.59 ■ 8,333

records

1990 Film 11.75 0.37 0.49 8.73 13,460
records
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than the estimates derived from the paired preserved samples 
(Table 8). Egg production estimates for the Pamunkey River, 
calculated from bongo net collections, were previously 
reported for 1980-1988 (Olney et al. 1991) . These were 
plotted with the paired-net and photographic estimates for 
1989-1990 (Figure 10). A fecundity of 6.90 x 105 eggs/kg 
(Olney et al. 1991) was used in the model's calculations for 
1989. Estimates of both fecundity and egg production 
increased from 1989 to 1990. The 1990 fecundity estimate, 
calculated from the 1990 pound-net data in Table 9, was 8.73 
x 105 eggs /kg and the egg production estimate of 11.75 x 
109 eggs was more than twice the 1989 photographic estimate 
of 5.75 x 109 eggs. The 1990 female biomass estimate was 
13,460 kg (Table 8)

DISCUSSION
The camera system performed well in all aspects of the 

study, yielding collections that were easily processed and 
that provided information unobtainable with traditional 
nets. Furthermore, regression analysis of paired-net frame 
collections indicated that egg density estimates from film 
records were strongly and linearly related to those 
calculated from traditional samples. Significant 
differences did occur in the synoptic collections, but these 
were explainable. Significant differences between egg
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Figure 10. Annual production of striped bass eggs (eggs x 
109) in four Virginia rivers, 1980-1990. Abbreviations are: 
P = Pamunkey River; M = Mattaponi River; J = James River; R 
= Rappahannock River; * = photographically derived 
estimates.
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Table 9. Mean weights (kg), yearclasses, and weighted mean 
fecundity (eggs x 104 / kg) estimates for striped bass females 
caught in Virginia commercial pound-nets, spring 1990. Age 
and weight data from personal communication, Bruce Hill, 
Virginia Institute of Marine Science. For some year classes, 
data from various locations yielded multiple mean weights.

Weighted mean 
Year class N W fecundity

1980 1 11. 6
1981 5 6.9 - 9.0
1982 6 5.8 - 6.7
1983 11 4.6 - 4.8
1984 15 3.2 - 3.5
1985 18 1.9

87 .2
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density estimates from photographic and traditional 
collections were likely caused by: 1) real differences (i.e. 
patchiness) in the ambient densities of eggs sampled at each 
station by each device, 2) under- or overestimation of 
ambient egg abundance by one or both devices, or 3) a 
combination of the these factors. Differences in equipment 
types, deployment strategies, and sorting protocols between 
the paired-net and synoptic comparisons resulted in 
differing effects of these factors in the two studies (Table 
10). Both egg patchiness on scales > one m and 
underestimates of density caused by damage of the fragile 
eggs in preserved samples contributed to the significant 
differences in the synoptic tow data (Table 10). 
Underestimation of egg density, however, was probably the 
more important factor. This assumption was supported by a 
comparison of the synoptic tow and Hensen net/camera 
estimates. In both comparisons, only intact eggs were 
sorted from preserved samples, yet only density estimates 
from the more gently collected Hensen samples were 
equivalent to the photographic estimates. The Hensen net 
collections did contain some separated embryos, but the 
average density estimate from these collections was 114.1 
eggs/100 m3 higher than the average estimate from the other 
preserved collections. Density underestimation probably 
also affected the paired-net comparisons, but this was 
mitigated by counting separated embryos. Overestimation by
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the camera was highly unlikely since the photographed water 
passed unobstructed through the photo chamber and there was 
no apparent way that targets could be recirculated through 
the system. The average flow rate measured in the camera 
net mouth was approximately 7 5 cm s'1, and undoubtedly 
increased through the restricted photographic chamber.
Thus, it seems improbable that a striped bass egg could be 
photographed twice under an exposure frequency of 1 Hz and 
moving at over 7 5 cm s"1. In addition, the camera's flow­
through photographic chamber presumably allows the system to 
sample nondestructively, and neither the quality of the 
collections nor the accuracy of the density estimates 
obtained from them was affected by specimen damage.

Maximum egg densities recorded in this study compare 
favorably with data from other spawning surveys. Setzler- 
Hamilton et al. (1981), using a i m ,  505 |jjn mesh net,
observed 550 eggs/100 m3 in the Potomac River in 1974. 
Longitudinal surveys of the Hudson River generated annual 
density maxima of 34 - 953 eggs/100 m3 (with one extreme of 
3,400 eggs/100 m3) from 1974-1988, using Tucker trawls and 
epibenthic sleds (Sara Cairns, Coastal Environmental 
Services, Inc.; pers. comm.). Egg production surveys of the 
Pamunkey River from 1980-1989 yielded a maximum density 
estimate of 2,220 eggs/100 m3 from bongo net collections 
(VIMS egg production data set, 1 May 1988, km 77, 
unpublished data). Preserved collections in the present
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study yielded maximum density estimates well within these 
ranges, and the highest density derived from film records 
(4,167 eggs/100 m3) is in the same order of magnitude as the 
1988 Pamunkey datum and the extreme recorded in the Hudson 
River surveys. Spatial and temporal abundances of striped 
bass eggs in 1989 (calculated from weekly photographic 
surveys) were similar to those calculated from traditional 
ichthyoplankton surveys in 1980 and 1983 (Grant and Olney 
1991). Density estimates from the photographic surveys were 
much higher than those from the traditional surveys, but 
data for all three years indicated that peak spawning 
activity occurred in the last week of April and was 
localized in the first 22 km of the spawning grounds. This 
trend was reflected in stratum egg production estimates for 
1989, when most of the annual production was generated in 
stratum 4. Olney et al. (1991) conducted traditional
ichthyoplankton surveys of the Pamunkey River in 1989 and 
reported the same pattern in stratum production. Spatial 
and temporal abundances of eggs, however, changed markedly 
between 1989 and 1990. Photographic collections from 1990 
weekly surveys indicated that spawning activity remained 
high for most of April and throughout most of the spawning 
grounds. This is the first evidence of such elevated and 
sustained spawning in the Pamunkey River.

Data from the processing time comparisons indicated 
that in situ silhouette photography could drastically
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increase the efficiency of striped bass egg production 
surveys, yielding collections that consistently required 
less processing time than preserved collections. Olney and 
Houde (1991) reported similar findings in evaluation of the 
camera system on the Pamunkey River spawning grounds. Low 
plankton diversity in the spawning grounds combined with 
good image quality in the films made photographic records 
easy to process and resulted in mean film processing times 
under 3 0 min. Certain combinations of water clarity and net 
mesh size reduced the time required to process some 
preserved samples, as in the case of the 1-mm bongo samples 
taken on 2 6 April, but film record processing times remained 
short regardless of ambient water conditions.

Images of live eggs were generally well-focused, 
detailed, and unobscured and placement of egg images into 
developmental stages proved to be quick and easy. However, 
paired stage-specific abundances were not highly correlated 
and age structures for preserved and photographed eggs 
exhibited unexpected patterns. Stage III was the only 
cohort that made up similar proportions of the photographic 
and preserved collections, yet it exhibited the lowest 
correlation coefficient. Thus, although each device sampled 
equal proportions of stage III eggs over the 4 cruises, 
extremely different paired densities were estimated for that 
cohort for each set of deployments. Furthermore, the age 
structure of the Hensen net collections was puzzling: stage
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V eggs constituted almost as much of the catch as stages I- 
III combined, yet mortality of developing eggs should have 
resulted in relatively lower abundances of later stages 
(Olney et al. 1991). This pattern could have arisen from 
differences in egg developmental rates over the 4 cruises. 
Faster developmental rates during later cruises, induced by 
higher water temperatures, would have resulted in higher 
abundances of late-stage eggs on those dates. Egg stage 
duration, calculated from an empirical relationship to 
temperature (Setzler et al. 1980) did decrease appreciably 
from 2.2 d on 18 April 1991 to 1.3 d on 11 May 19 91. In 
addition, most of the stage V eggs in the Hensen net samples 
were collected on 18 April, and a lapse in spawning activity 
one or two days before that date could have also resulted in 
relatively high abundances of late-stage eggs. Lack of 
correlation in age structure analysis could have been the 
result of differences in sample size and tow duration. 
Although twice as many eggs were examined in Hensen 
collections than in the film records. Hensen net samples 
resulted from short (< one min.) vertical casts that 
integrated an average of about five linear m. In contrast, 
camera deployments were five min. stepped-oblique tows that 
sampled over an average of approximately 2 00 m. The longer 
duration and greater distance of the camera tows may have 
contributed to the observed variability among individual 
cohorts in the two age structures. These results invite
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additional comparison work in this area. Replicate casts of 
each apparatus and even longer tows of the camera system at 
each station could ameliorate the problems discussed, and 
are recommended for future studies.

Depth distributions of eggs based on in situ 
photography were distinct and informative. Temperature 
ranges across depths, when detectable, were small and 
thermocline depths were shallow (Table 9), indicating that 
the water column was well-mixed. Therefore, changes in 
tidal currents were presumably important factors in 
establishing the gradients observed. Although quantitative 
measurements of river current speeds were not taken, depth 
distributions changed substantially with tide stage. For 
example, positive density gradients consistently appeared at 
slack water when current velocities would have probably been 
insufficient to suspend the slightly negatively buoyant 
striped bass eggs (Hardy 1978) . As river currents increased 
during ebb or flood tide, these gradients usually 
disappeared (Table 9). Such fine-scale information has been 
previously unobtainable with traditional nets, and may be 
important in future studies of striped bass egg survival. 
Previous studies have shown, for example, that unsuspended 
eggs had a poorer chance of survival than those that 
remained in the water column (Albrecht 1964, May and Fuller 
cited in Talbot 1966) . In addition, eggs could presumably 
become susceptible to different predators as they moved
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vertically in the water column, since fishes that feed on 
eggs in the spawning grounds occur both at the surface and 
at depth (Olney and McGovern 1988). Furthermore, the egg 
depth distributions provide the first records of small-scale 
patchiness of striped bass eggs in well-mixed tidal spawning 
grounds and could prove to be important in assessing small- 
scale variability in egg distributions and fine-tuning 
parameters in simulation models (Olney et al. 1991).

The use of both conventional devices and the camera 
system in striped bass egg production surveys in Virginia 
waters made trends in annual egg production estimates during 
the 11-year period 1980-1990 somewhat difficult to interpret 
(Figure 10). Estimates from 1980-1988, based on collections 
by traditional devices, are lower than the estimates derived 
from photographic records in 1989 and 1990. If long-term 
trends were to be analyzed more accurately, equation 1 could 
be used to adjust egg density estimates obtained from 
traditional surveys to account for potential underestimation 
by conventional plankton nets. Nonetheless, both the order 
of magnitude increase from 1980-1990 and the two-fold 
increase between the 1989 and 1990 photographic estimates 
has to be considered indicative of a marked rise in spawning 
activity on the Pamunkey. Such information can be used to 
assess the relative success of individual year classes and 
underscores anecdotal evidence of recovering stocks. In 
addition, these findings, when combined with other fishery-
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independent data (juvenile indices, experimental gill nets, 
etc.), can be important factors in the development of future 
management policies.
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