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ABSTRACT 

Samples of drifting American shad eggs were collected with 0.5 mm 
mesh nets at two transects in the Savannah River near industrial water 
intakes. At each transect the river was divided horizontally and vertically into 
four sectors that were sampled at two hour intervals for 24 hour periods to 
assess horizontal and vertical patterns of egg distribution that could affect 
vulnerability to entrainment. Egg densities varied by an average factor of 20 
over a 24 hour cycle and were consistently highest between 2300 and 0300 and 
lowest between 1300 and 2000. 
temporal variance, analysis of covariance (ANCOVA) with a polynomial model 
for time of day as the covariate and a detrending technique in which diel 
variation was subtracted from each data point. These procedures resulted in 
substantially more sensitive tests of sector differences as indicated by 
minimum detectable ratios of sector means that were only half as great as for 
unadjusted data. Spatial patterns differed between transects but were 
generally consistent within transects where three to four-fold differences 
among sector means were common. The actual risk of entrainment was 
approximately 35-50% lower than if the shad eggs were uniformly distributed, 
and the risk of entrainment was lower at one intake than at the other. Our 
results indicate the importance of site specific assessments of ichthyoplankton 
distribution near existing or proposed water intakes using statistical designs 
that permit sensitive resolution of spatial patterns. 

We used two methods to separate spatial from 

INTRODUCTION 

Assemblages of fish larvae and eggs (ichthyoplankton) in riverine 
systems have been extensively sampled for research purposes and to comply 
with environmental regulations. Such studies often necessitate the 
discrimination of spatial differences in ichthyoplankton density to identify 
spawning sites, assess the risk of ichthyoplankton removal in water intakes, 
or for other purposes. However, large daily changes in ichthyoplankton 
density can obscure spatial patterns. Although this problem can sometimes be 
controlled by sampling all locations simultaneously, synoptic sampling is 
often impossible or impractical making it necessary to use statistical methods 
to separate spatial and temporal variation. 

Failure to account for temporal variability in statistical models will 
cause this variance to be subsumed into error and substantially reduce the 
ability to detect spatial patterns. Hyman et al. (1983) approached this problem 
by converting periodic changes in ichthyoplankton density to a linear form 
(Le., grouping samples into "day" and "night" categories to account for diel 
cycles) and by using a sinusoidal regression model to generate residuals free 
of periodic components. In contrast, Loftis and Taylor (1989) used a 
"deseasonalization" technique to detrend lake water quality data, This 
technique could also be used to remove seasonal or diel trends from 
ichthyoplankton data. 

Because spatial patterns of ahndance can markedly affect the 
susceptibility of drifting organisms to entrainment (Boreman et al. 1984), it is 
important to accurately assess these patterns, both when determining 
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environmental impacts caused by existing water intakes and when siting new 
intakes. We investigated the diel and spatial distribution of drifting American 
shad eggs near two cooling water canals located on the Savannah River in the 
southeastern United States and herein present techniques for assessing spatial 
and temporal patterns of abundance. 

METHODS AND MATERIALS 
Study Area 

the production of nuclear materials, is located near Aiken, SC. The SRS 
withdraws water from three pumphouses located approximately 250 and 253 
km from the mouth of the Savannah River. Withdrawal rates formerly 
reached as high as approximately 18% of the total river flow during the spring 
spawning months, primarily to satisfy the need for nuclear reactor cooling 
water. Current rates of withdrawal are much lower and will decline to well 
under 1% of the total river flow as a result of the shutdown of the nuclear 
production reactors. Therefore, the magnitude of entrainment is currently 
diminished, although the need for river water may again increase depending 
upon the future missions of the SRS. 

The Savannah River Site (SRS), a U.S. Department of Energy facility for 

Our study was conducted in 1991 near the two largest pumphouses on the 
Savannah River (IG and 3G) (Figure 1). The 1G and 3 G canals are 
approximately 550 m and 410 m long, respectively. Canal widths vary with the 
level of the Savannah River but are typically between 40 and 50 m. 
depths also vary with river level and the frequency of dredging to remove 
accumulated sediments; however, they are usually at least 2 m shallower than 
the river near the canal mouths. Because turbulence is low within the canal, 
fish eggs entrained into the canal settle to the bottom and suffocate in the 
sediments (McFarlane 1982). 

Canal 

Samuling des i gn 

just above the canal mouths (Figure 1). Transect 1 was approximately 15 m 
upstream of the 1G intake canal, and Transect 2 was approximately 25 m 
upstream of the 3G intake canal. Based on width and current velocity profiles 
(measured at l-m vertical intervals every 5-m), the river at each transect was 
divided horizontally and vertically into four sectors (Georgia, Middle, Bottom, 
and South Carolina) large enough to permit effective sampling yet small 
enough to provide the needed spatial resolution. Typical sector dimensions are 
shown in Figure 1,  although they varied somewhat because of fluctuations in 
river level. We assumed that only eggs distributed near the South Carolina side 
of the river (sector S in Figure 1) were subject to entrainment because only 
water flowing near the South Carolina bank was withdrawn into the canals. 
This conclusion was based on observations of current patterns near the intake 
canal mouths. 

Sampling was conducted along two transects across the Savannah River 

Samples were taken from randomly chosen horizontal and vertical 
positions within each sector. Previous experience indicated that at least 10 
samples would be needed from each sector to obtain acceptable statistical 
power. Approximately two hours were required to sample all eight sectors 
(four sectors per transect) once. Therefore, each sector was usually sampled at 
two hour intervals for a period of 24 hours yielding 12 samples per sector per 
transect per sampling period, although logistical problems sometimes caused 

3 



WSRC-MS -95-0 122 

deviations from this schedule. Samples were taken weekly during April and 
May 1991 for a total of nine sample dates at each transect. 

Field and Laboratory Methods 

plankton nets held side-by-side in an aluminum frame. A General Oceanics 
Model 2030 flow meter was suspended in the center of each net mouth to record 
the volume of watered filtered. The two nets were suspended in the current 
from a boat at specified locations and depths until approximately 50 m3 o f  
water was filtered by each. The depth of the nets in the water column was 
calculated from the length of line in the water and the angle of the line as 
measured with an inclinometer. Distance from the South Carolina bank was 
measured with an infared range finder. A line attached to one side of the net 
frame was used to pull the net openings parallel to the current and prevent 
filtering when raising and lowering the nets. When the designated depth was 
reached, the side line was slackened and a central line attached to the center 
of the frame supporting the paired nets was tightened to orient the net mouths 
perpendicular to the current and begin filtration. Samples were preserved 
with buffered formalin and returned to the laboratory where ichthyoplankton 
was sorted from detritus. Only results for shad eggs are reported since they 
constituted the large majority of the drifting eggs in the Savannah River. 

Ichthyoplankton was collected with paired 0.505 mm mesh, 0.5 m diameter 

Data analysis 

Because the density distributions were skewed, and because means and 
variances were correlated, the density data were transformed to a logarithmic 
scale [X'=loge(X+ lo)] to preserve the important assumptions of normality and 
homoscedasticity in subsequent statistical tests (Sokal and Rohlf 198 1). 
Densities in the two replicate nets were averaged to produce a single datum 
since preliminary analyses indicated that data from the two replicate nets 
were correlated; hence, not true replicates (Hurlbert 1984). 

Egg numbers were converted to densities (no./1000 m3) for analysis. 

Based on prior experience, we anticipated large temporal changes in 
egg density over the 24 hour sample periods. 
this source of variation. With analysis of covariance (ANCOVA), we tested 
spatial differences in egg densities by using sector as the main effect and a 
second or third degree polynomial model for time as the covariate. 
degree polynomial was used when it provided a significantly (PcO.05) better fit 
than the second degree model. 

We used two methods to control 

A third 

The equation for the third degree model was: 

Yij = + Ai + BlXij + B2Xij2 + BgXij' -I- Eij 

where 
"j"th value of the covariate (0000-2400 hrs) in the "i"th sector, p is the grand 
mean, Ai is the effect for sector i, and B1-B3 are coefficients for the regression 
of density on time. 

Yij is the predicted value of the dependent variable (density) for the 

After obtaining the model of best fit, we used a least-squares mean 
procedure to compare the sector means adjusted for time of day with the 
covariate. Individual ANCOVAs were performed on the data from each sample 
date and transect. We also investigated several comprehensive models that 
included all sample dates and one or both transects but will not present them 
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because they were characterized by complex interactions that made 
interpretation difficult. 

While we used polynomial models, other authors have found that a 
periodic sinusoidal function provides a superior fit to cyclic diel changes in 
ichthyoplankton density (Hyman et al. 1983). In preliminary analyses, we 
assessed the ability of a sinusoidal function to model diel density changes in 
American shad egg density but found that the polynomial models usually fit 
the data better. 

The second approach we used was to removal diel trends by a method 
commonly termed de-seasonalizing (Loftis and Taylor 1989). Hereafter, we will 
refer to this approach as “de-dielizing” because we used it to remove diel 
trends rather than seasonal trends. De-dielization was accomplished by 
computing means for each two-hour time interval at each transect, 
subtracting the mean from each datum in the interval, and adding the overall 
mean for the sampling date. Transects and sampling dates were analyzed 
separately as with the ANCOVAs. Following adjustment, sector means were 
rested by one-way analysis of variance (ANOVA). All means presented herein 
are geometric means calculated by back-transforming the mean of the 
logarithmically transformed variables. Similarly, 95% confidence intervals 
were computed on the logarithmic scale and then back-transformed to the 
linear scale(Soka1 and Rohlf 1981). 

Estimates of the minimum detectable difference between river sector 
means were based on an analysis of statistical power 
equation we used to calculate minimum detectable effects size was: 

given by Zar (1984). The 

D = d( 2 k s 0 )/ n 

where D is the minimum detectable difference between groups, k is the 
number of groups, s2 is the variance , n is the sample size, and 0 is a value 
obtained from a family of curves (Zar 1984) relating statistical power and the 
probability of a type I error for various combinations of k and n. 

RESULTS 

A total of 7,087 American shad eggs was collected in 1991. Few larvae 
were collected. American shad eggs were collected throughout the study, but 
maximum densities were reached in late April at water temperatures of 16.9- 
17.5 OC. 

Mean densities of American shad eggs were highest between 2300 and 
0300 hours and lowest between 1300 and 2000 hours (Figure 2). On the average, 
egg densities differed by a factor of 20 between these two time periods. 
polynomial model with time of day as the predictor variable was significant on 
all sample dates at Transect 1 and on all but one sample date at Transect 2. 
most cases diel trends were better described by a third degree polynomial 
model than a second degree model. Differences in the coefficients of the time 
variables indicated that the diel patterns differed among sampling dates but 
the pattern of low densities during afternoon and early evening hours and 
high densities during the late night and early morning hours was generally 
consis tent .  

The 

In 
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The ANCOVA model permitted us to statistically control for the effects of 
time of day by generating adjusted least squares sector means equal to the 
predicted value for each sector at the mean time of day. Sector differences 
were significant (P<0.05) on six of nine sample dates at Transect 1 with the 
lowest densities occurring in the South Carolina sector on all but one sampling 
date and the highest densities occurring in the Bottom or Georgia sectors 
(Figure 3). Sector differences were significant on six of nine sample dates at 
Transect 2 (P<0.05) with a consistent relationship among sectors in the 
following order of decreasing density: Bottom, Mid-river, and either South 
Carolina or Georgia. 
ranged from 0.14 - 0.75 and averaged 0.51. 

Coefficients of determination (R2) for the ANCOVA models 

De-dielization followed by ANOVA on American shad egg densities 
yielded only slightly different results from ANCOVA. Seven of the nine de- 
dielized models for Transect l indicated significant (P<0.05) differences among 
sectors, and eight of the nine de-dielized models for Transect 2 indicated 
significant differences among sectors. The significant models accounted for 
8-47% (average of 29%) of the variability remaining after adjustment by de- 
dielization. Because the sector means adjusted by de-dielization were only 
slightly different from those adjusted by ANCOVA, they are not shown. 

Figure 4 illustrates the gain in precision for estimating American Shad 
egg density obtained by adjusting for diel variability using ANCOVA and de- 
dielization. This figure illustrates the changes in precision obtained at 
transect one during week 5 (April 22-23), a typical example of the types of 
changes in precision seen at most of the transects. Note that when confidence 
intervals do not overlap with other confidence intervals, the corresponding 
sector means are significantly different with only a 5% chance or less of 
being wrong. The ability to detect spatial differences was substantially 
enhanced by both the ANCOVA and de-dielization procedures for controlling 
the variability associated with diel changes. 

Lastly, we assessed the minimum detectable difference among sectors 
resulting from the two procedures used to control diel variation, once again 
using transect one/week five data as an example. 
polynomial model to control diel variation, an estimate of the average variance 
of American Shad eggs in loglo density units adjusted for time of day was 0.073. 
For a fixed sample size of 12, a desired statistical power of 80%, and a type I 
error rate of 5 %, the corresponding minimum detectable difference in egg 
density between sectors was 0.385 loglo eggs/1000 m3. 
the minimum detectable difference is the minimum detectable ratio of 
geometric means, approximately 2.4. This average is slightly greater than the 
minimum detectable ratio of geometric means for the de-dielized data, 1.7 
which was calculated in a similar fashion. Both values were substantially 
smaller than the average minimum detectable ratio of geometric means for the 
unadjusted data, 4.8, indicating the large gain in ability to discriminate among 
sectors resulting from both methods of controlling diel variation, 

With ANCOVA using a 

On the original scale, 

DISCUSSION 

American shad egg densities peaked between 2300 and 0300 because 
American shad spawn primarily at night (Chittendon 1976). Eggs spawned at 
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night may sink to the bottom or be lost in other ways (e.g., to predators) 
resulting in lower densities during the day. However, the time at which peak 
densities are observed can be affected by the location of the spawning area in 
relation to the location of the sampling site. Depending upon transit time in 
the river and assuming sufficient turbulence to maintain the eggs in 
suspension, peak spawning at night could result in egg density peaks during 
the day further downstream. The fairly consistent tendency for egg densities 
to peak during the night in our study suggests that our sampling sites were 
located fairly close to spawning sites and/or that turbulence was insufficient 
to keep most eggs in the water column for long. Whatever the reason, diel 
patterns were prominent and consistent at both transects. 

If not controlled, temporal variance will be subsumed into error 
resulting in reduced precision and testing power. Adjustment of sector 
densities to a common mean time using ANCOVA and de-dielization resulted in 
95% CIS and minimum detectable ratio of means that were substantially smaller 
than before the removal of diel variation. The adjusted sector means 
subsequently provided the basis for sensitive tests of spatial patterns that 
proved to be pronounced and surprisingly consistent at both transects. The 
tendency of egg densities to be consistently greater near the bottom at 
Transect 2 was probably a result of the slight negative buoyancy of shad eggs 
(MacKenzie et al. 1985). However, at Transect 1 densities were sometimes 
higher near the Georgia bank than near the bottom, possibly reflecting 
localized spawning along the Georgia side of the river or currents that 
concentrated the eggs along one bank. Densities were usually lowest in the 
South Carolina sector at Transect 1 because much of the flow along the South 
Carolina side was from a large tributary stream that supported very little 
American shad spawning (Paller et a1 1986). This stream entered the river just 
above the 1G intake (Figure 1). These differences between transects indicate 
the importance of location specific assessments of horizontal and vertical 
patterns of distribution near water intakes. 

The results of this study have implications for the assessment and 
management of entrainment at the SRS water intakes. Relatively low densities 
along the South Carolina bank (where the intakes are located) indicated that a 
smaller proportion of the American shad eggs in the Savannah River are 
susceptible to entrainment than expected if the eggs were uniformly 
distributed in the river. Based on geometric means, densities in the South 
Carolina sector at Transect 1 averaged approximately 50% lower than the 
average density in the river at Transect 1 as a whole (i.e, the density that 
would be expected if the eggs were homogeneously distributed) resulting in a 
risk of entrainment only 50% as great as would be expected on the basis of the 
proportion of water removed from the river at this intake. Based on a 
comparable analysis, the risk of entrainment at Transect 2 was 65-70% as great 
as expected on the basis of the rate of water removal. These analyses indicate 
that the 1G intake (located near transect 1) has less potential impact on shad 
reproduction than the 2G intake; hence, could be used instead of the 3G intake 
to reduce shad egg entrainment. Presumably there are also other locations on 
the river where consistent spatial patterns of egg distribution would favor the 
siting of water intakes. Identification of such locations as well as accurate 
assessments of the impacts of existing water intakes necessitates the use of 
statistical designs that the permit the separation of spatial from temporal 
variance and the sensitive resolution of spatial patterns in ichthyoplankton 
density.  
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Figure 1 .  Diagram of the sample sites on the Savannah River showing the 
location of the sample transects, the cross-sectional area of the river at the 
transects, and how the cross-sectional area was divided into sampling sectors 
(M = middle, B = bottom, S = South Carolina, and G = Georgia). The cross- 
sectional areas are drawn to scale; the diagram of the river showing the 
location of the transects and the intake canals is not. 

Figure 2. Plots of American shad egg density vs sampling time of day showing 
the fitted third order polynomial relationship for data collected from 
Transect 1 on April 22-23, 1991. The curve describes the average relationship 
for all four sectors (B=bottom, G=Georgia, M=middle, and S=South Carolina). 
This plot is typical of most other sampling events although in some cases a 
second order polynomial model provided a better fit than a third order 
polynomial model. 

Figure 3. Geometric mean American shad egg densities in the bottom, middle, 
Georgia, and South Carolina sectors of the river on nine sampling dates at 
Transects 1 and 2 in the Savannah River. Dates on which there were 
significant differences among sectors are indicated by asterisks. 

Figure 4. 
confidence intervals of estimates of spatial differences in American shad egg 
density. Estimates of geometric mean densities for bottom (B), middle (M), 
Georgia (G), and South Carolina (S) sectors are shown for data collected from 
Transect 1 on April 22-23, 1991. This plot is typical of other sampling events. 

Effects of two methods of controlling diel variation on the 95% 
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