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EXTENDED ABSTRACT 

Ichthyoplankton surveys in the Potomac River and Upper Chesapeake Bay 

were carried out in 1989 to estimate striped bass egg productions, age- 

specific spawning biomasses of adult females, cohort-specif ic larval growth 

and mortality rates, and hatch dates of 8.0 mm larvae survivors. Possible 

consequences to recruitment of environmental factors were examined in 1989 and 

for data collected in 1987-1988. In 1989, 18 surveys in the Potomac River and 

14 surveys in the Upper Bay were completed in the 3 Apri 1 to 15 June period. 

Primary ichthyoplankton samplers were a 60-cm, 333-pn mesh plankton net and a 

2 mZ, 700-pn mesh Tucker trawl. Spawning by striped bass, which is strongly 

influenced by water temperature, commenced on 2 April and was essentially 

completed by 29 May in the Potomac River. In the Upper Bay, spawning 

commenced on 10 April and extended into June. The temporal and spatial 

occurrences and distributions of eggs and larvae In both spawning areas are 

described and discussed in relation to environmental factors (temperature, 

rainfall, river discharge, pH, conductivity, zooplankton abundances) . 'The 

estimated 1989 egg productions were: Potomac River --  11.33 x lo9 (S.E. 1.96 

x lo9) and Upper Bay -- 14.57 x lo9 (S.E. 5.69 x lo9). Corresponding female 

biomasses were: Potomac River -- 55,501 kg; Upper Bay -- 70,808 kg. 

The 1982 year-class females contributed the highest percentage o f  eggs 

in each system: Potomac River --  41.8%; Upper Bay --  54.7%. Egg production 

estimates in the Potomac River from 1987-1989 did not differ significantly 

among years, ranging from 6.65 x lo9 to 11.33 x lo9, but increased by eight- 

fold in the Upper Bay in 1989 (14.57 x lo9) compared to 1988 (1.78 x 10'). 

Spawning was more protracted in 1989 than in either 1987 or 1988 in the 

Potomac, or 1988 in the Upper Bay. Females older than age 10, which had 

contributed substantial ly to Potomac egg product ion in 1987 and 1988, 

apparently were absent in 1989. A small percentage of females older than age 
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10 continued to contribute modestly (4.5%) to Upper Bay egg production in 

1989. The gillnet catches of adult females, when compared with cumulative egg 

production based upon ichthyoplankton collect ions, indicated that female daily 

catch-per-unit-effort did not provide an accurate index of daily egg 

product ion. 

Larvae length-frequency distributions were converted to age-frequency 

distributions from otolith-aged subsamples and derived age-length keys. Mean 

annual growth rates of striped bass larvae in 1989, based upon a stable-age 

distribution assumption, were 0.20 mm dm' in the Potomac River and 0.29 mm d-' 

in the Upper Bay. Back-calculated, 3-day cohort growth rates from otolith 

increment analysis ranged from 0.11 to 0.36 nlm d-' in the Potomac River and 

from 0.18 to 0.36 mm d-' in the Upper Bay. Growth rates of Potomac larvae in 

1989 were similar to those observed in 1987, but higher than 1988 rates. Mean 

mortality rates, based upon the stable-age distribution assumption for 1989, 

were Z = 0.29 d-' and 0.73 d-I, respectively, in the Potomac River and Upper 

Bay. Cohort-specif ic mortality rates for 3-day larval cohorts, which varied 

significantly in both spawning areas, general ly were lowest for cohorts 

hatched near the middle of the spawning season. 

Most "potential recruits" in 1989, estimated as abundances of larvae at 

8.0 mm SL, were hatched in the 20 April - 11 May and 19-21 May periods in the 

Potomac, and the 17 May to 4 Jl~ne period in the Upper Bay. Estimated 

abundance of striped bass larvae at 8.0 mm SL in the Potomac was highest in 

1987 (181 million), lowest in 1988 (23 mill ion), and intermediate in 1989 (45 

million). Estimated abundance at 8.0 mm SL in the Upper Bay was 49 million in 

1989. Relative abundances at 8.0 mm SL in 1987-1989 corresponded to juvenile 

index values obtained several weeks later in the Potomac River. 

Temperature has a strong and profound effect on striped bass spawning, 

egg and yolk-sac larvae survival, and larvae growth. Lethal low temperatures 
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(112'~) caused episodic mortalities of eggs and yolk-sac larvae, especially in 

1987 and 1988, and to a lesser extent in 1989. Effects of other environmental 

factors (zooplankton abundance, pH, river discharge, rainfall, turbidity) on 

larvae survival and growth were either not significant, were ambiguous, or 

interacted with temperature. We detected no evidence of dens ity-dependent 

factors operating to regulate striped bass larvae growth or mortality rates in 

1987-1989. No clear relationships between zooplankton prey levels and larvae 

survival or growth could be established. 

Late-hatched cohorts were demonstrated to contribute a high proportion 

of potential recruits in 1987- 1989, primar i ly because temperatures were more 

favorable for growth and survival in mid and late May. Episodic mortalities 

in the Potomac River associated with temperature falling to lethal levels 

caused massive losses of eggs and yolk-sac larvae in April 1987 and 1988, and 

possibly in early May 1989. Minor spawning peaks in May 1987, 1988 and 1989 

supplied most prerecruit striped bass in the Potomac River. The high 

recruitment of striped bass in the Upper Bay in 1989 probably resulted from 

major spawning peaks that took place relatively late in the season (17 to 26 

May and 1-4 June) . 
Recruitment variabi 1 i ty in Chesapeake Bay striped bass is strongly 

dependent upon temperature regimes that 1) temporally structure spawning 

seasons, 2) can cause episodic losses of eggs and larvae, and 3) affect larval 

growth rates. Larval 3-day cohorts have variable survival and growth rates, 

and prerecruits are more likely to have been hatched from hatch dates in mid- 

May or later than on earlier dates, even though egg production may be lower 

late in the season. Most 3-day cohorts produced in 1987-1989 did not 

contribute substantial ly to recruitment. Estimates of the abundance of 

surviving larvae at 8.0 mm SL could be used as an index of potential 

recruitment level for Chesapeake Bay stocks. Results and conclusions of 
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research reported here are compared with earlier studies of striped bass in - 
the Chesapeake Bay and other spawning areas. 



INTRODUCTION 

Striped bass stocks in the Chesapeake Bay and alosg the Atlantic Coast 

declined in the 1970s and early 1980s due to successive recruitment failures 

(Boreman and Austin 1985; Goodyear et al. 1985), largely attributable to high 

mortality rates of early life stages coincident with declining egg production 

(Goodyear 1985a). A fishing moratorium that was imposed in the Chesapeake Bay 

and stringent regulations placed on fishing of coastal migratory striped bass 

were enacted to protect the modest 1982 year-class and have resulted in 

increasing abundances of the spawning stock in the Chesapeake Bay (Maryland 

DNR 1991), and a partial restoration of the fishery in 1990 and 1991. 

Although stock numbers and biomass are increasing under strict 

management, recruitments continued to be highly variable in the 1985-1989 

period (Maryland DNR 1991) and there still is little consensus about causes of 

year-class success and failures. High and variable mortality of egg and 

larvae stages are the cause of variable striped bass recruitments (Goodyear 

1985b). The causes of mortality and its variability have been attributed, 

sometimes based on contradictory and conf 1 icting evidence, to low pH, 

contaminants, low temperature, variable river flows, larval nutrition, 

nutrient loading and other environmental factors (Goodyear 1985b; Hal 1 1991 ; 

Setzler-Hami lton et al. 1988; Setzler-Hamilton 1991). In reality, it is 

probable that all of these factors affect mortality rates of eggs and larvae 

and the importance of any single factor varies in impact from year to year. 

We previously estimated the cohort-specif ic growth and mortal i ty rates 

of Potomac River striped bass larvae in 1987 and 1988, and of Upper Bay larvae 

in 1988 (Houde et al. 1988a, 1988b, 1990). In addition, we estimated annual 

egg productions and female spawner biomasses. In 1989, we conducted egg and 

larvae surveys again in the Potomac River and Upper Bay spawning areas. The 



emphasis in 1989 was placed upon estimating egg production from repeated 

surveys done at short time intervals and upon estimating hatch dates and 

abundances of potential recruits, based upon collections of both early and 

late-stage larvae. 

Objectives of the 1989 program were to define and describe the spawning 

season and to estimate egg production by striped bass in the two major 

Maryland spawning areas, the Upper Bay and Potomac River. Using our egg 

production data and Maryland Department of Natural Resources gillnet catch- 

per-unit-effort data, age-specific spawning biomasses of female striped bass 

were estimated. Hatch dates, growth rates and mortality rates of larval 

cohorts produced in three-day intervals were estimated from the age 

distributions and abundances of striped bass larvae collected in the surveys. 

A further objective was to identify environmental factors that affected cohort 

survival and growth. Finally, whenever possible, a synthesis was undertaken 

to contrast and compare striped bass spawning and early-life-stage dynamics in 

the Upper Bay and Potomac River for the period 1987-1989. 



.*- 
STUDY AREAS AND SURVEYS 

- 1. Eqss and Larvae 

Potomac River (Figure 1): Sixteen surveys on R/V PISCES, a 25-ft 
- 

outboard-powered boat, were carried out from 3 April to 28 May 1989 (Table 1). 

- Stations 1 to 9 (Table 2) were sampled on each survey. Stations 10 and 11 

were sampled only on 3 April and 20 May. A sampling crew from the Chesapeake 

- Biological Laboratory made these col lect ions. 

- U ~ p e r  & (Figure 2): Twelve surveys on a 20-ft, outboard-powered boat 

were carried out from 14 April to 30 May (Table 1). Nine stations were 

- designated and scheduled for sampling on each date. A Maryland DNR sampling 

crew made the Upper Bay collect ions. - 
2. Late S t a ~ q  Larvae 

- 
Potomac River (Figure 3): Two surveys on 52-ft R/V ORION were carried 

- out at four stations on 1-2 June and 8-9 June 1989 (Table 1). 

- U ~ o e r  (Figure 4): Two surveys on 52-ft R/V ORION were carried out 

at six stations on 5-6 June and 14-15 June (Table 1). 















METHODS 

Samal inq a Samoles 

Tows: Duplicate, oblique tows of a 60-cm bridled plankton net with 

333-pn mesh (Gear A, Table 2) of 5-min duration were made from within 1-m of 

bottom to surface. The tows filtered a mean volume of 96.2 m3 (S.E. = 1.0) in 

the Potomac River (n = 284) and a mean volume of 89.6 m3 (S.E. = 0.6) in the 

Upper Bay (n = 181). These tows provided striped bass egg and larvae catches 

for abundance estimates in Surveys 1-16 on the Potomac and Surveys 1-12 in the 

Upper Bay. The plankton net collections were fixed initially in 5% buffered 

formalin and transferred within 48-h to 95% ethanol for storage. All fish 

eggs and larvae were sorted from each sample. 

Vertical lifts of a 20-cm, 53-pm mesh plankton net (Gear B, Tables 2 and 

3) were used to estimate zooplankton densities. On most surveys, net lifts 

were made at two stations in the Potomac and two in the Upper Bay. Zooplank- 

ton samples were fixed and preserved in 5% buffered formal in. 

A 2-mZ Tucker trawl, rigged with two opening-clos-ing nets of 700-pn 

mesh, was the primary gear used to sample striped bass larvae on survey 

cruises 17 and 18 in the Potomac River and 13 and 14 in the Upper Bay (Table 

1). Striped bass larvae collected in this gear were used to estimate cohort 

abundances of "potential recruits" and to estimate hatch dates of larval 

cohorts that had survived to June. Two tows of the Tucker trawl (Gear C, 

Table 3) were made at each station. Each tow consisted of two 5-min 

segments - -  1) a stepped oblique segment from near-bottom to mid-depth and 2) 

a stepped oblique segment from mid-depth to surface. Tucker trawl tows 

filtered a mean volume of 402 m3 (S.E. = 37.2) in the Potomac (n = 30) and a 

mean volume of 497 m3 (S.E. = 14.6) in the Upper Bay (n = 18). Tucker trawl 

samples were fixed in 5% buffered formalin and transferred within 72 h to 95% 
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ethanol. Fish eggs and larvae were sorted from the whole sample or from 

aliquots when numbers of larvae exceeded 4,000. A randomly-selected subsample 

of at least 500 larvae was identified, and the striped bass larvae measured 

(mm SL). 

A 16-ft bottom trawl with 6.4 mm mesh codend liner was towed at several 

stations in the Potomac and Upper Bay on the June survey cruises (Gear E, 

Table 3). Duplicate tows of 10-min duration were made in an attempt to sample 

larger length-classes of striped bass larvae that might not have been 

vulnerable to other sampl ing gears. Samples of young-of -the-year striped bass 

and white perch were fixed in 5% fo,rmal in and transferred within 72 h to 95% 

ethanol. 

bvironmental Data 

Temperature, sal inity, and conductivity were measured in the Potomac 

River and Upper Bay at surface, mid-depth, and near bottom at each station. 

The pH was measured at surface. In the Upper Bay, dissolved oxygen at 

surface, mid-depth, and near bottom also was measured. 

Rainfall data for the Potomac River and Upper Bay were obtained from the 

NOAA weather station at National Airport, Washington, D.C. and the 

Baltimore-Washington International Airport, respectively. Temperature, river 

stage and discharge data for the Potomac River were obtained from the Occoquan 

Watershed Monitoring Laboratory station at the Woodrow Wi lson Bridge. Simi lar 

data for the Upper Bay were obtained from the U.S. Geological Survey station 

at Conowingo, Maryland. In addition, continuous records of temperature, pH 

and dissolved oxygen were made available to us from in situ Datasonde 

recorders installed near Station 4 on the Potomac River (Figure 1) and near 

Stations 5, 8 and 9 in the Upper Bay (Figure 2) .' 



- Zoo~lankton Densities 

1988 Samples 

Previously unexamined zooplankton samples from the Potamac River were - 
analyzed and results are included in this report. Methods to estimate 

zooplankton densities in the Potomac River in 1988 were similar to those used 

in 1987 (Houde et al. 1988a). One-hundred liter, pumped zooplankton samples 

- were collected from near-bottom, mid-depth, and surface at each station on all 

surveys. The pump delivered 30-40 P min-' onto a 35-pn screen, which retained 

all zooplankton that was potential food of fish larvae. Samples were 

preserved in 5% formal in. 

Potomac River 1988 samples from each of three subareas, representing 

stations 1, 2 (subarea l), 3, 4 (subarea 2), and 5,6 (subarea 3) (Figure 1 in 

Houde et al. 1990) were randomly selected for analysis of zooplankton. 

Stations (odd or even) were randomly selected from each subarea. In addition, 

the station having the maximum striped bass larvae density on each survey was 

included in the zooplankton analysis. Each near-bottom, mid-depth and surface 

sample was split in half in a Folsom splitter. The three half samples then 

were pooled to provide an integrated, water-column zooplankton sample for 

analysis. A total of 33 samples were analyzed. 

Zooplankton samples were collected during the 1989 season by a vertical 

1 ift from near-bottom to surface of a 20-cm, 53-pm mesh plankton net. 

Samples were obtained on every survey at stations 3 and 7 in the Potomac River 

'Data provided by Lenwood Hall, Johns Hopkins University. Present address: 
The University of Maryland System, Wye Research and Education Center, Box 169, 
Queenstown, MD 21658. 
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(Figure 1) and at stations 3 and 8 in the Upper Bay (Figure 2), and were 

preserved in 5% buffered formal in. To estimate zooplankton densities at each 

station, the sample volume was reduced to 50-100 ma, and three 1-mQ aliquots 

of each sample were examined. The counts of zooplankton in each a1 iquot were 

divided by the volume filtered (0.19 to 0.80 m3) for each sample to estimate 

densities. 

For the 1988 and 1989 samples, taxa known to be important foods of 

Morone larvae were identified. Zooplankton were categorized and are reported 

as macrozoopl ankton (copepod adults, copepodi tes, cladocera) or 

microzooplankton (copepod naupl i i , rot ifers) . 

Identification 

Descriptions of striped bass and white perch larvae provided by Mansueti 

(1958), Lippson and Moran (1974) and Hardy (1978) were used to facilitate 

identifications. Larvae in length-classes 8-13 mm SL were cleared with 

tryps in to reveal developing skeletal features, which serve to distinguish 

striped bass and white perch (Olney et al. 1983). 

Gtolith P e n  a Analysis 

Daily increments in otoliths were counted to determine larvae ages and 

to identify cohorts. The otoliths of white perch and striped bass larvae were 

described previously (Houde et a1 . 1988a). It was demonstrated in laboratory 

experiments that both species laid down one otolith increment per day after 

initiation of increment formation, which was temperature dependent in each 

species (Houde and Morin 1990). 

Sagittal otoliths were removed from each fish by 1) clearing the larvae 

in trypsin or "epon" to render the otoliths visible, 2) placing the fish on a 

microscope slide and then 3) teasing the otoliths away from the tissue. 
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Otoliths of fish (8 mm SL then were mounted in "epon" under cover slip and 

heated for 1 day at 60'~ to harden the epoxy. Otoliths of fish >8 mrn SL were 

embedded in "epon" and heated for 1 day to harden the epoxy. Then, they were 

ground in a transverse plane to near the nucleus with 400-grit sandpaper, 

ground to the nucleus with 600-grit sandpaper, and then polished with alumina 

paste. Finally, the otoliths were etched in a buffered solution of 7% EDTA 

for 20-40 sec and remounted in epon epoxy under a cover slip (Radtke 1984). 

Otoliths were read under lOOOx magnification using a compound light 

microscope. Projections of otolith images were made onto a monitor via a TV 

camera and measurements were made using a computer- interfaced JAVA image 

analysis system (Jandel Corp.). Measurements were made from the center of the 

otolith nucleus to 1) the nucleus edge, to 2) each increment, and to 3) the 

edge of the otolith. Measurements were made along the clearest radius in the 

concentric, smaller otoliths and along the antirostrum in larger otoliths. 

Measurements were stored in ASCII format by the JAVA system for later 

statistical analysis and back-calculation applications. 

Back-Calculation of bensths-at-Aqe 

Body size-otolith radius relationships were derived for striped bass 

larvae in the Potomac River and Upper Bay. This information, combined with 

measurements of otolith radii to each of the daily increments, allowed larval 

lengths at earlier ages to be back-calculated. Several authors recently have 

discussed problems and appropriate methods to back-calculate lengths-at-age of 

fishes (Francis 1990; Campana 1990; Secor 1990). We used the "biological- 

intercept" method proposed by Campana (1990) to back-calculate striped bass 

larval lengths. The method is a modified version of the Fraser-Lee method, 

used in a previous analysis (Houde et al. 1990). Campana's (1990) method 

corrects for the phenomenon of faster-growi ng fish having proportionately 
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- smaller otol iths than slower growing fish of the same body size (Secor and 

Dean 1989; Reznick et al. 1989). 
"- 

The back-calculation formula is: 

- 
where L, = length (mm) at age t 

- La = body length (mm) at hatch. 

LC = body length (mm) at capture 

- 0, = otolith radius (pn) at hatch 

0, = otolith radius (pm) at capture 
- 

0, = otolith radius (pn) at age t 

- An L, of 4.0 nun SL (standard length) was chosen to back-calculate 

lengths-at-age of striped bass larvae for 1987, 1988, and 1989 data. The - 
otolith radius-at-hatch was the nucleus radius (pn), the distance from the 

- focus to the edge of the nucleus. The "biological intercept" method, like the 

Fraser-Lee method, has the desirable property of not presuming that larvae 

- from all cohorts or populations have the same otolith radius - standard length 

relationship. 
- 

AdultFemaleData 
- 

Gillnet catch-per-unit-effort (CPUE) data were provided to us by 

- Maryland Department of Natural Resources, Tidewater Administration. The age- 

specific CPWE data for mature female striped bass from the Potomac River and 
- 

Upper Bay in 1989, which index the relative abundances of female age-classes 

- that were present, were weighted by the age-specific fecundities of each age- 

class that was represented. In this way it was possible to index the age- 

- specific spawning potential on each collection date and examine it with 
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- respect to actual egg production estimated from ichthyoplank-ton collections 

on the same dates. It also was possible to partition the annual egg 
- product ion estimates from ichthyoplankton collect ions among the con~ponent age- 

classes of female striped bass. Then, the age-specif ic biomasses and numbers - 
of adult females that spawned in the Potomac and Upper Bay were calculated 

,- 
from the egg production estimates and gillnet CPUE data. 



ANALYSIS 

and Larvae pbundances 

Numbers of eggs or larvae (N) in each net tow were expressed as 

densities (D), number per 100 m3 (D = N/V), based on f lowmeter readings from 

which volumes filtered (V) were estimated. Some Tucker trawl samples and a 

few 60-cm net samples were unmetered. Volumes filtered by these tows were 

assigned the 1989 mean values for 5-min tows of those gears from the data on 

volumes filtered that were available. The abundance of eggs or larvae (A), 

expressed as numbers under 1.0 m2 of water surface, was derived from the 

density estimates: A = dD, where d = water depth (m) at the station. The mean 

densities and abundances of eggs and larvae at each station on each survey 

were calculated from the two 60-cm, 333-pn net tows that were made at each 

stat ion. 

The estimated "riverwide" (Potomac) and "areawide" (Upper Bay) 

abundances of striped bass eggs and larvae were calculated by expanding the 

mean densities at a station to the volume of the river segment or bay segment 

represented by each station. The areas and volumes represented by stations 

were obtained from Cronin (1971). Mean depths, areas, and volumes of each 

river and bay segment that were designated in 1989 have been tabulated (Table 

4 )  

Egg Product ion 

Abundance estimates of striped bass eggs from each survey were used to 

estimate daily and seasonal egg production. The estimated river and bay 

segment abundances were converted to da i ly egg product ion after cons iderisg 

effects of river temperatures and estimated incubat ion times (from Polgar 

1976, in Setzler et al. 1980). Survey egg productions were estimated by 
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multiplying daily egg production by the number of days represented by each 

survey. It was assumed that the mean daily egg production during a survey 

occurred on the day of the survey plus one-half the days since the previous 

survey and one-half the days until the next survey. The date of first 

spawning was assumed to have been 2 April in the Potomac River and 10 April in 

the Upper Bay. The last dates of spawning were assumed to have been 29 May in 

the Potomac River and 31 May in the Upper Bay. Some spawning probably 

occurred after the assumed final spawn dates and plankton-net surveys. That 

egg production contributed little to the 1989 totals in the Potomac River, 

although its contribution may have been significant in the Upper Bay. 

The analytical method of Pennington and Berrien (1984) was used to 

estimate egg production. In this method, which is effective to estimate means 

and variances when the frequency of zero catches is significant, egg catches 

are assumed to follow a delta distribution. The method allows two estimates 

of egg production to be obtained in the Potomac River and in the Upper Bay. 

The first estimate is derived by treating the data as from a single series of 

surveys. A second estimate was obtained after part it ioning the survey series 

into two separate series. In the Potomac, Series I included egg abundance 

data from Surveys 1, 3, 5, 7, 9, 11, 13 and 15 while Series I1 included 

Surveys 2, 4, 6, 8, 10, 12, 14 and 16. In the Upper Bay, Series I included 

Surveys 1, 3, 5, 7, 9 and 11 while Series I1 included Surveys 2, 4, 6, 8, 10 

and 12. This partitioning allowed mean egg production to be estimated for 

each series in addition to providing variance estimates that included temporal 

as well as spatial components. 

The egg production method also required that the s~~rvey area be divided 

into subareas (Table 4). Five subareas were designated in the Potomac, each 

represented by one to three stations (Subarea I included Station 1; Subarea I1 

included Stations 2 and 3; Subarea I11 included Stations 4, 5 and 6; Subarea 
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IV included Stations 7 and 8; Subarea V included Station 9). On each survey 

date there were from 2 to 6 samples collected within each Potomac subarea from 

which the subarea egg product ion estimates were obtained. F O I J ~  subareas were 

designated in the Upper Bay; Subarea I included Stations 1 and 2; Subarea I1 

included only Station 7; Subarea I11 included Stations 3, 4, 5 and 6; Subarea 

IV included Stations 8 and 9. The number of samples per subarea on each 

survey date ranged from 2 to 8 in the Upper Bay. 

S~awninq Biomass and Ase-Specific 
. . S~awninq P m  

Data on gi 1 lnet catch-per-unit-effort (CPUE)' for striped bass females 

from spawning areas of the Potomac River and Upper Bay in 1989 were used in 

combination with our egg production estimates and the Mihursky et al. (1987) 

weight-specific fecundities to derive estimates of 1) biomass of spawning 

females, 2) numbers of spawning females by age-class, 3) numbers of eggs 

contributed by each age-class that was represented in the gillnet catches and 

4) date-specif ic, potential relative egg production by each age-class, based 

upon the proportional representation of female age classes in the CPUE data. 

All striped bass females 1 4  years of age that were gillnetted on the spawning 

grounds in 1987-1989 were presumed to be mature (Mihursky et al. 1987). For 

analysis purposes, we assumed that the CPUE of 24-year-old females .in the 

gi 7 lnet catches accurately represented the proportional contributions of 

females from each age-class. 

Gillnet sets in the Potomac were made on 32 days, from 3 Apri 1 to 19 May 

1989. Nets were set on 44 days in the Upper Bay, from 10 April to 25 May. 

Mean CPUE for females in each age-class was derived by summing the age- 

specific daily CPUE and dividing by the number of days that the nets were set. 

'Data provided by Maryland Department of Natural Resources, ~idewater 
Administration, Fisheries Division, Courtesy of S. Early and T. Sminkey. 



Age-specific fecundities were obtained by 1) developing a weight-on -age 

equation from the Mihursky et al. (1987) data, 2) converting the female age 

data to weights, and 3) estimating the weight-specif ic fecundities using the 

Mihursky et al. equation for fecundity-on-weight. The weight-on-age equation 

is: 

W, = 1,747.26 A - 5,348.23 rZ = .94 

where W is weight in grams and A is age in years. The fecundity-on-weight 

equation is: 

where F is fecundity in number of eggs. 

The number of spawning females can be estimated from the egg production 

estimates. In this analysis the estimate of egg production from the 

"partitioned series" was presumed to be best. The number of striped bass 

females was calculated from the express ion: 

where N = number of females, P = egg production, b, = proportional CPUE for 

each age or weight-class, and F, = fecundity of each weight-class. 'The number 

of females in each age-class then can be estimated from the expression: 

N, = N x b,. 

Finally, the number of eggs produced by each age-class is: 

where F, is the fecundity of each age-class. 



Larva? Length-Freauencv Distributions and Ad-iustments 

The observed length-frequency distributions of larvae were subject to 

two systematic errors: escapement by some fraction of small larvae through 

plankton-net meshes and avoidance of the gear by some larger larvae. 

We adjusted the survey length-frequency distributions in 1989 by a 

sequential procedure that depended on correcting the standard 60-cm, 333-pn 

mesh catches. Because no data were available in 1989 to compare night vs day 

catches in the 333-pn tows, the same correction factors used to adjust catches 

of larvae in 505-pm mesh net tows for night vs day gear avoidance in 1987 and 

1988 (Houde et al. 1990) were applied to 1989 catches. These correction 

factors represent the ratios of night-collected to day-collected larvae in 60- 

cm net, 505-pn mesh tows for each 0.5 mm length-class. Because there was no 

difference in catches of larvae >5.0 mm in a comparison of 505-pm and 333-pm 

tows, and because the 505-pm catches, once corrected for extrusion, were not 

significantly different from catches of larvae in the 2 mZ Tucker trawl (Houde 

et al. 1988b, 1990), we did not further correct the day-night adjusted 333-pm 

mesh catches for gear avoidance. 

No gear avoidance or extrusion adjustments were applied to striped bass 

eggs because the eggs are passive and too large to be extruded. 

Otol i th-aged larvae from represented length-classes were used to 

determine the proportion of larvae in each 0.5 nun length-class that fell 

within each one-day age class. This determination was the basis for 

developing age-length keys from which measured, but unaged, larvae could be 

assigned an estimated age. The age-length keys were developed from 

regressions of ages on larval lengths. The regression statistics (slopes and 



standard errors) provided an otolith-based estimate of mean age and its 

variance for each 0.5 mrn length-class. The age distribution of larvae in a 

0.5 mm length-class was assumed to be normally distributed. Then, the 

proportion of larvae of each age in a 0.5 mrn length-class was estimated by 

calculating a normal standard deviate and estimating the probability that 

larvae were in a given age-class. When probabilities were very low (P<0.025), 

proportions in those age-classes were added to the adjacent age-class. 

Larvae Pqe-Frequency Distributions 

The age-length keys were used to convert larvae length-frequency 

distributions to age-frequency distributions. To compensate for potential 

errors in aging larvae and the lack of multiple age-length keys, we aggregated 

the age-frequency distributions into 3-day classes (cohorts). By fol lowing 

the trajectories of growth and mortality in three-day cohorts, it was possible 

to estimate rates, identify episodic mortalities, and relate such mortalities 

to significant environmental events. 

Errors in aging are possible because 1) otolith increments may not 

always be formed daily, 2) otolith increments may be incorrectly counted, and 

3) the age of first increment deposition may vary. We believe that all three 

sources of error occur in striped bass larvae. We adjusted the apparent 

cohort ages, based upon otolith increments, to account for variabi 1 ity in age 

of first increment deposition, which was demonstrated to be temperature- 

dependent (Houde and Morin 1990). The age of first increment deposition 

potentially can vary from 1-5 days posthatch for striped bass hatched in the 

12-21'~ temperature range. Ages were assigned to larvae based on temperature 

data, predicted day posthatch of first increment deposition and otolith 

increment numbers. Although it remains possible that a small fraction of the 

larvae were assigned to an incorrect 3-day class, the potential for error was 
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smal 1. 

Fstimating Growth Rates 

Three methods were used to estimate growth rates of larvae, a71 

dependent upon otolith-aging. 

1) Aqqreaated-Sample Mean Growth Rate: Standard lengths and 

otol ith-derived ages of the entire sample of 1989 otol ith-aged 

larvae from each area were analyzed. The linear regression 

coefficients of standard lengths on otolith-derived ages provided 

estimates of the growth rates. 

2) Cohort Growth Rates: The otol ith-aged larvae from 

sequential surveys were assigned to their respective 3-day 

cohorts. Larval lengths were regressed on cohort ages and the 

cohort-specif ic growth rates were determined from 1 inear 

regression models. 

where L, = standard length (mn) 

a = regression intercept, an estimate of length (mm) at age 0 

t = age, in days posthatch; ages were assigned from otolith 

increment number adjusted to account for temperature effects 

on age of first increment deposition 

g = regression coefficient, an estimate of growth rate (nnn/d). 

Possible differences among cohort-specific growth rates were tested by 

Analysis of Covariance. Predicted lengths-at-age were compared to determine 

if cohorts differed in mean lengths at specific ages. Inverse prediction was 



used to estimate the cohort-specific ages of larvae at 8.0 mm SL. 

3) Back-Calculation pf Larval Growth Rates and Variabilit_ly: This 

method, partly described under "Otol ith Preparation m d  Analvsis" 

provided the most information on growth of individual larvae, 

growth of c~horts, and variability in growth. 

Growth rates of 3-day cohorts were derived from the exponential 

regress ions of the mean back-calculated lengths-at-age on larval ages. The 

procedure a1 lowed among-cohort comparisons of growth rates (Analysis of 

Covariance) and comparisons of growth experienced by cohorts produced early 

and late in the season. 

Accurate estimates of growth rates and lengths-at-age based on back- 

calculation procedures depend upon a predictable otol ith size-body size 

relationship. If otolith growth and body growth are seriously decoupled, then 

the abi 1 ity to estimate larval growth rates and to back-calculate lengths-at- 

age could be compromised (Secor and Dean 1989). In our laboratory experi- 

ments, some otolith growth did occur in the smallest striped bass larvae in 

the absence of body growth (Houde et al. 1990). If such non-growing larvae 

survived for significant time in the wild and were collected in significant 

numbers, it is possible that lengths-at-age could have been overestimated for 

some larvae based on the back-calculation procedures. The use of the 

"biological intercept" method to back-calculate lengths-at-age for larvae in 

individual cohorts will tend to minimize the potential for such errors. 

Mortality Rate Jstimates 

Regressions of the decline in abundances between surveys of identified 

3-day cohorts of striped bass larvae provided estimates of cohort-specif ic 

mortality rates. A mean daily mortality rate was estimated under a stable age 
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distribution assumption, in which the abundance-at-age estimates of larvae 

from all 3-day cohorts were pooled over all surveys. 

Assignment of larvae collected in each survey into 3-day cohorts in 

effect defined the birth-date distributions and the estimates of abundances of 

each cohort for that survey. Cohorts that were initially abundant or which 

experienced good survival had a high probability of being collected on more 

than one survey. The abundance of each 3-day cohort of striped bass was 

estimated on each sampling date that the cohort occurred, which traced the 

cohort's decl ine in abundance as the season progressed. 

The decline in abundance of each 3-day cohort is a measure of its 

mortality. Daily instantaneous mortality coefficients for the pooled survey 

mean abundance-at-age estimates (based upon the stable age distribution 

assumption) and for the cohort-specif ic analysis were calculated from an 

exponential model of decline in abundance of each 3-day cohort: 

where N, = estimated abundance of larvae on the last date that the cohort was 

sampled or at specified ages during the season 

N, = estimated abundance at time zero ( i  .e. hatching) 

Z = instantaneous daily mortality coefficient (d-l) 

t = age, in days. 

Cohorts that experienced episodic mortalities were identified from their 

high mortality rates and/or their disappearance from samples during the 

season. Cohorts with better survivorship had relatively low mortal i ty rates 

and appeared on two or more survey dates. The environmental characteristics 

associated with high cohort survival or episodic mortality are reported and 

discussed. 



Cohort Hatch Dates 

The assignment o f  s t r iped  bass i n t o  3-day cohorts a lso  defined t h e i r  

hatch dates. The r e l a t i v e  abundances o f  cohorts and t h e i r  estimated hatch 

dates were tracked and compared. 



RESULTS 

1989 Environmental Data Summaries 

Potomac River 

Temperature: Mean water temperatures during the surveys ranged from 12.8 to 

25.2'~ (Table 5). Mean survey temperatures and continuously-recorded 

temperatures fluctuated between 11.4 and 13.4'~ during the 1-17 April period 

and were below the 12' level that is lethal for striped bass eggs and larvae 

on 10-11 April (Figure 5). Mean and continuous temperatures rose steadily 

from 12.9' on the 17 April cruise (Survey 4) to 18.0- on 3 May (Survey 9), 

then dropped to 13.7' on 12 May (Survey 12), and subsequently increased to a 

high of 25.2'~ on 8 June (Survey 18). Continuous temperature data at Wilson 

Bridge indicated that temperatures did dip below 12' on 12 May and remained 

near 12- for the 11-14 May period. 

Sal initv a d  Conductivitv 

The water was fresh (0 ppt) at stations 3-9 on all surveys in 1989. 

Salinities >1 ppt were recorded at Station I (Figure 1) during the first 8 

surveys (1 -30 Apri 1) but not subsequently. Salinity averaged over a1 1 surveys 

was 0 ppt at a1 1 stations except Station 1. Conductivity values in the 1989 

Potomac season also were determined for each station on each survey (Table 6). 

In 1989, riverwide abundance of striped bass larvae was highest in the area 

represented by Station 1, where mean conductivity was 1491 micro-ohms, the 

highest mean value recorded. 

Mean water column pH values in the Potomac ranged from 6.7 - 7.4 (Table 









7). Mean pH values were 26.9, except on survey 11 (9 May) when mean pH was 

6.7 (Table 7). The low pH on this survey occurred imnediately after a period 

of heavy rainfall (>2.0 inches) and at a time when river discharge was high 

(Figure 60). 

Rainfall m d  River Discharae 

Rainfall, measured at Washington National Airport, exceeded 0.5 inches 

during five periods (Figure 6A). Heaviest rainfa 11s were recorded during the 

29 April - 5 May period and on 23 May. Potomac River discharge was similar in 

1989 to 1988, with maximum discharges recorded during the 5-25 May period 

(Figure 60). In contrast, maximum river discharge in 1987 occurred earlier, 

during the 7-27 April period (Houde et al. 1988a, 1990). 'The integrated 

discharge for the 1 April - 31 May period was highest in 1987 (1.84 x lo6 

cfs) , and equal for the 1988 and 1989 seasons (1.56 and 1.57 x 10' cfs, 

respectively) . 

Mean survey temperatures in the Upper Bay ranged from 10.3 to 23.8'~ 

(Table 8). Temperatures rose above 1 5 ' ~  on 27 April, and remained above 15'~ 

until 11 May (Figure 7). Temperatures were below 14'~ from 11-17 May, 

reaching a low of 12'~ on 11-12 May, but increased steadily during the 

remainder of the spawning season. 

Salinities >1.0 ppt were recorded at Stations 1-3 (Figure 2) from 21 

April - 5 May and occasionally at station 9 in the C&D Canal. Mean 
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conductivities were 2,788 and 615 micro-ohms at Stations 1 and 9, 

respectively, where striped bass larvae were most abundant (Table 9). 

Mean water column pH values ranged from 7.0 - 7.3 during the 14 surveys 

(Table 10). Lowest pH values were recorded during the 24 Apri 1 and 23 May 

surveys. Discharge from the Susquehanna River was at its peak on 23 May 

(Figure 8B). 

Rainfall and River Discharse 

Dai ly rai nfal 1 measured at Bal timore-Washington International Airport 

was 21.0 inches on four dates (5 May, 25 May, 15 June and 7 June) (Figure 8A). 

The greatest rainfall (approximately 2.5 inches) fell on 25 May, just after 

the period of highest discharge (5-23 May) from the Susquehanna River (Figure 

8B). Integrated discharge from the Susquehanna River into the Upper Bay 

during the 1 Apri 1 - 31 May 1989 period was 5.29 x lo6 cfs, a considerably 

higher value than the 3.02 x lo6 cfs recorded in 1988. Highest river 

discharge occurred earl ier (5-23 May) in 1989 than in 1988 (20-25 May). 

Dissolved Oxvaen 

Mean dissolved oxygen values for each survey ranged from 7.2 - 10.9 ppm 
(Table 11). Lowest oxygen values were recorded on the last survey dates, 5 

and 14 June. 

Egg and Larvae Data Summaries, 1989 

Catches of fish eggs and larvae in each survey from the standard tows of 

the 60-cm sampler are given in Appendix tables 1A - 28A. In the Potomac 











River, Moron? spp. larvae (striped bass plus white perch) and clupeid larvae 

were comnon, especially on the last two surveys (24, 28 May). Other larvae 

collected were cyprinids, atherinids, gobi ids and percids. Mean densities of 

Morone spp. larvae ranged from 37/100 m3 on 16 May to 1084 100 m3 on 28 May. 

Clupeid larvae mean densities ranged from 0.2/100 m3 on 3 April to 2080/100 m3 

on 28 May, and exceeded Morone densities on 6 and 28 May. In the Upper Bay, 

Morone spp. larvae mean density ranged from 0.2/100 m3 on 5 May to 750/100 m3 

on 25 May. Densities of )lorone and Clupeid larvae were highest on the last 

two surveys, 25 and 30 May. Mean clupeid densities ranged from 0/100 m3 on 14 

Apri 1 to 96/100 m3 on 30 May. 

Potomac River: Totals of 19,352 striped bass eggs and 2,928 larvae were 

collected in 292 tows of the 60-cm, 333-pm net. Eggs were collected on every 

survey and larvae were collected on 13 of the 16 surveys (Table 12). Eggs and 

larvae occurred at all of the nine usual stations that were sampled during the 

standard-net surveys. The highest percentages of the eggs were collected at 

Stations 4 and 5. More than 74% of the eggs occurred in collections from 

surveys 6, 7 and 14 (24 Apri 1, 27 Apri 1 and 20 May). The biggest catches of 

striped bass larvae were made at Stations 1 to 4. More than 87% of the larvae 

were collected on the last two surveys (24 and 28 May). 

The mean density (no./100 m3) of striped bass eggs at Potomac River 

stations was 73.48 in 1989 (Table 13; Figure 9). Mean abundance (number under 

1 mZ) was 3.15. Both density and abundance were highest on Survey 7 (27 

April) when mean river temperature was 16.6'~. Striped bass eggs were most 

abundant at Stations 4 and 5 (Table 13), near the middle of the Potomac 

sampling area (Figure 1). Lowest egg abundances were recorded from Station 1, 

the most downstream station. 

The highest mean densities and abundances of striped bass larvae in the 

47 













Potomac occurred on the  l a s t  two surveys, 24 and 28 May (Table 14; Figure 10). 

Dens i t ies  were 80.1 and 51.8 per 100 m3, and abundances were 3.4 and 2.0 per 

m2, respect ive ly ,  on those dates. Densi t ies and abundances o f  s t r i p e d  bass 

larvae always were much lower on the e a r l i e r  sanipl i ng  dates. 

S t r iped  bass larvae i n  the Potomac were most abundant (number under 1 m2 

o f  r i v e r  surface) a t  Stat ions 1-4 i n  1989 (Table 14), although substant ia l  

numbers occurred throughout the nursery area. On average, larvae were 

approximately two times more abundant a t  Stat ions 1-4 than a t  s ta t ions  f a r t h e r  

upstream except f o r  S ta t ion  9 which had l a r v a l  abundances near l y  equal t o  

those a t  Sta t ions 1-4. The areas o f  peak larvae abundances were displaced 

on ly  a few km downstream from the area (Stat ions 4 and 5) where egg abundance 

was highest  (Table 13). 

The mean water column ab~lndances (number under 1 m2) o f  s t r i ped  bass 

eggs and larvae d i f f e r e d  subs tan t ia l l y  among the th ree  years o f  our research 

on the Potomac River.  Mean egg abundance was highest  i n  1989, but  t he  highest  

mean l a r v a l  abundance occurred i n  1987 (Table 15). 

Estimated r i ve rw ide  abundances o f  s t r i ped  bass eggs and larvae on each 

Potornac River  survey (Tables 16 and 17) were derived from the  s t a t i o n  

estimates expanded t o  the  t o t a l  vo111me represented by each s ta t ion ,  (i .e. 

segment abundances). The sumned segment abundance t o t a l s  on each survey are  

the  est imated abundances of eggs and larvae present i n  t he  Potomac on each 

sampling date. Riverwide egg abundances were highest  dur ing surveys 5 t o  8 

(21-30 A p r i l )  and on survey 14 (20 May) (Table 16; Figure 9). Riverwide 

la rvae abundances i n  1989 were less than 1 x 10' on a l l  surveys except 15 and 

16 (24 and 28 May), the l a s t  two 60-cm sampler survey dates (Table 16; Figure 

10). 

It i s  apparent t h a t  there  was l i t t l e  su rv i va l  o f  larvae from the  

subs tan t ia l  egg production i n  the per iod 19-29 Apr i  1 (Figures 9 and 10). Most 
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larvae were survivors of egg production in the 18-26 May period. When 

expressed as riverwide abundances, it can be seen that the highest percentages 

of eggs were in the middle and most upstream segments of the River (Table 16). 

Larvae abundance, expressed by river segment were more complex. The highest 

percentage (42%) was estimated to be in the relatively large volume of the 

most downstream station, segment 1, but substantial numbers were found in 

segments 2 to 4 and, surprisingly, in segment 9, the most upstream river 

segment (Table 17). 

U p ~ e r  m: Totals of 13,265 striped bass eggs and 2,804 larvae were collected 
in 181 tows of the 60-cm, 333-pn net during 12 Upper Bay surveys. Eggs 

occurred during all surveys except Survey 6 (5 May) when only two stations 

were sampled (Table 18). Biggest catches were recorded on dates encompassed 

by surveys 4-7 (27 Apri 1 to 11 May) and on survey 10 (23 May). Most larvae 

(98.5%) were collected on the last three surveys, from 23 to 30 May (Table 

18). No larvae were collected before survey 3 (24 April). The biggest egg 

catches were from Station 8 (Elk River) and Station 9 (C&D Canal). Large 

numbers of eggs also were collected at Stations 3 and 4 (Table 18; Figure 2). 

Eggs were uncommon at Station 7 (Susquehanna Flats). 

- Biggest catches of larvae in the Upper Bay (Figure 2) were made at 

Stations 8 and 9 (Table 18). Small catches of larvae occurred near the middle 

of the sampling area (Stations 4 and 5) and moderate catches were made at the 

southern end of the survey area (Stations 1, 2, 3). No larvae were collected - 
at Stations 6 and 7. 

- The mean density of striped bass eggs in the Upper Bay was 77.90 per 100 

m3 in 1989 (Table 19; Figure 11). Mean abundance was 4.25 per d. For surveys 
.- that sampled the entire Upper Bay area (all surveys except 5 and 6, on 2 and 5 

May), highest egg densities and abundances were recorded on Survey 10 (23 May) - 















and on Survey 7 (11 May) when mean temperatures were 18.0 and 12.8'~, 

respectively. Densest egg concentrations occurred at Stations 8 and 9. Eggs 

were most abundant (number under 1 d) in the C&D Canal (Station 9), with high 

abundances also observed at Stations 3 and 4 and 8 (Table 19). Lowest egg 

densities and abundances in the Upper Bay were observed at Station 7 on the 

Susquehanna Flats. 

Highest densities and abundances of striped bass larvae in the Upper Bay 

were observed from 23-30 May, during the last three surveys. Mean density 

peaked at 89.4 per 100 m3 during Survey 10 (23 May), while mean abundance 

peaked at 4.8 per mZ during Survey 11 (25 May) (Table 20; Figure 12). 

Densest concentrations of larvae in the Upper Bay occurred at Stations 

1, 2, 8 and 9. Larvae were most abundant at Station 1 near the southern 

boundary of the larval nursery and at Station 9 in the C&D Canal (Table 20). 

The area in which larvae were observed to be abundant was relatively 

restricted, compared to that in which eggs were comnon (Table 19). 

The mean densities and abundances of striped bass eggs and larvae in the 

Upper Bay differed substantially between 1988 and 1989 (Table 15). Both eggs 

and larvae were approximately one order of magnitude more dense and abundant 

in 1989. 

Areawide abundances of striped bass eggs and larvae, from the expanded 

station estimates, indicated that spawning peaked during Surveys 7 and 10 (11 

May and 23 May) in the Upper Bay, when 2.2 x lo9 and 2.1 x lo9 eggs, 

respectively, were present (Table 21; Figure 11). Spawning also may have been 

intense on Survey 5 (2 May), but only three stations were sampled on that 

date. Areawide striped bass larvae abundances were highest during Surveys 10 

and 11 (23 and 25 May) (Table 22; Figure 12). Larvae abundances that exceeded 

1 x 10' were estimated only during the period 23-30 May, on the last three 60- 

cm sampler survey dates. 













Although 1989 striped bass egg and larvae densities in the Upper Bay 

were highest at Stations 8 and 9 (Tables 19 and 20), i .e. Elk River and C&D 

Canal, respectively, the areawide estimates (Tables 21 and 22) indicated that 

most of the eggs and larvae were distributed elsewhere. The Upper Bay 

segments 3 and 4, which are in the mainstem Bay (Figure 2), contained 46% of 

the eggs (Table 21) while mainstem segments 1-3 contained most of the larvae 

(72% of all larvae) (Table 22). The Elk River and C&D Canal did support a 

high proportion of the eggs (30%) and larvae (28%) but, because of their 

relatively low segment volumes (Table 4), their overall contributions were 

less than suggested by the mean densities (no. per 100 m3). 

Potomac River and m e r  Comparisons: In 1988, the mean egg abundances 

were higher in the Potomac River than in the Upper Bay. In 1989, mean egg 

abundances and densities were similar in the Potomac River and Upper Bay 

(Table 15). Spawning peaks in the Upper Bay occurred about three weeks later 

than peaks in the Potomac River during 1988 and 1989. Peak spawning in 1989 

in the Potomac River occurred from 20-30 April while that in the Upper Bay 

occurred from 11-23 May. Mean water temperatures during the 1989 peak 

spawning periods ranged from 14.8 - 17.3'~ in the Potomac and from 12.8 to 

18.0'~ in the Upper Bay. In 1988, peak spawning occurred from 7-28 April in 

the Potomac River when mean river temperatures were 13.2 to 14.9'~ and 

occurred from 3-25 May 1988 in the Upper Bay when temperatures were 13.2 to 

2o.o0c. 

Mean abundance of larvae, standardized to 1 m2 of surface, was more than 

two times higher in the Upper Bay than in the Potomac River in 1989 but the 

reverse situation prevailed in 1988 (Table 15). The mean larval density and 

standardized abundance estimates in the Potomac River in 1987 were nearly 

identical to the Upper Bay estimates in 1989. Because no surveys were carried 



out i n  the Upper Bay i n  1987, we have no estimates o f  egg and larvae dens i t ies  

and abundances t o  compare w i th  the Potomac i n  t h a t  year. I n  1987, the high 

l a r v a l  abundance index i n  the Potomac corresponded t o  a high j ~ ~ v e n i  l e  survey 

index. The high l a r v a l  abundance index i n  the Upper Bay i n  1989 also was 

fol lowed by a high juven i le  abundance index (Maryland DNR 1991). 

Zooplar~kton Densi t ies 

PotomacRiver 

Mean zooplankton densi t ies i n  the Potomac River were highest i n  1987 and 

lowest i n  1989 (Table 23A; Figure 13). Comparable data f o r  the 1976-1977 

per iod a lso are included (Setzler-Hamilton e t  a l .  1980). The mean dens i t ies  

o f  zooplankton categories i n  1989, except f o r  adu 1 t copepods and copepodi tes  , 
were on ly  h a l f  as abundant as i n  1988 and were much less abundant than i n  1987 

(Table 23A). The dens i t ies  o f  zooplankton dur ing the  l a s t  two weeks o f  May, 

when s t r i ped  bass larvae normally are most abundant, were very much higher i n  

1987 than i n  1988 o r  1989 (Table 238). 

Zooplankton abundances dur ing periods when most f i r s t - f e e d i n g  s t r iped  

bass larvae occurred were higher i n  1987 than i n  1988 o r  1989. Micro- 

zooplankton abundances were low (34/l  i t e r )  i n  the 16-22 Apr i  1 per iod fo l low ing  

the 16-17 A p r i l  major (but unsuccessful) spawning peak o f  the  1987 season, bu t  

increased t o  278 / l i t e r  on 22 May, a week a f t e r  the secondary spawning peak 

when 31% o f  the year's estimated egg product ion  was spawned (Figure 13). I n  

1988, microzooplankton dens i t ies  were r e l a t i v e l y  low, averaging 36, 31, and 

89/ l  i t e r  one week a f t e r  the spawning peaks on 7, 14 and 27 A p r i l .  I n  1989, 

microzooplankton dens i t ies  the week fo l lowing periods o f  peak spawning (21-27 

Ap r i l ,  20 May) were low (44-93/ l i ter ,  5 4 / l i t e r )  (Figure 13). 

Zooplankton dens i t ies  were highest i n  1987 a t  the s ta t ions  where s t r i ped  



Table 23a. Mean densities (number/l i ter) of zooplankton taxa during Apri 1 and 
May in the Potomac River, 1976-1977, 1987-1989, and in the Upper Bay 1989. 
Estimates are averaged over stations and surveys, and include standard errors 
of the means. The 1976-77 data are from Setzler-Hamilton et al. (1980) and 
are included for comparat ive purposes. 
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bass larvae occurred in greatest abundance. To compare zooplankton densities 

among years in which different stations were sampled, stations were grouped 

into subareas (Figure 14): Subarea 1 (1987-88 Stations 1 and 2), 2 (1987-88 

Stations 3 and 4; 1989 Station 3), and 3 (1987-88 stations 5 and 6; 1989 

Station 7). Macrozooplankton densities in the subareas where striped bass 

larvae were most abundant averaged 53/liter (subarea 2) in 1987, 27/liter 

(subarea 1) in 1988, and 19/liter (subarea 2) in 1989 (Figure 14). Micro- 

zooplankton densities averaged 259/l iter (subarea 2) in 1987, 115/l i ter 

(subarea 1) in 1988, and 47/liter (subarea 2) in 1989 (Figure 14). 

Adult copepod and copepod nauplii densities in 1987 and 1989 tended to 

be highest at downriver stations (subareas 1 and 2), and lower at stations 

upstream (Figure 15). In contrast, cladocerans were more abundant at upriver 

stations (Figure 16A). In 1988, peak densities of both cladocerans and adult 

copepods occurred in the middle of the survey area (subarea 2). Copepod 

naupl i i densities tended to be highest in downstream subareas. Rot ifers were 

most abundant in the middle of the survey area in 1987, downriver in 1988, and 

upriver in 1989 (Figure 16B). 

Temporal trends in Potomac River zooplankton densities were different in 

1987 than in 1988 and 1989 (Figures 13, 17, 18). In 1987, adult copepod and 

copepodite (chiefly Eurvtemora aff inis) densities were high in mid-Apri 1 and 

in the last two weeks in May (Figure 17). Copepod naupl i i  densities in 1987 

peaked during the second week of May. In 1988 and 1989, densities of copepod 

naupl i i were highest in early April, dropped precipitously by mid-April, and 

remained low. Adult copepod dens it ies in 1988 also dropped precipitously 

after a peak in early April. In 1989, adult copepods were most abundant in 

early April, declined in mid-April and then recovered to higher levels in late 

April before falling to low levels in May (Figure 17). Cladoceran densities, 

chiefly Bosmina lonsirostris, increased steadily from lows in early April to 

76 













peak abundances during the first two weeks of May in 1988 and 1989, but in the 

last two weeks of May in 1987 (Figure 18). Densities of rotifers peaked at 

relatively low levels during the first week of May in 1988 and 1989, but at a 

high level during the last two weeks of May and the first week in June in 1987 

(Figure 18). 

Data on mean densities of zooplankton in the Upper Bay, which were 

available only for 1989, were compared to densities in the Potomac River 

(Table 23A). The mean densities of rotifers in the Upper Bay during 1989 were 

lower than Potomac River 1987 densities but higher than 1988 and 1989 Potomac 

densities. Upper Bay copepod naupl i i densities were similar to Potomac River 

1987 densities and higher than 1988-89 densities. Adult copepod densities in 

the Upper Bay in 1989 were similar to those observed for 1987-1989 in the 

Potomac. Cladoceran densities in 1989 were lower in the Upper Bay than in any 

year in the Potornac (Table 23). 

Upper Bay dens it ies of macrozooplankton (adult copepods and copepodites, 

cladocerans) were low, averaging 11.6 * 1.6/liter and 3.3 + 1.5/liter, 
respectively (Figure 19). Mean macrozooplankton dens it ies increased from a 

low of 4/liter on 14 April to 16/liter on 24 April, declined steadily to 

5/liter on 15 May, and then increased steadily to a high of 34/liter on 12 

June (Figure 19). Macrozooplankton densities differed little between the two 

stations that were sampled on 14 April, 24-27 April, 11 May and 14 June 

(Figure 20). Macrozooplankton densities were higher at station 8, where 

striped bass larvae were most abundant, on 20 April and in the 15 May - 5 June 
period. Densities of copepods were considerably higher than cladoceran 

densities on each survey (Figure 21). 

Microzooplankton densities during 1989 were higher in the Upper Bay in 
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1989 (Figure 19) than in the Potomac River in 1988 and 1989 (Table 23a), and 

exceeded Potomac River 1987 densities from 14 April until the second week in 

May. Upper Bay mean microzooplankton densities increased from a low of 

39/liter on 14 Apri 1 to 257/liter on 11 May, then declined to 49/liter on 15 

May, and subsequently increased to a peak of 328/l iter on 12 June (Figure 19). 

Mean microzooplankton dens it ies one week after striped bass spawning peaks (27 

April - 2 May, 11 May 1989) were 126-257/liter, and 98/liter, respectively. 

No zooplankton data were collected in the week following 22 May, when a third 

spawning peak occurred. 

Densities of Upper Bay microzooplankton differed 1 ittle between the two 

stations that were sampled on 14 April and from 24-27 April, and were higher 

at station 3 on 20 April. But, microzooplankton densities were higher at 

station 8, where striped bass larvae were most abundant, from 11 May through 

the remainder of the season (Figure 20). Copepod naupli i densities exceeded 

rotifer densities from 17 to 27 April, after which rotifer densities increased 

and predominated (Figure 21). 

Striped Bass Egg Production and Spawning Biomass 

Potomac River &g Production 

The 1989 Potomac River spawning season began approximately 1 April and 

extended to 30 May during the period when mean river temperatures rose from 12 

to 21'~. Unlike the 1987 and 1988 seasons, peak egg production did not occur 

near the beginning of the season in 1989 but occurred during the last ten days 

of Apri 1, with a secondary peak on 20 May (Table 24; Figure 22). 

The 1989 single survey series estimate of egg production in the Potomac 

River was 11 -14 x 10' eggs, standard deviation = 1.26 x lo9. The partitioned 







survey series estimate was similar, 11.33 x lo9 eggs, standard deviation = 

1.96 x 10' (Table 25). Based upon the partitioned series estimate, little egg 

product ion (1.5% of total) occurred in Subarea I, but considerable product ion 

occurred in all other Subareas (Table 25). The highest egg production (38.5%) 

occurred in Subarea I11 (1989 Stations 4, 5, and 6, Figure 1). Remaining egg 

production was evenly spread among stations and areas represented by Subareas 

11, IV through V. 

Spawning was spatially more homogeneous in 1989 than in 1987 or 1988. 

Using 1989 subareas as reference, most of the egg production occurred in 

Subarea 111 in 1987 (69.6%) and 1988 (50.1%). In 1989, 38.5% of the eggs were 

spawned in Subarea 111, a significant percentage of the spawn, but lower than 

the 1987 or 1988 fractions in that subarea. In 1989, a higher fraction of the 

striped bass egg production (42.8%) occurred upstream, in Subareas IV and V, 

than occurred there in the previous two years (15.1% and 16.2% in 1987 and 

1988, respectively). 

The Potomac River 1989 egg production estimate was the highest in the 

1987-1989 three year series (Figure 23), although not significantly different 

from 1987 or 1988, because of relatively large standard deviations. Parti- 

tioned series estimates of egg productions and their coefficients of variation 

[(Standard deviation + estimate) x 1001 in the Potomac were: 1987 - -  9.47 x 
lo9 (64%); 1988 --  6.65 x lo9 (34%); 1989 - -  11.33 x lo9 (17%). 'The relative 

variabi 1 ity of the estimates declined each year because of better survey 

design and stat ion select ion, but especial ly because of increased temporal 

coverage in 1989. Mean egg production in the Potomac for the three-year 

period was 9.15 x 10' eggs. 

Cumulative percent egg production in the Potomac River in 1989 indicated 

that spawning was approximately 50% completed by 26 April (Table 24; Figure 

24). The cumulative percent egg production curve differed in 1989 from those 
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- observed in 1987 and 1988, when higher percentages of Potomac River egg 

productions occurred at the beginning of the spawning seasons (Figure 24). 

- More than 50% of annual egg production was completed by 16 April in 1987 and 

10 April in 1988. 

U D D ~ ~  Bay & Product ion 

Striped bass spawned in the Upper Bay from approximately 11 April to 1 

.- June 1989, the period when mean temperatures increased from 10.3 to 20.0'~. 

Peak 1989 egg production occurred in the period 27 April - 23 May (Table 26; 
.- 

Figure 25). 

- The single survey series estimate of egg production in the Upper Bay in 

1989 was 15.54 x 10' eggs, standard deviation = 2.94 x lo9 (Table 27). The 

- partitioned series estimate was slightly lower, 14.57 x 10' eggs, standard 

deviation = 5.69 x lo9. Based upon the partitioned series estimate, most of 
- 

the 1989 egg production (67.6%) occurred in Subarea I11 (Stations 3, 4, 5, 6) 

- of the Upper Bay. This percentage was higher than that in 1988 (41.5%) for 

this subarea. In 1989, little egg production (0.=) was recorded in Subarea 

- I 1  (Station 7, Susquehanna Flats), although this area contributed 20.5% in 

1988. Subarea IV (C&D Canal and its approaches - -  Stations 8 and 9) produced 
- 

17.9% of the 1989 eggs and 26.1% in 1988. Subarea I (Stations 1 and 2) 

- contributed essentially the same fraction of egg production in 1989 and 1988 

(13.7% and 11.9%, respectively). 

- The Upper Bay egg production estimate for 1989 was considerably higher 

than that for 1988 (Figure 23). The two partitioned survey series estimates 
- 

and coefficients of variation are: 1988 -- 1.78 x lo9 (39.7%) and 1989 -- 

- 14.57 x lo9 (39.0%). Although the estimates lack precision, it seems certain 

that Upper Bay egg production increased substantially in 1989 compared to 











Cumulative percentage egg production in the Upper Bay in 1989 indicated 

that spawning was 50% completed by 5 May and approximately 90% completed by 22 

May (Table 26; Figure 24). Spawning was more protracted in 1989 than in 1988. 

The date at which 50% egg production was completed occurred approximately 

eight days later (16 May) in 1988 (Figure 24). 

Numbers and Spawning Biomass of Adu 1 t Females, and Age-Specif ic Egg Product ion 

Potomac River 

The estimated number and biomass of Potomac River adult females in 1989 

that produced eggs were 11,177 females and 55,501 kg, respectively (Table 28). 

Based upon the Maryland DNR gi llnet CPUE data, the proportion of spawners was 

evenly distributed (30.0 - 35.1%) among 5-7 year-old females from the 1982, 

1983 and 1984 year-classes (Table 29). Because they were larger and had 

correspondingly higher fecundi ties, estimated egg production by the 1982 year- 

class, age 7 females, was higher (41.8% of total) than that of the other year- 

classes. The estimated spawning biomass of adult females represents only a 

fraction of the striped bass biomass in the river because the estimate does 

not include males or imnature females. 

The biomass estimate is no more accurate or precise than the egg 

production estimate. Based upon the part it ioned survey series egg product ion 

estimate and its standard deviation (Table 25), the approximate 90% confidence 

limits on 1989 female spawning biomass are 39.8 to 71.2 metric tons. There 

was little evidence, based upon our egg production estimates, that spawning 

biomass increased significantly in the Potomac River during the 1987-89 

period. The spawning biomass approximate 90% confidence 1 imits for the three 

years were: 1987 -- >O to 94.3 metric tons; 1988 - -  14.5 to 50.6 metric tons; 

1989 - -  39.8 to 71.2 metric tons. 





The 1982 year class females contributed most to Potomac River egg 

production in 1987, 1988 and 1989. Estimated percent contributions of the 

1982 year class, calculated from fecundity-specific, gillnet CPUE data and egg 

productions in each year were: 1987 -- 51.6%; 1988 -- 46.5%; 1989 -- 41.8% 
(Figure 26A). In 1987, 38.0% of Potomac River egg production was estimated to 

have been by females >10 years of age. That percentage declined to 24.4% in 

1988, and to 0.0% in 1989 (Figure 26B). The estimated fractions of the 

females on the spawning ground that were >10 years old, based upon Maryland 

DNR gillnet CPUE data, were 7.1% in 1987, 5.7% in 1988 and 0.0% in 1989. The 

1987 and 1988 data illustrate the potentially high egg production that can 

accrue from relatively small numbers of highly fecund, large striped bass. 

Estimated numbers and biomass of Upper Bay adult females in 1989 were 

12,805 females and 70,808 kg, respectively (Table 30). The 1982 year class 

represented 44.1% of the females, based upon Maryland DNR gi 1 lnet CPUE, and it 

spawned 54.7% of the eggs. The combined 1983 and 1984 year classes were 

represented by 48.1% of the females and contributed 36.4% to Upper Bay egg 

product ion. 

The approximate .90 confidence 1 imits on the biomass estimate, derived 

from the partitioned series egg product ion estimate and its standard deviation 

(Table 27), is 25.5 to 116.1 metric tons. It is highly probable that 1989 

spawning biomass had increased considerably from 1988, when the estimated 

biomass confidence limits were 3.0 to 42.4 metric tons. 

The 1982 year class dominated egg production and spawning biomass in the 

Upper Bay during 1988 and 1989. In 1988, the 1982 year-class females 

contributed 72.1% to egg production, compared to 54.7% in 1989 [Table 31; 

Figure 26A). Based upon observed egg production and proportioned CPUE, there 
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was a probable large increase in the estimated numbers of 1982 females on the 

Upper Bay spawning grounds in 1989 (5,648), compared to 1988 (1,220). The 

estimated total egg production by the 1982 year class increased f ive-fold, 

from 1.28 x 10' in 1988 to 7.97 x lo9 in 1989. Females >10 years old 

constituted 2.2% of the spawning females in 1988 and contributed 10.2% to egg 

production. Females >10 years old constituted only 1.1% of adult females in 

1989 but still contributed 4.5% of the eggs (Table 31; Figure 266). 

Potomac River V S .  U D Q ~ ~  Bhy 

Egg production estimates in the Potomac River and Upper Bay were similar 

in 1989 (Tables 25 and 27), indicating that spawning biomasses of adult 

females also were similar (Tables 28 and 30). The egg production estimates 

did not change appreciably during the 1987-89 period in the Potomac River but 

increased greatly between 1988 and 1989 in the Upper Bay. 'The estimated 

numbers of 1982 year-class females declined in the Potomac River between 1987 

and 1989, from 7,104 to 3,358, suggesting a 31% annual mortality rate. 

Despite the large apparent decline in numbers (52.7%) of the 1982 year class, 

egg production in the Potomac by that year class declined only by 11% in the 

1987-89 period because o f  individual female growth and increasing fecundity. 

In the Upper Bay, egg production by 1982 year-class females was estimated to 

have increased dramatically (522%) from 1988 to 1989 as both numbers and 

weights of 1982 females increased. Females older than age 10 were 

unrepresented in gillnet catches in the Potomac in 1989 but still occurred in 

the Upper Bay. Although uncommon, old females made a relatively high 

contribution to egg production as indicated by their estimated age-specific 

contributions (Tables 30 and 31). 

Potential Actual Egg Production 



The age-specific CPUE data from Maryland DNR gillnet surveys, when 

examined by date of collection, can be considered an index of potential egg 

production. The CPUE data first were adjusted for age-specific fecundity 

(Table 32) and then tabulated by 10-day collection periods to give the 

percentage potential egg product ion with in 10-day periods in the Potomac River 

and Upper Bay during 1987, 1988 and 1989 (Tables 33 and 34). These potential 

percentage egg productions, partitioned by age-class and date, were compared 

to the estimated percentage egg productions from the ichthyoplankton surveys 

during the same periods. 

Potomac River 

During 1987 and 1988, actual egg production occurred earlier than the 

potential production predicted from gillnet CPUE data, but in 1989 the 

situation was reversed (Tables 24 and 33; Figure 27). In 1989, cumulative 

percent egg production from egg abundance data was estimated to be 50% 

completed by 26 Apri 1 and 90% completed by 19 May, but the corresponding 

estimates from gillnet CPUE were 19 Apri 1 and 1 May (Table 35; Figure 27). In 

1987 and 1988, egg abundance data indicated that 50% egg production was 

completed by 16 and 9 April, respectively, while gillnet CPUE predicted 50% 

completion dates of 25 April i n  1987 and 22 April in 1988. The 90% egg 

production estimates for 1987 were 10 May from the egg abundance data but 3 

May from the gillnet CPUE. The 90% egg product ion estimates for 1988 were 26 

April from egg abundance data and 10 May from the gillnet CPUE. 

The gi 1 lnet CPUE potential egg product ion predictors indicated that 50% 

egg production in the Potomac River was expected between 19 and 25 Apri 1 and 

that 90% egg production was completed between 1 and 10 May in 1987-1989 (Table 

35). Actual .egg abundance data -in 1987-1989 gave a broader range of dates; 

50% production, 9-26 April; 90% production, 26 April-19 May. The gillnet 
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surveys broadly categorize the age structure and fluctuating abundances of 

female striped bass on the spawning grounds, but they were not good predictors 

of the temporal variability and extent of egg production in the Potomac River. 

In 1989, egg production estimated from the ichthyoplankton surveys in 

the Upper Bay followed the potential production predicted from gi llnet CPUE 

more closely than in 1988 (Table 35; Figure 28). In 1989, cumulative egg 

prod~~ction was estimated to be 50% completed on 5 May and 1 May, respectively, 

based upon the egg abundance and gillnet CPUE data (Table 35). The 90% egg 

production estimates were 22 May and 17 May, respectively, for egg abundance 

and gi 1 lnet CPUE data. In contrast, the 1988 estimates differed considerably, 

based upon the two data sets. Actual egg abundance data provided estimated 

dates for 50 and 90% cumulative egg production of 16 May and 24 May, 

respectively. The comparable estimated dates based upon gillnet CPUE 

potential egg production were 4 May and 17 May (Table 35; Figure 28). The 

gillnet CPUE data indicated that potential egg production was temporally 

similar in 1988 and 1989. But, the actual egg abundance data indicated that 

most spawning was completed considerably earlier in 1989 than in 1988 and that 

spawning was more protracted in 1989. Gillnet surveys in 1987 indicated that 

50% and potential egg productions in the Upper Bay were completed by 26 

April and 12 May (Table 35; Figure 28), dates approximately one week earlier 

than in 1988 and 1989. 

A e - S ~ e c i f  ic Female Contributions Egq Production 

The 1982 year class made the biggest contributions to potential egg 

production in each year from 1987-1989 in both the Potomac River and Upper 

Bay. The fecundity-adjusted CPUE data indicated that 1982 year-class females 
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in the Potomac spawned 51.6, 46.5, and 41.8% of the eggs in 1987, 1988, and 

1989, respectively (Table 32). Estimated percentage spawn by 1982 year-class 

females was even higher in the Upper Bay where fecundity-ad justed CPUE 

indicated percent egg productions of 60.2, 72.1, and 54.7% in 1987, 1988, and 

1989. Females > age 7 potentially made very significant contributions to egg 

production in the Potomac River during 1987 and 1988 but no females > age 7 

were represented there in 1989 gillnet catches (Table 32). Females > age 7 

made potentially significant contributions to egg production in the Upper Bay 

during each of the three years, although their relative importance declined 

from 1987-1989 (Table 32). 

Anecdotal informat ion, based upon gi 1 lnet surveys and hatchery 

collections of adult striped bass spawners, indicated that older females were 

present on the spawning grounds earlier in the season. The fecundity-adjusted 

CPUE data, combined for 1987, 1988 and 1989 collections in the Potomac River 

and Upper Bay, do not give a clear indication that most potential egg 

production by s age 7 females occurs later in the season than egg production 

by older females (Table 36). The fecundity-ad justed CPUE of these young 

females does appear to be spread more uniformly throughout the season and 

perhaps only young females contribute to spawning in the last several days of 

the season. There was an indication that most potential spawning by > age 7 

females occurs relatively early in the season. During 1987-1989 in the 

Potornac River, 51% and 32% of potential spawning by > age 7 and 5 age 7 

females, respectively, occurred by 20 April. For the same years in the Upper 

Bay, 64% and 7% of potential spawning by the > age 7 and 5 age 7 females, 

respectively, occurred by 20 Apri 1 (Table 36). 

Larva Length - Otolith Length Relationship 





Potomac River 

A second-order polynominal provided the best fit to lengths of 1989 

Potomac River striped bass larvae in relation to otolith radii (Figure 29): 

where L = larva standard length (mm) and R is otolith radius (pn). 

There were significant differences (P<.0001) in the Potomac River 

standard length otolith radius relationships among the three years 

(relationship for 1987 and 1988 given in Houde et al. 1988, 1990). Larva 

lengths and otolith radii were log, transformed and the relationships were 

compared among years (analysis of covariance with otolith radius as covariant) 

for all larvae and for larvae in the 5.0-12.0 m SL size range. For either 

length range, striped bass larvae in 1989 had the largest otoliths and larvae 

in 1987 had the smallest otoliths at each body length. 

The relationship between length and otolith radius varied significantly 

(P<.OO4) among 3-day larval cohorts. Cohorts hatched before 7 May, when 

temperatures experienced by cohorts during the first 20 days posthatch 

averaged <17°~, had relatively larger otoliths per unit body length than did 

cohorts hatched after 7 May, when temperatures were warmer. 

A linear body length-otolith radius relationship (Figure 30) was derived 

for Upper Bay striped bass larvae: 

? =  193 
r = 0.944 

S.E., = 0.0006 







The log,-transformed relationship differed (P<.0001; analysis of 

covariance) from that for 1989 Potomac River larvae. Upper Bay striped bass 

larvae had larger otoliths than did Potomac River striped bass at equal 

standard lengths. In the Upper Bay there were significant differences (P<.03) 

among 3-day larval cohorts in the standard length otol ith-radius relationship. 

With a few exceptions, cohorts that hatched early in the season had larger 

otoliths relative to their standard lengths than did cohorts hatched later in 

the season. 

Larval Length Frequencies 

Potomac River 

Catch data from tows of the 60-cm, 333-pn net were used to generate the 

1989 Potomac River length-frequency distributions and to estimate riverwide 

abundances of larvae within length classes. The length range of larvae 

sampled by the 60-cm net was 3-11 mm SL. Most larvae were 3-5 mn SL. The 

catches of larvae in 1989 were smaller and included fewer large larvae than 

1987 catches. But, the catches in 1989 were larger and included bigger larvae 

than were observed in 1988. 

The survey-specif ic length frequencies (Table 37) were converted to mean 

densities (no. per 100 m3) of larvae in 0.5 mm length classes. After 

correcting for daytime avoidance of the sampler, numbers of larvae in 0.5 mm 

length classes per river segment and riverwide were calculated for each survey 

(Appendix Tables 29A-39A). 

The daytime avoidance correction procedures were the same as those 

applied to 1988 larval length frequencies (Houde et al. 1990). In that 

procedure, the night and day collections of striped bass larvae from 1987 and 





1988 collections had been combined to generate night-to-day catch ratios for 

larvae 3.0 - 5.5 mm SL. For larvae 6.0 - 13.5 mn SLY regression equations had 

been derived to express night and day densities as a function of length, from 

which night-to-day catch ratios for each length class were estimated. 

The riverwide abundances of striped bass larvae in 0.5 mm length classes 

(Appendix Tables 29A-39A) are illustrated in Figure 31. No larvae >6.0 mn 

were present before Survey 12 on 12 May, and larvae >8.0 mm were not collected 

until Survey 16 on 28 May. Only three larvae were collected in Surveys 3 and 

4. They were lost before they could be measured and are not included in the 

length-frequency analysis. It is probable that they were newly-hatched larvae 

of 3-5 mm SL. 

Potomac River striped bass larvae were more abundant and were 

represented by more length classes in 1987 than in either 1988 or 1989. The 

survey-averaged r iverw ide mean abundances by 0.5 mm 1 engt h c 1 asses for seven 

1987 surveys, nine 1988 surveys, and sixteen 1989 surveys are illustrated in 

Figure 32. 

Mean survey abundance of all length classes of striped bass larvae in 

1989 was 581.5 x lo6, compared to 1,187.5 x lo6 larvae in 1987 and 275.1 x lo6 

in 1988. Mean abundance of (5.0 nan striped bass larvae in 1989 was similar to 

1987 but higher than 1988. The abundance of 5.5 - 11.0 mm larvae in 1989 

declined rapidly compared to 1987 (Figure 32). 

Potomac River Tucker Trawl Catches: A total of 3,580 striped bass larvae were 

collected in 32 Tucker trawl tows during two Potomac River surveys in 1989 

(Table 38). Mean density of larvae in the 0.5 mn length classes was 11.24 

larvae/1,000 m3, a value intermediate between 1987 ( 19.90 larvae/1,000 m3) and 

1988 (0.05 larvae/1,000 m3). Densities of Tucker trawl larvae t8.0 mm were 

highest in 1987 than in 1988, and intermediate in 1987 (Figure 33). For 

















larvae 10.0-11.5 mm, estimated densities on the dates of collection were 

highest in 1989, followed by 1987 and 1988 (Figure 33). Relatively few larvae 

212.0 mm were collected in the Tucker trawl. Observed densities of 12.0 to 

15.5 mm larvae were similar in 1987 and 1989. The few striped bass larvae 

>16.0 mm that were collected occurred in 1989 catches. In 1988, no larvae 

>11.0 mm were collected in the Tucker trawl. 

Length frequencies of Upper Bay striped bass larvae collected in 194 

tows of the 60-cm sampler indicated that most larvae were newly-hatched, 3.0 - 
5.0 mm SL (Table 39), and were hatched during the 23-30 May 1989 period 

(Surveys 10-12). No larvae >6.5 nun were collected in the 60-cm sampler. The 

areawide abundance estimates of larvae in each 0.5 mm length class (Appendix 

Tables 40-47) (Figure 34) indicate that no larvae 26.5 mn were present before 

18 May (Survey 9). 

Mean survey-averaged abundance of newly- hatched 3.0 - 5.0 mm striped 

bass larvae was 996.7 x lo6, an estimate 1.7 times higher than the survey- 

averaged abundance in the Potomac River in 1989 and 20 times higher than the 

survey-averaged abundance in the Upper Bay in 1988 (Figure 35). 

A total of 3,233 striped bass larvae were caught in 48 Tucker trawl tows 

in the Upper Bay in 1989 (Table 40). Densities of larvae caught in Tucker 

trawls at Stations A, B, D, E, F on two survey dates (5-6, 14-15 June) 

averaged 6.81 larvae/1,000 m3, compared to the 1988 mean density of 0.33 

larvae/1000 m3 during the 17 May - 1 June period. Compared to Potomac River 

Tucker trawl catches in 1989, mean densities of Upper Bay larvae <7.5 mm were 

similar, but densities of larvae >8.0 mm were lower in the Upper Bay (Figure 
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36). These densities, which were derived from catches on only two survey 

dates in each system, are only partially comparable because of the differences 

in spawning dates and probable availability of larvae in similar length ranges 

in the Potomac and Upper Bay. 

Age-Length Relationships 

Separate age- length relationships to convert larval length frequencies 

(Appendix Tables 29-47, Figures 31, 34) into age frequencies were developed 

for striped bass larvae from the Potomac River and Upper Bay (Appendix Tables 

48A and 49A). Larvae were assigned proportionally to 1-day age classes 

(Appendix Tables 50A and 51A) and then aggregated into 3-day cohorts. The 

regression equations, given below, which describe the age- length relationships 

were different for larvae from the Potomac and Upper Bay. 

Potomac River: 

A = -9.64 + 3.39 (L) 

Upper Bay: 

A = -50.63 + 17.70 (L) - 1.55 ( L t )  + 0.05 (L3) 

where A = age in days and L = standard length in nun. Upper Bay larvae were 

younger than Potomac River larvae for a given length. 

Larval Age Frequencies 

Potomac River 1989 





St r iped  bass la rvae (10 days o l d  were most abundant from 24-28 May, w i t h  

secondary peaks occur r ing  from 30 A p r i l  t o  3  May and on 9  May (Appendix Table 

50, F igure  37). Larvae o lde r  than 10.5 days posthatch were not  c o l l e c t e d  

before 12 May, and la rvae o f  19.5 days posthatch and o lde r  were not  c o l l e c t e d  

u n t i  1  the  f i n a l  survey, 28 May. The >19.5 days posthatch la rvae observed on 

28 May had been hatched i n  t h e  1-10 May per iod.  S t r i ped  bass eggs were most 

abundant from 21-27 A p r i l  and on 14 May (Table 16). 

Mean abundance o f  newly-hatched s t r i p e d  bass larvae i n  1989 ((4.5 days 

posthatch) was 0.4 t imes lower than i n  1987 i n  t h e  Potomac River  and 0.8 t imes 

lower than i n  1988 (Table 41). Abundance o f  f i r s t - f e e d i n g  la rvae (4.5 - 7.5 

days posthatch) i n  1989 was 0.6 t imes lower than i n  1987, bu t  7.7 t imes h igher  

than i n  1988. A t  age 10.5 days posthatch, s t r i p e d  bass la rvae from the  60-cm 

sampler were 18.7 times less  abundant i n  1989 than i n  1987. By 20 days 

posthatch, 1989 la rvae were 13.2 times less  abundant than 1987 la rvae bu t  were 

equal i n  abundance t o  1988 larvae. 

Newly-hatched s t r i p e d  bass la rvae (median age (4.5 days) were most 

abundant i n  the  Upper Bay dur ing  the  23-30 May pe r iod  (Appendix Table 51; 

F igure  38). Abundances o f  f i r s t - f e e d i n g  la rvae (4.5 - 7.5 days o l d  and o lde r )  

a lso  were low before 23-30 May, and la rvae o l d e r  than median age 10.5 days 

were c o l l e c t e d  by the  60-cm sampler on l y  on 18 May. No la rvae  as o l d  as 20 

days posthatch were c o l l e c t e d  by t h e  60-cm sampler dur ing  t h e  e n t i r e  sampling 

per iod,  14 Apr i  1  - 30 May. Mean abundance o f  age 1.5 days posthatch Jarvae 

was 13.7 times h igher i n  1989 i n  t h e  Upper Bay than i n  1988, and 3.9 t imes 

h igher than i n  t h e  Potomac R ive r  i n  1989 (Table 41). Upper Bay f i r s t - f e e d i n g  

la rvae (4.5 t o  7.5 days) were 23.6 times more abundant i n  1989 than i n  1988, 



















but were an order of magnitude lower in abundance than numbers estimated in 

the Potomac River in 1987 and 1989, and about equal to the 1988 Potomac 

abundance. By 10.5 days posthatch, 1989 Upper Bay larvae were estimated to be 

5.8 times less abundant than 1989 Potomac River larvae (Table 41). 

Growth 

Potomac River 

Aggregated Sample Mean Growth Rate 

The mean growth rate in 1989 of all otolith-aged, Potomac River striped 

bass larvae was 0.20 mm d-' (Figure 39). There was considerable variability 

about the linear regression relationship. For larvae (30 days posthatch, the 

growth rate was 0.23 mm d-'* a somewhat higher rate than that of the sample 

with older larvae included. The 0.20 mm d-I growth rate of the aged 1989 

Potomac River striped bass larvae was identical to the 1988 mean growth rate 

of aged larvae, but was significantly lower (P<0.001) than the estimated 0.26 

mm d" for 1987 larvae (Figure 39). 

Cohort -Specific Growth Rates 

Cohort-specific growth rates were estimated for larvae hatched from 17 

April through 26 May 1989. Growth rates of 3-day cohorts were significantly 

- different (P=0.003), ranging from -0.01 mm d-' to 0.70 mm d-' (Table 42). 

Because lengths-at-age of individuals were variable, and the length range of 
- 

larvae in each cohort available for aging was limited, the regression fits 

- were poor for some cohorts. Although there was no apparent relationship or 

trend in growth rate with respect to date of hatch, mean length-at-age, 

,- adjusted for the covariate age (analysis of covariance), tended to increase as 

the season progressed (Table 42). Larvae hatched before 5 May, which 
- 
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experienced water temperatures below 17'~ during the 20-day posthatch period, 

grew at 0.21 mm d-', a significantly slower (Pt.002) rate than the 0.28 mm d-' 

mean rate of cohorts hatched after 5 May, when temperatures were warmer (Table 

42). 

Predicted length, based on all cohorts, at 20 days posthatch was 9.1 mm 

SL (Table 42). Cohorts hatched after 5 May had a predicted length at 20 days 

posthatch of 9.3 mrn SL while those hatched on or before 5 May had predicted 

length of 8.4 mm SL. The predicted age at 8.0 mm SL varied among cohorts but 

averaged 14.7 days posthatch when data from all cohorts were considered (Table 

42). Cohorts hatched after 5 May were predicted to reach 8.0 mm SL 

approximately 2.6 days sooner than those hatched on earlier dates. 

Back-Calculated Growth 

The 1989 mean growth rate of Potomac River striped bass larvae, based on 

back-calculated lengths-at-age of all 3-day cohorts combined, was 0.18 mrn d-' 

(Figure 40), a rate similar to the back-calculated growth rate of 1988 larvae, 

but significantly lower (PtO.OO1) than the 0.26 nun d-' rate estimated for 1987 

larvae (Houde et al. 1990). Exponential growth models provided the best fits 

to length-at-age data of individual cohorts based on the back-calculation 

formula (Table 43). Back-calculated growth rates from 5-20 days posthatch of 

the 3-day cohorts ranged from 0.11 to 0.36 mm d-1 (Pt0.001), and clearly 

increased as the season progressed (Table 43; Figure 41). The estimated 

growth rate of cohort 'G', hatched early in the season (20 April), was an 

exception. It had a relatively high mean rate of 0.31 mm d-I. The difference 

in growth rates among cohorts resulted in differences in estimated length at 

20 days posthatch of up to 4.6 mm and an estimated difference in age at 8.0 mm 

of up to 21 days. Cohorts hatched on or before 5 May, which experienced mean 

water temperatures below 17'~ during the first 20 days pasthatch, had a mean 
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back-calculated growth rate of 0.12 mm d-'*a rate significantly less than that 

of larvae hatched after 5 May, which grew at 0.23 mm d-' (Table 43; Figure 42). 

Growth rates of 1989 cohorts estimated by the back-calculation procedure 

generally were lower than those calculated directly from est imated lengths-at- 

age at the time of collection (Tables 42 and 43). The back-calculation method 

indicated that individual larvae were growing exponentially, while the 

aggregated sample and individual cohort length-at-age methods suggested that 

linear models described the growth-in-length of Potomac River striped bass 

larvae in 1989. The cohort-specific, exponential models based upon the 

back-calcu lat ion procedure are be1 ieved to depict cohort growth more 

accurately because they incorporate the growth patterns and histories of 

individual larvae into the analysis. 

Aggregated Sample Mean Growth Rate 

Upper Bay striped bass larvae grew at a mean rate of 0.29 mm d-I in 1989 

(Figure 43). The variability about the length-age regression was lower (r2 = 

.83) than for the comparable Potomac River regression in 1989 (rZ = 0.67). 

Although the growth rate of Upper Bay larvae apparently was higher than the 

mean growth rate in the Potomac River, there was only a small significant 

difference in adjusted mean larval lengths (9.0 mm Upper Bay vs 8.7 mrn Potomac 

River; Pc.03) adjusted by analysis of covariance with age as the covariate). 

Cohort-Specif ic Growth Rates 

Cohort-specif ic growth rates varied significantly (PC.0001) and ranged 

from 0.23 mm d-I for larvae hatched on 5 May to 0.61 mm d-' for larvae hatched 

on 14 May (Table 44). Cohort growth rates, after adjusting for age by 









analysis of covariance, increased as the season progressed. 

The predicted length of Upper Bay larvae at 20 days posthatch ranged 

from 6.3 to 15.5 mm SL for the 10 cohorts that were analyzed (Table 44). For 

combined cohorts, predicted length at 20 days posthatch was 8.98 mm SL. The 

predicted ages at 8.0 mm SL for the 10 cohorts, excepting one anomalous 

estimate, ranged from 11.7 to 23.4 days (Table 44). For combined cohorts, the 

predicted age at 8.0 mm was 16.6 days. 

Back-Calculated Growth 

Back-calculated growth rate of a1 1 aged 1989 Upper Bay striped bass 

larvae averaged 0.19 mm d-' in the 5-20 day posthatch period. An exponential 

model provided the best fit to the Upper Bay data (Figure 44). For Upper Bay 

larvae (30 days of age, back-calculated growth rate was 0.22 mm d-I (Table 45), 

significantly higher (Pc0.001) than the 0.20 nun d-' growth rate of Potomac 

River larvae (30 days old. 

The cohort-specif ic, back-calculated growth rates of Upper Bay striped 

bass larvae, which differed significantly from each other (P<.001), ranged 

from 0.18 mm d-' to 0.36 mm d-' (Table 45), and increased as the season 

progressed (Figure 45). The predicted range of lengths at 20 days posthatch 

of Upper Bay larvae cohorts, based upon back-calculation, was 6.8 to 10.2 mm 

SL, and the range of predicted ages at 8.0 mm SL was 15.1 to 24.7 days (Table 

45). The potential maximum difference among cohorts would result in a length 

difference of 3.4 mm at 20 days posthatch, or an age difference of 9.6 days at 

8.0 mm (Table 45). For larvae (30 days old from combined cohorts, the 

predicted lengths at 20 days posthatch were 7.2 rnm SL in the Potomac River and 

7.6 mm SL in the Upper Bay, while predicted ages at 8.0 mm SL were 22.8 days 

and 21.3 days in the Potomac and Upper Bay, respectively (Tables 43 and 45). 









Factors and Growth 

The Pearson product -moment correlation coefficients among environmental 

factors that were considered for inclusion in a multiple regression analysis, 

in which cohort-specific growth rate, mortality rate and abundance at 8.0 mm 

SL were the dependent variables, were calculated for the Potomac River and 

Upper Bay (Table 46). Factors that were significantly correlated (alpha = 

0.05) were not selected as independent variables for multiple regression 

analyses . 
A forward, stepwise regression procedure was used to determine the 

relationship between back-calculated cohort-specific growth rate and the 

independent variables mean temperature, river discharge, mean zooplankton 

density, striped bass larvae density, initial striped bass larvae cohort 

abundance, and Morone spp. ( i  .e. striped bass plus white perch) larvae density 

for Potomac River and Upper Bay larvae. There was a strong and positive 

regression relationship (rf = 0.645) between cohort -specific growth rate and 

temperature (Figure 46). The growth rate - temperature relationship did not 
differ significantly between the two areas (PN.40) or among years (P>0.25). 

The relationship for combined cohorts from the Potomac River 1987-89 and the 

Upper Bay 1989 is: 

where G = growth rate (mm d - I ) ,  and T = mean temperature during the first 20 

days posthatch. None of the remaining independent variables contributed 

significantly to the multiple regress ion model. 











Morta 1 i ty 

Potornac River 

A "stable-age distribution" assumption led to an estimate of 

instantaneous mortality rate, derived from the age frequency distribution of 

larvae from all 1989 Potomac River surveys with the 60-cm sampler, of Z = 0.29 

_+ 0.09, which is equivalent to 25% d-I. This estimate was not significantly 

higher (P>0.06) than the stable-age distribution Z = 0.22 + 0.02 (21% d-') in 

1987 or Z = 0.34 + 0.17, (29% d-') in 1988 (Figure 47). The 1989 Potomac 

River, cohort-specific mortality rates ranged from Z = 0.09 to 1.04, (9 to 65% 

d-'' (Table 47). Mortality rates showed the same general seasonal trend 

observed in 1987 and 1988; i.e. a decrease for cohorts hatched from mid-April 

to early May, an increase to a peak for mid-May cohorts, and a subsequent 

decrease. As in previous years, the standard errors on the rates were high. 

As a consequence, it was not possible to show significant differences (P>.88) 

among the cohort-specif ic mortality rates. 

The stable-age distribution assumption mortality rate of Upper Bay 

striped bass larvae was Z = 0.73 + 0.30, equivalent to 52% d-'. This rate is 

significantly higher (Pc0.003) than the comparable estimate, Z = 0.29, for 

Potomac River larvae, but not significantly lower (P>0.25) than the estimate 

of Z = 1.14 (68% d") estimated for Upper Bay larvae in 1988 (Figure 48). 

Cohort-specific instantaneous mortality rates calculated for each 3-day cohort 

differed significantly (P<.02), ranging from Z = 0.19 to 0.94, equivalent to 

17 to 61% d-' (Table 48). The instantaneous mortality rate of the 3-day cohort 

hatched on 14 May was not calculated because its estimated abundance did not 

decline with age. Mortality increased from 34% d-' for the 2 May cohort to 50% 
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d-' for the 11 May cohort, then declined for mid-May cohorts before increasing 

to 61% "' for the 23 May cohort (Table 48). Standard errors on the 

cohort-specif ic mortality rates were high (Table 48). 

G/Z Ratio 

Potomac River 

The ratio of instantaneous growth-in-weight rate (G)  to mortality rate 

(Z) , a measure of cohort productivity, showed similar trends for Potomac River 

striped bass larval cohorts in 1987, 1988 and 1989. A G/Z ratio >1.0 

indicates that the biomass of a larval cohort is increasing during the time 

that it was sampled. The mean G/Z ratio for all 3-day cohorts in 1989 was 

0.81 (Table 49), a value not significantly different (P>.67) from G/Z = 0.84 

in 1988 or 1.10 in 1987. Although the G/Z ratios were not demonstrated to 

differ significantly (P>.588) among years, the highest value was calculated 

for 1987 when recruitment also was highest. The 1989 striped bass cohort- 

specific G/Z ratios varied widely (Table 49), from 0.18 to 1.67. The five 

cohorts in 1989 with G/Z ratios 21.0 were hatched from 29 April to 11 May. 

The 1989 cohorts generally had instantaneous growth coefficients that were 

similar to 1987 cohorts, but higher instantaneous mortality coefficients. The 

mid-season peak in G/Z ratio observed in 1989 was also evident in 1987 and 

1988, a consequence of seasonally increasing G values and seasonally low 

values of Z. 

The mean G/Z ratio of five Upper Bay striped bass cohorts in 1989 was 

0.47, a value not significantly lower (P>0.18) than the mean G/Z for the 

Potomac River 1989 cohorts (Table 50). The Upper Bay peak G/Z was calculated 







for the 17 May cohort. Despite a relatively high mean G value for Upper Bay 

cohorts, the G/Z ratio was low because mortality rates were high. There was 

no obvious seasonal trend in G/Z for Upper Bay striped bass cohorts (Table 

50). The apparently lower mean G/Z in the Upper Bay in 1989 compared to the 

Potomac River mean G/Z for 1987, 1988 and 1989 was not significantly different 

(P=0.41) because of the high among-cohort variabi 1 i ty. Cohorts hatched after 

23 May 1989 in the Upper Bay could not be included in the G/Z analysis, which 

was applied only to cohorts that had attained at least 20 days of age during 

the sampling surveys. It is probable that some late-hatched cohorts had G/Z 

ratios higher than those calculated for cohorts M-R (Table 50). 

Estimated Abundance of Striped Bass Larvae at 8 mm SL 

The estimated abundances of striped bass cohorts at 8.0 mm SL were 

calculated as an index of recruitment potential from data in the growth rate 

and mortality rate analyses. Estimated cohort abundances at age 0 from 

catches in the 60-cm sampler were multiplied by their cohort-specif ic 

mortality rates from age 0 to estimated age at 8.0 mm SL (i.e. Zt) to estimate 

numbers at 8.0 mm. 

The summed abundance at 8.0 mm SL of all Potomac River striped bass 

larvae based upon the 60-cm sampler collections in 1989 was 44.6 million 

larvae, which is 25% of the total estimated for 1987 but 1.9 times more than 

the number at 8.0 mm estimated for 1988 (Houde et a1 . 1990). Cohorts hatched 

from 20 April - 11 May 1989 contributed 46.8% of the potential recruits 

(Figure 49). The 3-day cohort hatched on 20 May (actually in the 19-21 May 

period) contributed an estimated 23.7 million larvae, or 53.1% of the total 

potential recruitment in the Potomac River. The general product ion pattern of 





8.0 mm larvae was similar in 1987 and 1989 (Figure 49). In 1988, most 8.0 mm 

larvae were produced by a few cohorts hatched in the 9 - 12 May period (Figure 

49). 

Another estimate of potential recruitment was provided by catches of 

surviving larvae in the 2 m2 Tucker Trawl on 1-2 and 8-9 June 1989. Larva1 

densities in each 0.5 mm length class from the Tucker trawl were expanded to 

riverwide abundance estimates by multiplying the densities by the volume 

represented by each station, summing over all stations, and then converting 

from abundances-at - length to abundances-at-age using the age- length keys 

(Appendix Tables 48 and 49). Abundances were allocated to 3-day cohorts, and 

cohort-specif ic mortality rates were estimated from the combined cohort 

abundance estimates based upon both the 60-cm, sampler and the 2 m2 Tucker 

trawl. The resulting cohort-specif ic abundance estimates of 8.0 mm larvae 

were 3.2 times higher (142 million larvae) than the estimate provided by the 

60-cm net alone (Figures 49 and 50), but the distributions of cohort 

hatch-dates contributing to potential recruitment were s imi lar. Cohorts 

hatched after 20 May were not sampled effectively by the 7 0 0 - p  Tucker trawl. 

The 23 May hatch, in addition to the 17 and 20 May hatches, was a probable 

large contributor to potential recruitment. Modest numbers of 8.0 mm larvae 

were produced by cohorts hatched from 20 April - 11 May, and most 8.0 mm 

larvae (52%) originated from cohorts hatched in the 17-23 May period (Figure 

50). 

The relative abundance of 3-day cohorts collected in the 2 m2 Tucker 

trawl on the last day of the sampling season (8 June), uncorrected for 

age-specif ic and cohort-specif ic differences in survival, and uncorrected for 

extrusion of some small larvae, indicated that some survivors on 8 June had 

been hatched in every 3-day period from 23 Apri 1 to 7 June (Figure 51). 

Cohorts hatched from 11 - 20 May comprised over 57% of the total numbers 
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represented on 8 June. The cohorts hatched on 14 - 17 May were represented 

better in the 8-9 June Tucker catches (Figure 51) than they had been in the 

May collections od the 60-cm sampler. The discrepancy in catches between the 

gears may have been caused by the flood event and subsequent high river 

discharge (Figure 6) which occurred from 6-20 May, and which may have 

displaced newly-hatched larvae temporarily downstream of the area sampled by 

the 60-cm net. No larvae were collected on the 12 and 16 May surveys by the 

60-cm sampler during the period of high discharge, but larvae from the same 

cohorts were collected before and after that period. Conductivities measured 

at stations 1 and 2, which averaged 1491 and 578 micro-ohms, respectively, 

were depressed during this period (Table 6), further evidence that river 

conditions usually conducive to larvae occurrence had been displaced 

downstream. 

The predicted cohort abundances of 8.0 mm SL larvae were significantly 

related (r2 = 0.490; n = 28; Pt0.001) to cohort mortality rates (Figure 52). 

Although there was no statistically significant difference in this regression 

relationship among years, the relationship between 8.0 mm larvae abundance and 

cohort mortality rates was strongest for 1989 larval cohorts (r2 = 0.525; n = 

12; Pt0.001) and apparently lacking for 1987 cohorts (rZ = 0.059; n = 9; 

P>O. 52). 

The predicted 8.0 mm larval abundances were positively related (r2 = 

0.203, n = 28, Pt0.01) to cohort growth rates (Figure 52) for all years 

combined. The relationship was strongest for 1987 cohorts (r2 = 0.611; n = 9; 

Pt0.02), and was weakest and not significant for 1989 cohorts (rZ = 0.149; n = 

12; P>0.21). No significant relationship was demonstrated between cohort 

abundances at 8.0 rnm and hatch date, zooplankton density, initial cohort 

abundance, density of )lorone species larvae, or any of the environmental 

parameters that were measured. 
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The abundance of 8.0 mm larvae in the Upper Bay estimated from catches 

in the 60-cm sampler was only 0.5 million larvae, an estimate 89 times lower 

than that for the Potomac River in 1989. The 8.0 mm larvae survivors were 

hatched from 8 - 23 May, with nearly all (99%) hatched in the 16-21 May period 

(Figure 53). Because most larvae in the Upper Bay were hatched from eggs 

spawned late in the spawning season (23 - 30 May), and would not have reached 

8.0 mm length by the last date of sampling with the 60-cm sampler (30 May), a 

better estimate of 8.0 mm larval abundance was obtained from Tucker trawl and 

60-cm net catches combined. This approach estimated the abundance of 8.0 mm 

larvae to be 48.7 million larvae, a higher number but still 2.9 times less 

than the comparable estimate generated for Potomac River 8.0 mn larvae. 

Potential recruits in the Upper Bay, estimated by the combined Tucker trawl 

and 60-cm sampler, were hatched from 29 April - 4 June (Figure 54). Most were 

hatched in the 17 - 26 May period and on 1 - 4 June. 
Relative abundance of Tucker trawl-collected 3-day cohorts present on 

the last sampling day (14 June) in the Upper Bay indicated that striped bass 

larvae were present from hatches on 17 April - 13 June (Figure 55). Over 80% 

of these larvae were hatched between 17 May and 4 June. 

Cohort-specif ic abundances of 1989 Upper Bay 8.0 mm larvae that were 

estimated from the combined 60-cm and Tucker trawl samples were positively 

correlated with cohort growth rates (r2 = 0.66, n = 12, P<0.001) and 

temperature (r2 = 0.91, n = 12, P<0.001) (Figure 56). Cohort abundances 

increased rapidly over most of the range of these independent variables, 

before decreasing at temperatures >22'~ and when growth rates exceeded 0.32 mm 

d-I. 











DISCUSSION 

Each striped bass spawning season in Chesapeake Bay has its own 

peculiarities, which distinguish it from other years and shape the potential 

for recruitment success. There are differences in the Potomac River and Upper 

Bay environments within each season that affect not only the temporal 

progression of the spawning season but which affect potential recruitments in 

each system. Results reported here represent our third research year on the 

Potomac River and our second year in the Upper Bay. Analyses of egg 

product ion, larvae growth and survival, and relationships to environmental 

conditions in 1987, 1988 and 1989 describe and explain the causes of Potomac 

River variabi 1 ity in potential recruitment. Conclusions from the Upper Bay 

analyses remain less clear, although important temporal-spatial information on 

egg production, female biomass and larvae dynamics were obtained and 

documented for the environmental conditions observed in 1988 and 1989. 

Striped bass egg production estimates in 1989 were the highest that we 

obtained in the 1987-1989 Potomac and 1988-1989 Upper Bay studies. Upper Bay 

egg production in 1989 increased more than eight-fold relative to 1988. The 

Potomac River egg production estimates differed relatively 1 ittle among years. 

Although the 1989 egg production estimate was 20% higher than 1987 and 70% 

higher than 1988, Potomac egg productions were not judged to differ 

significantly among years, given the precision levels that were attained. The 

great increase observed in Upper Bay egg production in 1989 would not have 

been predicted from the fecundity-ad justed gi 1 lnet CPUE data, which declined 

by 37.5% in 1989 compared to 1988. In contrast, the fecundity-adjusted CPWE 

from gillnet catches in the Potomac River was correlated with the egg 

production estimates. The 1989 fecundity-specific CPUE of Potomac River 

females increased by 61.5% compared to 1988, which compares well with the 70% 



increase i n  estimated egg production t ha t  was observed. I n  1987, fecundi ty -  

spec i f ic  CPUE o f  Potomac River females was 83% o f  the  1989 CPUE estimate and 

the  estimated 1987 egg production was 83.5% o f  t h a t  estimated i n  1989. 

The 1982 year-class was the major producer o f  eggs i n  both the  Potomac 

River and Upper Bay i n  1989 as i t  had been i n  the previous two years. 

Estimated percent con t r ibu t ion  of 1982 females decl ined from 51.6 t o  41.8% 

from 1987 t o  1989 i n  the Potomac River and from 72.0 t o  54.7% from 1988 t o  

1989 i n  the  Upper Bay. The annual decl ines i n  r e l a t i v e  egg productions by 

1982 females were qu i t e  small because the i n i t i a l  s i ze  o f  t he  1982 year c lass 

was large compared t o  younger age classes now enter ing the spawning 

populat ion. The propor t iona l  cont r ibut ions by the 1982 year-class females 

have been maintained a t  h igh leve ls  because o f  i nd i v i dua l  growth and 

associated increases i n  fecundi ty  despi te apparent reduct i on  i n  numbers o f  

1982 females i n  t he  1987 t o  1989 period. 

Egg productions i n  the Potomac River and Upper Bay dur ing the 1987 t o  

1989 per iod were considerably higher than estimates f o r  V i r g i n i a  Rivers i n  t he  

1980-1989 per iod (Olney e t  a l .  1991). The V i r g i n i a  analysis,  which focused on 

the  Pamunkey River i n  1980 t o  1989, bu t  included some estimates o f  egg 

production f o r  the  Mattaponi, James and Rappahannock Rivers from 1980 t o  1983, 

produced estimates t h a t  ranged from 0.28 t o  2.69 x l o 9  eggs. Our three-year 

mean estimate o f  egg production i n  the 1987-1989 f o r  the  Potomac River was 

9.15 x 10' eggs, whi le  the 1988-1989 two-year mean f o r  the  Upper Bay was 8.18 

x lo9  eggs. 

Olney e t  a l .  (1991) reported t h a t  most spawning by s t r i ped  bass occurred 

a t  n igh t  and they provided a mean estimate of d a i l y  egg m o r t a l i t y  ra te ,  68%, 

which they used t o  ad just  d a i l y  egg abundance estimates t o  numbers ac tua l l y  

spawned. Our egg production estimates, which were der ived from t o t a l  egg 

counts ( i  .e. 1 i v e  and dead eggs) i n  the  co l lec t ions ,  nevertheless may have 
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underestimated daily egg abundance and production because of predation losses 

and sinking of some dead eggs. Applying the Olney et al. (1991) mortality 

rate (68% d-', Z = 0.047 h-I), to our egg collections, under the assumption that 

on average our daytime collections were made 12 h after spawning, would 

increase our egg production (and spawning biomass) estimates by nearly 77%. 

Under those conditions, 1989 egg productions might have been as high as 20.0 x 

10' and 25.7 x lo9 in the Potomac River and Upper Bay, respectively. To 

provide historical perspective, Polgar's (1977) exponential model estimate of 

egg production in the Potomac River for the 1974 season, before the collapse 

of the spawning population, was 26.9 x log eggs, a value more than twice as 

high as any of our unadjusted 1987-1989 Potomac River estimates. Olney et al. 

(1991) noted significant increases in egg production in the Pamunkey River 

during the 1980-1989 period, which they attributed to gradual rebuilding of 

the spawning stock in the 1980s. We did not detect significant increases in 

Potomac River egg production from 1987 to 1989, although a dramatic increase 

was observed in the Upper Bay in 1989 compared to 1988. 

The female spawning biomasses in the Upper Bay and Potomac River, based 

upon the 1989 egg production estimates, were 55,501 and 70,808 kg, 

respectively. These values and the estimates for the previous years seem low 

and may in fact underrepresent actual biomasses, although they probably do 

provide an index of spawning biomasses. Female spawning biomass estimates for 

the Potomac River were: 1987 - -  50,603 kg, 1988 - -  32,553 kg, 1989 - -  55,501 

kg. The estimates for the Upper Bay were: 1988 - -  8,703 kg, 1989 --  70,808 

kg. Olney et al. (1991) calculated biomasses for Virginia rivers, based upon 

egg production estimates, which also seem low, ranging from only 126 kg 

(Mattaponi R . ,  1980) to 5,604 kg (Pamunkey R., 1988). Because the egg 

production method only leads to an estimate of mature female biomass and 

numbers, it greatly underestimates total biomass and numbers of striped bass 
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in the fishable population. Biomasses and numbers of r age 2 female and male 

striped bass almost certainly exceed our mature female estimates by at least 

factors of three and six, respectively, assuming that 100% maturity of females 

does not occur until age 8 and that annual mortality is approximately M = 

0.15. 

Although the Maryland DNR gillnet CPUE data on female striped bass only 

roughly tracks the temporal pattern of spawning in the Potomac River and Upper 

Bay (Figures 27 and 28; Table 35), a more intensive or better-designed gillnet 

survey probably could be used to delineate spawning seasons and the age- 

specific, temporal contributions of eggs by females in component age classes. 

If properly calibrated, appropriate CPUE data could be used to estimate or 

index egg product ion. 

In general, older females of teleost fishes spawn earlier in a season 

than do younger females and anecdotal information indicated that this age- 

specific schedule applied to striped bass in the Chesapeake Bay. Our analysis 

on the aggregated 1987, 1988, and 1989 data supports this view but the result 

is not clearcut (Table 36), possibly because few old females remained in the 

stock in the 1987 to 1989 period. It is apparent that after gillnet CPUE was 

adjusted for age-specif ic fecundity and examined by 10-day periods younger 

females ( 5  age 7) were present on the spawning grounds more uniformly during 

the season and that most older females were netted earlier in the season, 

generally in April. If the presence of females on the spawning grounds during 

the 10-day periods indicates that they spawned during those periods, eggs are 

produced more uniformly throughout the season by 5 age 7 females than by older 

females. Egg production by the relatively uncommon older females is more 

probable early in the season during the time when sudden temperature declines 

occur that often are lethal to striped bass eggs and yolk-sac larvae (Houde et 

al. 1988b, 1990). 
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There is evidence that older striped bass females produce larger and 

better quality eggs than do smaller females (Zastrow et al. 1989) and that 

large eggs develop into larvae that are both larger at hatch and which 

maintain a size advantage during the first 25 d posthatch (Monteleone and 

Houde 1990). If significant numbers of older females are present in spawning 

stocks, progeny of potentially better quality will be produced, which are 

better able to tolerate marginal growth and feeding conditions early in the 

season. There are tradeoffs here because the progeny of old females, produced 

early in the season, may experience unfavorable or lethal conditions. 

Nevertheless, contributions of progeny by large females will tend to spread 

the reproductive effort over a longer spawning season. In stocks that are 

1 ightly fished or rigorously managed, a large fraction of egg production would 

be from older females and a tendency to shift egg production to earlier dates 

would be expected. Under this scenario, eggs produced by younger females that 

spawn later in the season, under more favorable temperature regimes, would be 

most likely to contribute recruits in most years. Our Potomac River results, 

and perhaps Upper Bay results, support the hypothesis that late-season 

spawning contributed disproportionately to recruitments. As the Chesapeake 

Bay striped bass stocks rebuild through adaptive management, and age structure 

shifts toward older ages, it will be important to determine how the 

probabi 1 ity of recruitment success is affected and whether older or younger 

females in the stock are most 1 ikely to contribute recruits. 

The collapse of Chesapeake Bay striped bass stocks during the late 1970s 

and early 1980s caused shifts in age structure, initially toward dominance by 

older females because of failed recruitments and subsequently toward dominance 

by young females as older females declined in abundance and recent recruits, 

especially the 1982 year class, became the major contributors to egg 

product ion. Houde et a1 . (1988b, 1990) emphasized the relatively important 
190 



contribution to egg production of a few old and highly fecund females in the 

Potomac River and Upper Bay. In 1987, 38% of Potomac River egg production was 

by > age 7 females which represented only 20% of the gillnet catch. The 

percentage egg production by > age 7 females declined in 1988 to 24%, 

contributed by only 6% of the females and then to 0% in 1989. In the Upper 

Bay, 11% of 1988 egg production was attributable to > age 7 females (less than 

3% of the gi 1 lnet catch), which decreased to 7.5% in 1989 (females >7 were 

3.M of the gillnet catch). Because the 1982 year class remains relatively 

abundant, its contribution to egg production will continue to be important in 

the next few years and, presumably, the average qua1 ity of its eggs wi 11 

increase as 1982 females continue to increase in size. 

Striped bass spawning seasonality in the Chesapeake Bay varies among 

tributaries, and is strongly influenced by temperature (Kernehan et a1 . 1981 ; 
Uphoff 1989; Houde et al. 1990; Olney et al. 1991). Water temperatures 

exceeding 12'~ generally occur before spawning begins (Setzler-Hami lton and 

Hall 1991) and spawning peaks often are associated with quickly rising 

temperatures (Olney et a1 . 1991). Peak spawning in the Potomac River occurred 

from 15 Apri 1 to 10 May in 1987, 5 to 30 April in 1988 and 20 Apri l to 22 May 

in 1989. Spawning occurs later in the Upper Bay because water temperatures 

are cooler there In April and early May. Upper Bay peak spawns occurred from 

approximately 1 May to 25 May in 1988 and from 25 Apri 1 to 25 May in 1989. 

Setzler-Hamilton et a1 . (1980) reported that peak spawns in the Potomac during 
the 1970s had occurred in the third and fourth weeks of Apri 1, while Johnson 

and Koo (1975) and Kernehan et al. (1981) noted that peak spawns in the Upper 

Bay during the 1970s had occurred between 20 April and 10 May. 

Temperature conditions and river discharges are dynamic and variable 

during the striped bass spawning season. Peak river discharges usually follow 

storms that also cause drops in water temperatures. The temperatures 
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sometimes drop to 14'~, which can cause some mortality (Morgan et al. 1981), 

or may decline to <12°~, a lethal level for eggs and yolk-sac larvae (Setzler- 

Hami lton and Hal 1 1991). Such temperature decl ines caused complete or 

extensive mortalities of eggs and young larvae from peak Potomac River spawns 

in early to mid-April in 1987 and 1988. In each year the peak spawns had 

occurred before 20 April and no survivors were present in late-season 

collections that had hatch dates before the temperature events. In 1989, peak 

spawns in the Potomac did not occur unti 1 the last 10 days of April. 

Temperature did decline sharply to 12'~ in the 1-10 May 1989 period, which 

apparently k i 1 led most larvae from the earl ier hatches, although some 

survivors from those hatch dates were observed in Tucker trawl catches in 

early June. No 100% lethal temperature events were recorded in the Upper Bay 

in 1988 or 1989, although temperature drops to near 12'~ from 1-10 May 1989 

delayed peak spawning and were believed responsible for significant losses of 

eggs and yolk-sac larvae from earlier spawns. The temperature-mediated delay 

in peak spawning may have been fortuitous and could have been a significant 

factor leading to the successful recruitment in the Upper Bay, which appears 

to have resulted mostly from spawning that took place in the 20 May - 1 June 

1989 period. 

High river discharges after heavy rains are associated with falling 

temperatures in the spawning tributaries. Uphoff (1989) found that the 

Choptank River juvenile index from 1980-1985 was negatively correlated with 

minimum temperatures during peak spawning periods. Kernehan et a1 . (1981) 
observed sharp declines in abundance of Upper Bay eggs and larvae after low 

temperature events during the 1970s and postulated that these events had major 

impacts on recruitment success. Dey (1981) made similar observations on the 

Hudson River population in 1976, when a low temperature event killed all 

larvae hatched during early season peak spawns. 
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Episodic mortalities can be a major factor affecting striped bass 

recruitment levels, but they need not be catastrophic. Houde et al. (1988b) 

noted that >50% of the 1987 Potomac River egg production was eliminated by a 

low temperature event in mid-Apr i 1. Nevertheless, the juvenile index value 

for the Potomac in 1987 equalled the 34-year mean, indicating favorable 

conditions for larvae growth and survival from secondary spawns in the 10-15 

May period. This result indicates that successful recruitments to Chesapeake 

Bay striped bass stocks can result from temporally-restricted, favorable 

environmental conditions that support better than average survival and growth 

rates of a few larval cohorts. The subtle nature of such factors and their 

probable importance are not intuitively obvious although effects of such 

processes on recruitment levels can be demonstrated in a straightforward way 

(Houde 1989). For example, the 1987 episodic loss of eggs and larvae in the 

Potomac had no greater impact than would a 2.5% d-' increase in mean larvae 

mortality rate have had in the absence of that temperature episode. 

Spawning areas within the Potomac River and Upper Bay are quite 

consistent from year to year. Rainfall and river discharge appear to 

influence the distributions of eggs and larvae but do not cause major shifts 

in distribution. In the Potomac River, the greatest riverwide egg abundances 

in 1987-1989 were located in a 15-km segment bounded by the 1989 stations 2 

through 6. Late-season, secondary spawning peaks, which contributed high 

percentages of potential recruits in each year, tended to occur approximately 

10 km farther upstream, near Stations 8 and 9. Spawning areas in 1987-1989 

were similar to Potomac River areas identified in the 1970s (Setzler-Hamilton 

et al. 1980; Ulanowicz and Polgar 1980). 

Ulanowicz and Polgar (1980) were essentially correct in stating that the - 
center of spawning activity in the Potomac varied 1 ittle from year to year but 

- that subsequent dispersal of eggs and larvae could be variable. Larvae 
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distributions in the Potomac River generally shift downstream from the center 

of egg distributions. However, the centers of larvae distributions in each 

year were less than 10 km downstream from those of eggs. Larvae distributions 

were most restricted in 1988, when abundance was lowest, and were most 

dispersed in 1987, the year of highest abundance. In 1987, larvae were 

dispersed and common throughout the river segments represented by 1989 

Stations 1 through 8, but they were common only at Stations 1 through 4 in 

1988. In 1989, a year of intermediate abundance, larvae were most common in 

segments represented by Stations 1 through 4, but they also were abundant 

upstream in the segment represented by Station 9. 

Spawning in the Upper Bay was most intense in 1988 and 1989 near the 

western end of the C&D Canal. Highest densities of eggs were found there in 

each of the years, as they were in surveys carried out in the 1970s (Johnson 

and Koo 1975; Kernehan et al. 1981). Because the volume of the Canal and its 

Elk River approach is a small fraction of the Upper Bay volume, egg abundances 

and production were higher in the Bay itself, within segments represented by 

the 1989 Stations 4, 6 and 7 in 1988 and by Stations 1-4 in 1989. The Elk 

River (Station 8) and C&D Canal (Station 9) were relatively important 

contributors to the Upper Bay total spawn in 1989 compared to 1988. In 1989, 

approximately 30% of the total spawn occurred in segments represented by Elk 

River - C&D Canal Stations 8 and 9, while only 12% occurred there in 1988. 
The role of the Susquehanna Flats as a spawning area remains enigmatic. 

In 1988, we did not locate any areas of high egg abundance in the entire Upper 

Bay, but the Susquehanna Flats station area contributed significantly (17 -5%) 

to the 1988 Upper Bay egg production. In 1989, when a heavy spawn occurred, 

the contribution of the Susquehanna Flats was minor (0.9%). In terms of mean - 
density (no./100 m3) or mean abundance (number under 1 d) , egg numbers were 

- low on the Susquehanna Flats, but its extensive area may allow significant egg 
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production to occur there in some years. Neither Johnson and Koo (1975) nor 

Kernehan et al. (1981) thought that the Flats contributed significantly to 

striped bass egg production in the 1970s. Their conclusion may be correct, 

but there was spawning activity there in 1988 and 1989 and it contributed 

significantly to the Upper Bay total in 1988. 

Upper Bay larvae distributions differed to a degree from the egg 

distributions. In 1989, larvae were most abundant in Bay segments represented 

by Stations 1 through 3, near the southern boundary of our sampling area (72%) 

and in the Elk River - C&D Canal segments (28%) (Stations 8 and 9), with 

virtually no larvae found in other Upper Bay areas. In contrast, most 1988 

larvae were in segments represented by the 1989 Stations 2, 3, and 4 (62%) and 

only 4% of the 1988 larvae were in the Elk River - C&D Canal. Kernehan et al. 

(1981) reported that egg and larvae abundances in the Canal and its approaches 

were diluted by net transport toward and loss to the Delaware Bay. That 

assessment probably is correct, a1 though the potential importance of such 

losses may vary from year to year, dependent upon the coincidence of spawning 

events and variable, weather- influenced hydrodynamics of the Canal. In 

neither 1988 nor 1989 were any larvae collected at the single Susquehanna 

Flats station, indicating that while some egg production occurs there, the 

Susquehanna Flats is not an important nursery area for Upper Bay striped bass 

larvae. 

Striped bass larvae mean mortality rates in the Potomac River and Upper 

Bay were inversely related to abundances of late-stage larvae estimated from 

the Tucker trawl samples and to subsequent juvenile index values. In the 
- Potomac River, the 1987 instantaneous larval mortality rate, based upon a 

stable-age distribution assumption, was lowest (Z = 0.22 * 0.02, 20% d-') when - 
mean Tucker trawl densities were highest (19.90 larvae/1000 m3) and the 

- juvenile index value (6.4) approximated the long-term mean (6.2). In 1988, 
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the mortality rate was highest (Z = 0.34 & 0.17, 2% d"), mean Tucker trawl 

density was lowest (0.05 larvae/1000 m3) and the juvenile index was only 0.4. 

The 1989 mortality rate (Z = 0.29 & 0.09, 25% d-I), Tucker trawl density (11.24 

larvae/1000 m3), and juvenile .index (2.2) were intermediate between 1987 and 

1988. In the Upper Bay in 1988, the stable-age distribution mortality rate 

was very high (Z = 1.14 & 2.16, 68% d-I), and Tucker trawl mean densities (0.04 

larvae/1000 m3) and the juvenile index (7.3) were lower than comparable values 

in 1989 (Z = 0.73 +_ 0.30, 52% d-I; Tucker trawl mean density 6.50 larvae/1000 

m3; juvenile index 19.6). The 1989 Upper Bay juvenile index was considerably 

higher than the long-term Upper Bay mean index of 12.4, and was the highest 

index observed there since 1974. 

The magnitude of the observed difference in stable-age distribution 

mortality rates in both 1988 and 1989 between the Potomac (2 = 0.34 and 0.29, 

respectively) and Upper Bay (1.14 and 0.73, respectively) may be partly an 

artifact related to time of sampling. Because temperatures in Upper Bay 

waters warm later than in the Potomac and spawning peaks generally occur later 

in the Upper Bay, cohorts hatched during the last week of May or the first 

week of June, which may have experienced the most favorable survival and 

growth conditions, were undersampled in the Upper Bay by the 60-cm net surveys 

which were completed before 1 June. Only 15.7% of the striped bass eggs were 

collected after 20 May 1989 in the Potomac River and spawning was essentially 

completed there by 24 May, but 44% of the Upper Bay eggs were collected after 

20 May 1989, indicating that significant spawning continued during the late 

May period when sampling was terminated. The larvae abundance estimates 

provided by the Tucker trawl in June, combined with the earlier 60-cm net 

collections, may have provided a reasonable estimate of abundance of those 

late-hatched cohorts, which were potential contributors to recruitment. In 

future surveys of striped bass larvae, abundance, effort in the Upper Bay 
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should continue routinely through the second week of June to insure that 

cohorts spawned late in the season are sampled. Kernehan et al. (1981) noted 

that some spawning occurred as late as July in the Upper Bay during the 

197O1s, although they reported that most egg production was completed by early 

June. 

We were unable to demonstrate significant relationships between 

cohort-specif ic larvae mortal ity rates and growth rates, larvae cohort 

abundances, or any of the environmental parameters that we measured. Despite 

an increased frequency of sampling in 1989, the standard errors of the 

estimated cohort-specific mortality rates were as high as in previous years, 

and it was not possible to show statistically that mortality rates differed 

significantly among cohorts or years, although it seemed obvious that 

substantial differences did occur. The absence of a demonstrable response in 

cohort-specific mortality rates to abiotic or biotic factors is due to the 

high variability and low precision of abundance estimates of the larval 

cohorts. 

If growth rates were inversely related to mortality rates, as they are 

in the laboratory (Chesney 1989; Daniel 1976; Rogers and Westin 1981; Tsai 

1991), one would expect mortality rates of faster-growing cohorts hatched 

later in the season to be low. But, the temporal pattern of cohort mortality 

rates in the Potomac each year was an observed initial decrease, followed by 

an increase in the mortality rates. As river temperatures warmed, cohort 

growth rates increased, and presumably components of mortality affected by 

nutritional or other growth-related factors decreased. Further i ncreases in 

temperature may have been associated with increased predator abundances or 

increased metabolic demands, which required higher consumption rates, unt i 1 

such effects countered the expected decrease in mortality rate associated with 

growth-related effects. 



Whether cohort-specif ic mortal it ies have a temporal trend or not, the 

shorter stage durations experienced by faster-growing cohorts will tend to 

reduce their cumulative mortal ity and thus enhance their potential 

contribution to recruitment. The mean annual mortality rates of combined 

Potomac River striped bass larvae cohorts were inversely correlated with both 

annual mean larval growth rate and the juvenile index. This result indicates 

that effects of growth on mortality at the individual cohort level is 

difficult to evaluate but that such effects do operate and can be discerned 

when cohorts are aggregated and annual mean effects are analyzed. 

A comparable estimate of mean larvae mortality rate in the Potomac 

River, based upon a stable-age distribution assumption, was obtained by Polgar 

(1977) for 1974 striped bass. Stable-age distribution mortalities of yolk-sac 

and finfold larvae were Z = 0.32 and 0.13, respectively, which are in the 

range of cohort-specific mortality rates that we estimated for 1987 - 1989. 
Polgar's ( 1977) estimates were based on assumed average durations between 

developmental stages. Dey (1981) reported mortality rates for Hudson River 

striped bass larvae of Z = 0.19 and 0.16 during 1975 and 1976. Stable-age 

distribution mortal ity rates of Sacramento-San Joaquin River striped bass 

ranged from Z = 0.21 - 0.32 for the 7-year period 1978-1986 (Low 1986). 

Uphoff (1989) estimated that mean annual mortal ity rates, based upon the 

stable-age distribution assumption, for Choptank River striped bass larvae 

6-12 mm TL ranged from Z = 0.06-0.21 for the 1980-1985 period, rates generally 

lower than the mean rates we have estimated for the Potomac River and Upper 

Bay: In the Choptank River, discharge was positively correlated and 

temperature was negatively correlated with annual mortal ity rate. Mean annual 

instantaneous mortal ity rate of Choptank River larvae was negatively 

correlated (r2 = 0.71, n = 6) with mean annual growth rate (Uphoff 1989), a 

result similar to that observed during 1987 - 1989 on the Potomac River. 
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The observed mean annual growth rates of Potomac River and Upper Bay 

striped bass larvae were positively related to temperatures experienced during 

the first 20 days posthatch. In both 1988 and 1989, 38% of the Potomac River 

cohorts grew at rates <0.20 mm d-', but only 20% of cohorts grew that slowly in 

1987. Mean temperatures experienced by most cohorts during their first 20 

days posthatch were lower in 1988 and 1989 than in 1987. Cohort-specif ic 

growth rates of Upper Bay striped bass larvae were among the highest observed 

in either area, and they bore the same relationship to temperature as did 

Potomac River cohorts, increasing by an estimated 0.02 mm d-I for each 1.0 

degree rise in temperature. The consistency of the linear response of striped 

bass growth- in- length rates with respect to temperature is notable, especial ly 

considering the wide range between areas and among years of observed 

temperatures and the wide range in densities of zooplankton that can serve as 

larval food. 

Similar relationships between annual growth rates of striped bass larvae 

and temperatures were reported earl ier for the Potomac River (Setzler-Hami 1 ton 

et al. 1980; Martin and Setzler-Hamilton 1983), the Choptank River (Uphoff 

1989), the Hudson River (Dey 1981), and the Sacramento-San Joaquin River (Low 

1986). Temperature effects on growth also were documented in laboratory 

studies (Rogers et al. 1977; Rogers and Westin 1981). Mean lengths of 

surviving Potomac River striped bass larvae in 1924, 1977 and 1980-1982, at 

the end of May, were longest in 1977 and 1982 when temperatures were highest 

(Setzler-Hami lton et a1 . 1980b; Martin and Setzler-Hami lton 1983). 
Uphoff's (1989) mean growth rates of Choptank River striped bass larvae 

from 1981 - 1986, estimated from modes of larval length-frequency 

distributions, were higher (0.37 - 0.56 nnn dm') than our Potomac River and 

Upper Bay estimates for similar temperature ranges and lengths. Estimated 

larval growth rates, back-calculated from otol i th-aged South Carol i na striped 
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bass juveniles in 1987, also were higher (0.35 - 0.68 mm d") than our 

estimates (Secor 1990). Larval growth rates of Hudson River striped bass 

larvae in 1973-1976, estimated from the increase in mean length observed from 

a designated mean hatch date to 15 July, were 0.10 - 0.20 mm d-' (Dey 1981). 
Mean annual growth rates estimated from modes in length frequency 

distributions of striped bass larvae in 1978 - 1986 in the Sacramento - San 

Joaquin Rivers ranged from 0.29 to 0.46 nnn d-' (Low 1986). 

The absence of a statistically significant effect of variable prey 

concentrat ion on cohort-specif ic growth, survival, and abundance at 8.0 mm was 

surprising because estimated zooplankton densities were highest in the Potomac 

River and Upper Bay in years when annual mean growth rates, survival rates, 

and the juvenile index values were highest. Previous studies of Potomac River 

striped bass larvae in 1976-77 and 1980-82 indicated fastest growth occurred 

in 1977 and 1982 when zooplankton densities and temperatures were highest 

(Martin and Setzler-Hami 1 ton 1983). However, the 1982 juveni le index was 

better than average, while the 1977 juvenile index was poor (Early et al. 

1990). The importance of zooplankton density as a factor affecting striped 

bass larvae vi ta7 rates, abundances and recruitment success has been debated 

in the literature without resolution for many years. 

It has been demonstrated in the laboratory that growth and survival of 

striped bass larvae increase with increasing prey concentrat ions (Daniel 1976, 

Miller 1976; Rogers and Westin 1981; Chesney 1989; Tsai 1991). Results of 

early laboratory studies on feeding indicated that good larval growth and 

survival were obtained only at prey densities much higher than were normally 

observed in nature (Miller 1976), and led to speculation that most striped 

bass larvae would starve at ambient prey concentrations (Martin et al. 1985; 

Setzler-Hamilton et al. 1980b), unless they encountered patches of higher prey 

concentrat ions. Studies by Houde and Lubbers (1986), Chesney (1989), and Tsai 
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(1991) have demonstrated that striped bass larvae can grow well and survive at 

the modest prey densities (100 zooplanktors/Q) commonly observed in Chesapeake 

Bay tributaries. Although higher growth rates than those we estimated for 

Potomac River and Upper Bay larvae have been reported in some laboratory 

studies (Rogers 1978, as cited in Boreman 1983) under similar mean temperature 

and prey level conditions, such results might be an artifact of the particular 

culture n~ethod that was used. When striped bass larvae were cultured at lgOc, 

at a prey level of 100 copepods/Q, under light, turbidity and turbulence 

levels found in the wild, they grew at a mean rate of 0.28 mm d" (Chesney 

1989), which is similar to rates estimated in our study. 

The strong correlation between striped bass larvae growth and 

temperature, combined with the ability of larvae to survive periods of 

apparently suboptimal prey densities, may have obscured any effect of prey 

density on cohort-specif ic growth rate. In the 1987 Potomac River and the 
- 

1989 Upper Bay 1989 seasons, when high growth rates of striped bass larvae 

- were observed, zooplankton densities increased as the season progressed and 

were correlated with temperature. In the 1988 and 1989 Potomac River seasons, 

- zooplankton densities were not significantly correlated with temperature, yet 

growth rates of larval cohorts did not differ significantly from the 1987 
- 

rates at similar temperatures. Striped bass larvae are highly resistant to 

- starvation, and in laboratory studies newly-hatched larvae can survive for up 

to 3 weeks without food (Eldridge et al. 1981; Rogers and Westin 1981). 

- Although striped bass larvae that were starved initially for a few days may 

not overcome the size advantage gained by those which have fed continuously 
.- 

(Rogers and Westin 1981), starved larvae can commence feeding and grow well if 

- prey concentrations increase. Eldridge et al. (1981) did find that striped 

bass larvae could overcome initial periods of starvation. They reported that 

- survival rates and lengths were similar at 31 days for larvae deprived of food 
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from 7 to 18 days after fertilization. However, larval weights at 31 days 

were inversely correlated with starvat ion times, and reflected effects of 

starvation more clearly than did lengths or survival rates (Eldridge et al. 

It is possible that the lack of a relationship between temperature- 

adjusted, cohort -specific growth rates and prey densities may be an art ifact 

of back-calculat ing growth rates from mostly older, surviving larvae. Growth 

rates of larval survivors may have been higher than growth rates of larvae 

which died, effectively obscuring any effect of lower prey densities on 

growth. Because otoliths had deteriorated in small larvae that were collected 

in both 1988 and 1989, only the older and larger larvae provided otoliths to 

back-calculate growth rates in these years. 

Cohort-specif ic abundances of 8.0 mm striped bass larvae, estimated from 

the 60-cm net collections in the Potomac River, generally corresponded to mean 

larvae vital rates, and to recruitment levels predicted by the juvenile index 

in 1987-1989 (Table 51). In the Potomac River, despite similar egg 

productions and mean growth rates in 1987 and 1989, the 1987 larval mortality 

rate was lower and, consequently, the G/Z ratio was higher. As a result, 

larvae abundance at 8.0 mm SL was higher and the juvenile index was higher in 
- 

1987 than in 1989. In 1988, the lowest Potomac River egg production, mean 

larval growth rate and survival rate resulted in the lowest G/Z ratio in the - 
three years and, consequently, the lowest abundance of 8.0 mm larvae as well 

- as the lowest juvenile index. The lack of reliable growth data for the Upper 

Bay striped bass larvae in 1988 precluded a detailed comparison of vital 
~- rates, egg production and recruitment levels between 1988 and 1989 (Table 51). 

In 1989, mortality rate was lower and egg production ten-fold higher, probable - 
factors that led to the higher Upper Bay recruitment index in 1989. 

- Indications that striped bass recruitment level is fixed by the early 
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postlarval stage (8.0-10.0 mrn TL) have come from research on populations in 

the Choptank River (Uphoff 1989) and in California (Low 1986). Uphoff (1989) 

found a correlation coefficient of r 20.90 between abundance of 210.0 mm TL 

larvae and the Choptank River juvenile index 1980-1985. Low (1986) found that 

abundances of Sacramento-San Joaquin River striped bass larvae 28.0 mm TL were 

correlated significantly with catches of >38 mn TL juveniles in 1978-1986. 

Correlations between recruitment indices and post larval abundance at 8.0 - 
10.0 mm TL may be related to a decline of mortality rates coincident with 

notochord flexion, and development and ossification of fin rays and spines, 

which begin at this stage (Fritzsche and Johnson 1980; Olney et al. 1983) and 

which probably increase swimming and feeding ability of larvae as well as 

their ability to avoid predators. 

The difference in mean temperatures between 1987, 1988 and 1989 in the 

Potomac River would be expected to result in significant differences in 

production of 8.0 mm larvae and recruitment. If initial larvae abundances had 

been 10 bill ion and larval mortality rates had been the same in each year (Z = 

0.25), the 2.6'~ difference in mean temperature observed in the 20 April - 5 
June period in 1987-1989 would have been expected to result in a 1.8-fold 

difference in larval abundance at 8.0 mm, due solely to temperature effects on 

stage duration. The 4'C difference in mean temperature in 1987 - 1989 
experienced by Potomac River larval cohorts which survived to at least 20 days 

(Table 52A) would account for a 2.5-fold difference in abundance of 8.0 mm 

larvae. The strong positive influence of temperature on larval growth rate 

(Figure 46) would be expected to result in an average increase of 13 million, 

8.0 mn larvae for each lac rise in mean temperature between 13 and 23'~. At 

temperatures higher than the optimum range of 18-21ec for yolk-sac larvae or 

21-24'~ for post-yolk sac larvae growth (Rogers et al. 1977), mortality might 

increase due to increased metabolic costs or stress, and might negate the 
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positive benefit of shorter stage durations at high temperatures. 

An influence of temperature on production of 8.0 mm larvae cohorts was 

evident in all years in the Potomac River and Upper Bay (Figures 57 and 58). 

Cohorts hatched early in the season produced few recruits despite high egg 

productions, particularly in 1987 and 1988. Temperatures in all 3 years in 

the Potomac River and the Upper Bay in 1989 dropped near to or below 12'~ 

early in the season, and undoubtedly played a role in the low contributions to 

recruitment by early-season cohorts through either episodic mortalities, or 

through lower growth rates and longer stage durations, which would increase 

cumulative mortalities. Cohorts hatched towards the end of the spawning 

season experienced higher temperatures, had higher growth rates, and 

contributed more to recruitment, despite lower egg production, than did 

cohorts hatched earlier (Figures 57 and 58). The mismatch that indicated 

high, early-season egg production often occurring at times when environmental 

conditions were unfavorable for growth and survival was noted previously for 

the Potomac River (Ulanowicz and Polgar 1980), Upper Bay (Kernehan et al. 

1981) and Hudson River striped bass stocks (Dey 1981). 

In years of poor recruitment , factors that contributed to higher larval 

mortality rates may be more influential than factors that affected growth. In 

the Potomac River 1988 and 1989, years of poor recruitment, larval cohort 

abundances at 8.0 mm were correlated significantly with cohort mortality 

rates, but not with larval growth rates. In the Potomac River 1987 and the 

Upper Bay 1989, years of average and above-average recruitments, respectively, 

larval cohort abundances at 8.0 mm were significantly correlated with 

cohort-specif ic larval growth rates, but not larval mortality rates. 

Although episodic mortalities due to temperature or pH can dramatically 

alter the initial abundances of eggs and larvae in any year, subtle 

differences in environmental conditions may be at least as important in 







shaping year-class strength (Houde 1989; Houde et al. 1990). Because of 

col 1 ineari ty among many of the environmental and striped bass egg/larvae 

variables, it was difficult to identify any single factor as the cause of 

recruitment variability in either the Potomac River or the Upper Bay. The 

variables associated with higher recruitments from 1987-1989 may have differed 

in the Potomac and in the Upper Bay. Examining the mean estimates of measured 

environmental parameters experienced by surviving larvae cohorts during the 

first 20 days posthatch (Tables 52A and 528) indicates that in the Potomac 

River in 1987, when mean larvae growth rate, mean larvae survival rate, and 

recruitment level were the highest of the three years, environmental variables 

were significantly different from 1988 or 1989. Mean temperature, turbidity, 

pH, and zooplankton density all were highest in 1987, while mean rainfall and 

river discharge were lower. Mean cohort egg abundances and initial larval 

abundances were not significantly different among the three years. Abundances 

and densities of potentially competitive white perch larvae were highest in 

1987, suggesting that the same environmental conditions favorable for striped 

bass larvae survival and growth also may favor white perch recruitment 

success. 

In the Upper Bay, where the 1989 juvenile index was nearly 3 times as 

high as the 1988 index, the greatest measurable difference between years was 

in egg production. Mean egg production of cohorts that survived to 8.0 mm SL 

was an order-of magnitude higher in 1989 than in 1988 (Table 520). There were 

no significant differences between 1988 and 1989 in most of the environmental 

variables measured in the Upper Bay. Mean temperature, river discharge and 

conductivity were very similar in each year. Mean rainfall and pH were higher 

- in 1989 than in 1988. 

Compared to the Potomac River in 1987 - 1989, mean densities of 

- zooplankton taxa (except cladocerans) available to surviving striped bass 







cohorts in the Upper Bay in 1989 were second only to densities estimated in 

the Potomac River during 1987 (Tables 52A and 528). Upper Bay mean pH was 

lower than in the Potomac in 1988 but equal in 1989. Mean turbidity did not 

differ between the areas in 1988. 

Statistical analyses of striped bass recruitment variability repeatedly 

have identified environmental conditions, specif ical ly temperature and 

cumulative river discharge, preceding or during the spawning season, as being 

associated with year-class variabi 1 i ty in the Chesapeake Bay (Setzler-Hami lton 

et al. 1980b; Kohlenstein 1980; Polgar et al. 1985; Summers and Rose 1987; 

Uphoff 1989), in the Hudson River (Polgar et al. 1985; Summers and Rose 1987) 

and in the Sacramento-San Joaquin Rivers (Stevens 1977). Analyses that 

correlate recruitment variabi l ity with environmental variables and adult stock 

size date from Merriman's (1941) observation that strong striped bass year 

classes often followed cold winters, and occurred when adult stock sizes were 

low. Setzler-Hamilton et a1 . (1980b) regressed the Potomac River juveni le 
index on mean monthly air temperatures in November through March and 

cumulative river flows in March through June. They reported that recruitment 

was negatively correlated with cold December air temperatures and positively 

correlated with high cumulative river discharge in April. 

Kohlenstein (1980) fit a stock-recruitment model to Potomac River 

juvenile index data and found that, although cold December air temperatures 

and high April river discharges explained most (47-66%) of the variability in 

the juvenile index, spawning stock biomass explained an additional 10-26%, 

depending upon the time series (1954-1978, 1962-1978, 1964-1978, 1966-1978) 

examined. The proport ion of variance in recruitment explained by spawning 

stock size was highest at low spawning stock levels. Polgar et al. (1985) 

correlated Potomac River striped bass landings with air temperatures during 

December, March and Apri 1, and cumulative river discharges during April of the 
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year when the fish were hatched, and reported significant positive 

relationships with April temperatures and river discharges. Summers and Rose 

(1987) found that adult stock size as well as April air temperatures and river 

discharges during the year of hatch were highly correlated (r2 = 0.72) with 

lagged striped bass landings. 

It is evident from our research that conditions which enhance larval 

growth rate and survival rate in the period from hatch to approximately 8.0 mm 

SL can enhance recruitment. In the Potomac River, relatively warm 

temperatures during peak spawns in April, and high production of zooplankton 

prey during periods of peak larvae production, were associated with high 

larval growth rate, high larval survival, and high Potomac River recruitment 

in 1987-1989 period. In the Upper Bay, temperatures and other factors 

favorable for larval growth may occur later, during May. Despite the apparent 

dominant influence of temperature on striped bass recruitment and recruitment 

variabi 1 i ty, the probable importance of spawning stock biomass to recruitment 

must not be underestimated. In the Upper Bay, when the temperature regimes 

experienced by surviving 1988 and 1989 cohorts were similar, the higher 

recruitment in 1989 resulted from a much higher egg production. 

High river discharge during April has been proposed to positively 

influence Potomac River striped bass recruitment either by keeping 

negat ively-buoyant eggs afloat, thereby reducing egg mortality (Albrecht 

1964), or by increasing nutrient loadings to the nursery area, and stimulating 

production of zooplankton prey (Heinle et a1 . 1976, Tsai et al. 1991). Our 

results indicate that the timing of discharge events in April and their 

relationship to other environmental factors, as well as peak spawns in that 

month, all will interact to influence survivorship and recruitment potential. 

Although cumulative April Potomac River discharge was highest in 1987, the 

year of highest recruitment, most of the April discharge occurred in the 1-23 
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Apri 1 period (Houde et a1 . 1988a), and coincided with the sudden drop in 
temperature to below 12'~ which killed over 50% of the total egg production. 

The cumulative May discharge in the Potomac River was lower in 1987 than in 

1988 or 1989, and total discharges during the first 20 days posthatch 

experienced by surviving larvae cohorts were lowest in 1987 (Table 52A). 

River discharges were not correlated significantly with larvae cohort-specific 

growth rates, mortality rates or cohort abundances at 8.0 nun SL. Uphoff 

(1989) found that Choptank River flow was positively correlated with 

postlarval mortality from 1980-1985, although the 1989 juvenile index, the 

highest recruitment index ever recorded in the Choptank River (Early et al. 

1990), coincided with monthly river flows in April through June that were 2-6 

times above average. In the Sacramento-San Joaquin Rivers, where critically 

low flows occur, cumulative flow during the striped bass spawning season was 

positively associated with recruitment success (Stevens 1977). 

We examined our data for potential density-dependent effects on larval 

growth or mortality rate, but none were detected in any of the three years. 

Neither the mean nor maximum density or abundance of striped bass or white 

perch larvae significantly affected striped bass larvae cohort-specif ic growth 

or mortality rates, or cohort survival at 8.0 m. The diets of striped bass 

and white perch larvae do overlap in the 5.0 - 7.0 mm length range (Beaven and 

Mihursky 1979; Takacs 1992), and, if larval densities were high enough, 

competition for 1 imi ted prey resources might lead to dens i ty-dependent growth 

effects. It is possible that density-dependent effects on growth or mortality 

cannot be detected unless spawning biomass of striped bass exceeds a high 

threshold level, or the combined white perch and striped bass spawning stocks 

are high enough to saturate Bay tributaries with larvae. Such conditions 

could lead to competitive feeding between larvae of the two species, and 

consequent ly, a dens i ty-dependent response in survival or growth. Because 
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environmental conditions are dynamic and variable in striped bass 

spawni ng/nursery areas, only long-t ime series of egg product ions, larval 

abundances and larval vital rates are 1 ikely to reveal whether density- 

dependent factors are important regulators of early life processes that affect 

year-class success in Chesapeake Bay. 
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