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INTRODUCTION 

Vari ab ility in surviva l of larval fi sh is be li eved to pl ay a n important ro le in 

determining subsequ ent rec ruitm ent success (Hj ort, 19 14; Ho ude, 1997a). The process is 

espec ia ll y important in the Chesapeake Bay, which is an important nursery fo r many 

coasta l and anadromous fi shes (Murd y et a l. , l 997). W ithin thi s compl ex ecosystem , the 

abundant bay anchovy (A nchoa mitchifli) plays parti cul arl y important ro les as both a 

maj or predator on pl ankton and a primary source of food fo r larger p isc ivores (Ho ud e and 

Zastrow, 199 1 ). Accordingly, the objecti ve of m y research was to ana lyze and determine 

the vari ability in leve ls o f abundance, size di stribution, growth , and feedin g eco logy of 

larval bay anchovy in C hesapeake Bay. 

TIES Pro ject 

All samples in my stud y were coll ected by the multidi sc iplinary Trophi c 

Interacti ons in Estuarine Systems (TIES) proj ect. TJES was a 6-yea r (1 995-2000) proj ect 

supported by the Nati ona l Sc ience Foundation 's (NS F) Land Margin Ecosys tem Research 

(LMER) Program. The TIES proj ect inves tigated facto rs influencing the dynami cs and 

producti on of the vari ous trophi c groups within the Chesapeake Bay ecosystem. 

Resea rch hypotheses addressed both long-tem1 and large-scale (annual and interannua l 

peri ods; whole bay) and short-te1111 and small er-scale (seasonal peri ods; regions and fin er 

spati al scales) features o f production . 



C hesa Jeake Ba 

The C hesapeake Bay is the largest es tu ary in the United States, with a surface 

area of more than 11 ,000 kni2 (Murdy et al., 1997). It drains approx imate ly 175,000 kni2 

from six states, 50% of which is delivered by the Susquehanna River at the head of the 

bay (Murd y et al., 1997). Despite its large size, the C hesa peake Bay is re lati ve ly 

shallow: ~50% is less than 6 m deep (Murdy et al., 1997) . It is a partially mixed estuary 

with a two-layered flow: freshwater flows seaward on the surface, whil e sa ltwater moves 

up the bay along the bottom (Pritchard, 1956; Goodri ch and Blumberg, 199 1 ). Verti ca l 

stratifi cation , in conjunction with phytoplankton blooms induced by hi gh allochthonous 

nutrient input, can cause dissolved oxygen concentrations to decline be low 50% 

saturation below the pycnocline in much of the mesohaline C hesapeake Bay during the 

summer (Breitburg et al., 1994). Salinities in the Chesapeake Bay range from 32 psu 

near its mouth to <0.5 psu at the head, and vary both seasonally and annually du e to 

changes in freshwater flow and precipitation (Murdy et a l. , 1997). The surface water 

temperature in the bay also fluctuates widely, ranging from l -4°C in la te winter to 28-

300C in late summer (Murdy et a l. , 1997). 

Importance of the Larval Stage 

The larval stage of fish es is critical to cohort recruitment success, and also can 

represent a vital trophic link between planktonic and pi sc ivorous organisms. Survival of 

larvae and variability in survival rates, often attributed to predation or nutritiona l causes, 

can influence the eventual recruitment success of fish yea r c lasses. For example, 

predation may se lect for hi gher growth rates and larger larva l s izes that could 
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s ignifi cantl y influence stage-spec ifi c surviva l of coho rts (Meek. an and Fo1i ier, 1996; 

Ho ude, 1997a), thus contro lling potenti a l fo r rec rui tment s uccess. Water temperature and 

prey ava il abil ity during th e larval stage also may have a stro ng influence o n rec rui tment 

potenti a l (Ho ud e, 1989; Ho ude and Zastrow, 1993). Ruther fo rd et a l. ( 1997) showed that 

larva l morta lity ra tes of s triped bass (Marone saxatilis) in th e Po tomac Ri ver were 

stro ng ly re lated to temperature e ffects, w hi le Secor and Ho ud e ( 1995) came to a s imilar 

conclusion fo r la rva l striped bass in the Patuxent Ri ver. Limburg et a l. ( 1999) fo und that 

both water temperatu re and zooplankton prey avail abili ty during the larval stage 

signifi cantl y influenced white perch (Marone americana) recrui tm ent in th e Hudso n 

Ri ver. Cohort recruitment has a lso been shown to be enhanced in hi gh- latitude seas if 

spaw ning is timed so th at la rvae deve lop in concert w ith plankto n s tocks w hen they are at 

the ir max imum seasona l abundances (C ushi ng, 1975; Pope et a l. , 1994). ln a C hesapeake 

Bay tributary, R utherfo rd et a l. ( 1997) found signifi cant co rre lati ons between larval 

striped bass g rowth , morta lity, and abundance and subsequent M ary land juvenil e 

rec ruitm ent indices, ind icating a strong re lationship between larva l s uccess and 

rec ruitment. 

F ish larvae sometimes p lay a key ro le in the trophi c structure of the ir 

comm uniti es. For example, Young and Davis (1 990) fo und that so uthern b luefin tun a 

(Thunnus maccoyii) larvae s ignifi cantl y reduced th e abundance o f the mic rozooplankto n 

on w hi ch they fed . Vario us studi es (Hunter and Kimbrell, 1980; Mil ls and Forney, 1983) 

have a lso shown that fi sh larvae can be a s ignifi cant prey source fo r larger pisc ivo rous 

fi sh. va n Densen and Y ij verberg ( 1982) presented convincing evidence th at adu lt smelt 

(Osmerus eperlanus) and E uropean perch (Percajlu viatilis) growth rates dec lined as 
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Daphnia mean sizes decreased due to heavy predat ion on Daphnia by abu ndant larval 

fis h. However, fo r abundant, plankti vo rous spec ies such as bay anchovy, perh aps the 

most criti ca l link between larvae and higher trop hi c leve ls is their ro le as forage for larger 

pi sc i voro us predators. 

Larva l Feedin g 

Larva l forag ing behav io r and prey se lecti vity are cruc ia l concepts req uired to 

understand the dynamics and consequences o f larva l feed ing. 1-lj o ri (19 14) put fo rth the 

hypothes is o f a c riti ca l period that ex ists during ea rl y la rva l deve lopme nt. He beli eved 

that du ring the bri ef tim e when larvae consume their yo lk rese rves and then must begin 

exogenous feedi ng, they are most susceptib le to starvati on morta lity. Hjo rt be li eved that 

morta lity in the earl iest larva l stage may exert the greatest influence over future 

recruitment. C ushing ( 1972) ex panded on thi s idea by introduc ing hi s match-mismatch 

hypo th es is, suggesting that a s ing le period was not as criti cal as hav ing suffi c ient overl ap 

in space and time between larval and prey producti on. In additi on, Lasker ( 1978) 

proposed hi s s table ocean hypothes is, whi ch suggested that water co lumn stability 

d irec tl y influenced the patc hiness and ava ilability of prey items fo r recent ly spawned fi sh 

larvae. A lthough appealing and meri torious, none of these hypo theses has been 

consis tent ly supported fo r larva l fi sh in genera l (Leggett and D eblo is, 1994) . 

An important detenninant of larval survival is the time unti l first feed ing . B lax ter 

and Hempe l ( 1963) introd uced the "point-of-no-return" concept, which refers to the 

durati on of time before firs t feeding when 50% of larvae can survive if prov ided w ith 

food therea fter. T hi s concept imp li es that prey items are aggregated in pa tches, and !hat 
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the probability of larvae encountering a prey item is important in ensuring that larvae 

feed before reaching the point-o f-n o-return . Environmental fac tors, fo r example 

temperature, arc also criti cal in determining how quickl y the yo lk-sac is absorbed, and 

thus the time befo re the point-o f-no-return is reached (M iller et a l. , 1988) . Ass imilation 

e ffi cienc ies o f fish larvae dec line w ith increases in temperature, requiring that larvae of 

fishes that li ve in wa rmer temperatures (28°C) ingest two to fo ur times as much energy as 

those inhabiting coo ler ( 10°C) ecosystems (Houde and Zastrow, 1993). Houde (1989) 

argued that subtl e changes in average env ironmental condit ions such as temperature 

could have a greater long- term e ffect on larval growth and mortality than episodic events, 

and thus contribute more to vari able recruitments. 

F ish larvae ex hibit size selectivity in their feeding behav ior based on the re lati ve 

sizes of their mouth gapes to prey items (Shirota, 1970; Hunter, 198 1 ). Often, 

intermedi ate prey s izes are preferred (Gerkin g, 1994), a llowing larvae to experi ence large 

energy ga ins whil e still being able to handle the prey items ex pedientl y. The ex istence of 

prey selecti on has been demonstrated for larvae of many fi sh spec ies. Shirota (1970) 

correlated the gape size of 33 marine and freshwater larva l fi shes w ith larva l growth ra tes 

and available prey sizes. Hunter (1981) and Shirota (1970) found that the size spectrum 

of ingested prey items increases as larval si ze increases . Munk (1992) also found strong 

evidence to thi s e ffect in larva l herring (Clupea harengus). Houde (1 997a) suggested 

that, by progressively including larger, rarer prey items into their di ets whil e still 

ingesting small er, less rare items, growing larvae will increase their encounter ra tes w ith 

suitable prey. Houde reasoned, "If larvae exercise strong selecti on fo r large prey but 

neutral or onl y weak negati ve se lection fo r small er prey, the continued inc lus ion o f 
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small er prey may assure attainment of a minimum rati on as we ll as increasing or 

stabili z ing G (grow th rate) durin g earl y li fe. " 

Larva l Bay Anchovy 

The bay anchovy is the most abundant fi sh species in the C hesapeake Bay 

(Hildebrand and Schroeder, 1928; Murdy et al. , 1997 ; Jung, 2002) , and is a vital link 

between plankton and pi sc ivores within the compl ex trophi c structure o f thi s estuarine 

system (Baird and U lanowicz, 1989 ; Houde and Zastrow, l 99 1; Luo and Brandt, 1993 ; 

Hagy, 2002). A lthough not commercia ll y exploited, it may constitute a maj or portion of 

the di ets of such commercial ly important pi sc ivores as bluefi sh (Poma/om us salt.atrix ), 

stri ped bass, and weakfi sh (Cy11oscio11 regalis) (Hartman and Brandt, l 995; Buckel and 

Conover, 1997 ; Buckel, Fogarty, and Conover, 1999; Buckel et a l. , 1999) . 

Bay anchovy in the Chesapeake Bay may li ve to age 3+ (Wang, 1992; Newberger 

and Houde, 1995) . Ind ividuals become sexua ll y mature 10-1 2 months after hatching, 

whi ch corresponds to a fo rk length o f approximately 40-mm (Zastrow et a l. , 199 1 ). Luo 

and Musick (1 99 1) reported that bay anchovy hatched in the lower (seaward) part o f the 

Chesapeak e Bay earl y in the spawning season may reach sex ual maturity at 80 days of 

age, and poss ib ly parti c ipate in late-season spawning ac ti vity during the same year. Bay 

anchovy is a pelagic serial spawner (Luo and Musick, 199 1; Zastrow ct al. , 199 1), 

producing eggs in Chesapeake Bay primaril y between M ay and September (Dovel , 197 1; 

Olney, 1983; Houde and Zastrow, 1991 ). Highest spawning activity norm all y occurs 

during Jul y (Da lton, 1987). A lthough spawning occurs throughout the Bay, peak 
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spawni ng occurs in the seaward, lower po rtion (Rilling and H oude, 1999a; Chesapeake 

Bay L MER Program, 2002) . 

La rva l bay anchovy hatch at 1.8-2.7 mm in length (Fa hay, 1983), and are yo lk-sac 

larvae fo r app rox imate ly 24 h (Ho ude and Zastrow, 199 1 ). In C hesapeake Bay, larvae 

may occur at temperatures from I 5-30°C (Houde and Zas trow, 199 1 ), and can be fo und 

over a w ide range of sa liniti es from 0.0-3 1. 9 ppt (Dove l, 197 1; O lney, 1983). However, 

they are lim ited in di s tribution by di sso lved oxygen (D O) concent rati ons. A lthough 

laborato ry stud ies have indicated that some bay anchovy yo lk-sac larvae can surv ive at 

DO concentrat ions as low as 1.0 mgL-1 (Chesney and Ho ude, 1989), 3.0 mgL-1 is 

genera ll y required fo r larval surviva l and growth (Houde and Zas trow, 199 1 ). Thi s could 

explain the fi nding of MacG regor and Houde (1 996) that " larva l bay anchovy were less 

abundant be low the pycnoc line th an above it" on a sing le transect surveyed repeatedl y 

across the deep channe l o f mid-Chesapeake B ay during summer 1987. Ril ling and 

Houde ( 1999a) in bay-wide surveys found "no signifi cant differences in mean 

ab unda nces of bay anchovy larvae above or below the pycnoc line" in June and Jul y 1993. 

La rva l bay anchovy abundances and size- frequency di stributi ons can va ry 

considerably on both tempora l and regional scales . Olney ( 1983) fo und that la rva l bay 

anchovy mean concentrations during peak periods in the lower C hesapeake Bay ranged 

from 1,098-2,403 larvae per I OO-m3 from 197 1-1 973 . Regional and loca l differences in 

larval abundance a lso have been documented in the Chesapeake Bay (Dorsey et al. , 1996; 

MacG regor and Houd e, 1996; Ril ling and Houde, l 999a). In additi on, M/G rati os (M = 

instantaneo us da ily morta li ty rate; G = weight-spec ifi c growth rate) fo r bay anchovy 

larvae, an indi ca tor of s tage-spec i fi e productiv ity, were fo und to flu ctuate both reg iona ll y 
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(Ri ll ing and Ho ude, 1999b) and in an offshore-onshore d irection (MacGregor and Houde, 

1996), as we ll as on a monthl y basis (Rilling and Houd e, 1999b), througho ut the 

Chesapeake Bay. 

La rva l Bay Anchovy Feedin g 

Larval bay anchovy is a parti culate forage r that feeds on a w ide vari ety of prey 

items ranging from phytoplankton to large zooplankton. In laboratory ex periments, 

Houde ( 1974) fo und that larvae at 26°C water temperatures began feedin g w ithin 2.5 days 

of hatching. Arthur ( I 976) reported that northern anchovy (Engraulis mordax) larvae 

co ll ected from the Cali fo rni a Current fed almost exclusively during the day. Young bay 

anchovy larvae may feed on copepod nauplii , tintinnids, ro ti fers, a lgae, and detritu s 

(Detwyler and Houde, 1970; Houde and Lovdal, 1984). In laboratory ex periments, 

Detwyler and Houd e ( 1970) fo und that older larvae fed on large copepodites and ad ul t 

copepods. Field studi es in Bi scayne Bay, Florid a revealed that copepods compri sed 7 1 % 

of bay anchovy larval di ets by number, fo llowed by mollusc veli ger larvae ( 18%) (Houde 

and Lovdal, J 984). In a feeding stud y on European anchovy (Engra ulis e11 crasico/11s ) 

larvae in the Bay of B iscay, Plounevez and Champalbert ( 1999) found that compos iti on 

of the zoopl ankton community was a significant fac tor influenc ing feedin g ac tivity, 

whereas zoopl ankton ab undance was not. Houde and Lovdal (1984) reported a pos iti ve 

co rre lati on between copcpod nauplii abundances and mean densiti es of vari ous fi sh 

larvae found in B iscayne Bay, Florida. There were no reports on feedin g, food 

preferences or ontogeny of feeding by larval bay anchovy in Chesapeake Bay. 
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Obj ecti ves 

Four obj ec ti ves were adopted to in ves ti ga te patterns of abundance, size 

d istribu tion, growth , and feeding ecology of larva l bay anchovy in Chesapeake Bay: 

I . Map and compare summer bay anchovy egg and larval ab undances and s ize 

di s tributi ons bay-w ide, across three regions of Chesapeake B ay, and above and 

be low the pyc noc line from 1995- 1999. 

2. Estimate and compare feeding and prey se lec ti on by bay anchovy larvae over annua l, 

reg ional, and di e! scales. 

3. Estimate ages and s izes-at-age, and compare growth rates of bay anchovy larvae over 

regional, annua l, and above-below-pycnoc line scales . 

4. Determine re lati onships between biotic (zooplankton concent rati o n, chlo rophyll a 

biomass, and j e ll yfi sh biovo lume) and abioti c (freshwater inflow, temperature, 

salinity, and di ssolved oxygen) environmenta l fac to rs w ith respect to bay anchovy 

egg abundance and density, and larva l anchovy abundance, dens ity, feeding, and 

popula ti on age/s ize structures, and young-o f-year (YOY) rec ruitm ent. 
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METHODS 

lchthyop lankton, zoopl ankton, and environmenta l data were co ll ected at stations 

th ro ughout Chesapeake Bay during the summers o f 1995- 1999. La rva l bay anchovy 

were identifi ed, enumerated, and measured to develop a database on abundance and s ize 

d istributi ons. Bay anchovy eggs, zoopl ankton , and j e ll yfi sh (the ctenophore Mn emiop sis 

feidyi) were identifi ed and enumerated to determine abundances, densiti es 

(concentrati ons), and biovo lumes respecti vely. The sagitta l otoliths from selected bay 

anchovy larv ae were ana lyzed to estimate ages and growth rates and to compare them 

among years, regions, and depth-layers. The stomachs of 1,485 la rvae were di ssected 

and the contents ana lyzed to in ves ti gate la rval feeding eco logy and prey se lecti vity. The 

relati onships between bay anchovy egg abundance and density, larv al abundance, 

density, si ze di stribution, feedin g, and growth , with respect to biotic and abiotic 

environmental vari ables were examined in correlati on and multiple regression analyses. 

Co ll ections 

Tchth yopl ankton and environmental data were co ll ected during fi ve summer 

surveys throu ghout C hesapeake Bay (Appendices 1-5) : 

1995: 23-29 Jul y, 

1996: 17-22 July, 

1997: 11 -15 and 22-23 Jul y, 

1998: 6- 12 August, 

1999: 26-30 June. 
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Only the summer T l ES research crui ses were included in my ana lyses because few , o r no , 

larvae were co ll ec ted in the spring (Apri l-May) and fa ll (October) c rui ses. Samples were 

obta ined from the mouth (36° 58' N) to the head (39° 25 ' N) of the Bay on I 0- 15 transects 

(2-6 stations per transect), with each transect separated by 10-20 nauti ca l miles (Figure 

1 ). Forty-four stations were sampled in 1995, 27 in 1996, 39 in 1997, 3 7 in 1998 , and 33 

in 1999. Add itional samples were obtained at 10 stations a long the Bay-channel axis 

during the 1998 cruise for an above-at-below-pycnocline feed ing comparison (Figure 2 

and Appendi x 6), and at 15 stations (latitude 37° 44' N) from 30 Jul y- I August 2000 for a 

diet feeding compari son (Figure 2 and Appendi x 7) . For regional comparisons, the three 

designated Bay regions were 39° 25 ' N - 38° 45' N (upper-B ay), 38° 45' N - 37° 55' N 

(mid-Bay) , and 37° 55' N - 36° 58' N (lower-Bay). lnterannual comparisons were based 

on mean va lues of variabl es estimated from the bay-wid e cruise conducted durin g 

summer in each year. 

At each station prior to ichth yop lankton sampling, a CTD cast was made to 

determine the temperature, salinity, dissolved oxygen (DO), and ch lorophyll a ( indexed 

by nuorescence) profi le of the water co lumn . Measurements of each va riabl e were 

obtained at 1-m depth intervals (0 .5-m depth intervals in 1997) throughout the water 

co lumn at each station. The average of these values was used to compute the station 

water-co lumn mean for each vari ab le. Individual station water-column means within 

each bay region were averaged to compute a mean regional va lue for each variab le 

(Append ices 8-11 ). In add ition , mean val ues at 3-m depth are shown for temperature 

(Appendix 8) and salinity (Append ix 9), mean values at 3-m depth and below the 

pycnoc line are g iven for DO (Appendix 10), and mean values at 3-m depth and above the 
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pycnoc line are tabul ated for fluorescence (Appendix 11 ). Analys is o f vari ance 

(ANOV A) fo llowed by a T ukey's multiple range test was used to determine potential 

signifi cant differences in each variable between regions. 

At 1-2 stations (c losest to the channel) per transect, zooplankton samples were 

co llected in 10-liter Ni skin bottl es attached to the CTD rosette. These samples were 

obtained at three depths: near-bottom, mid-depth , and near-surface . Once on deck, 

zoopl ankton samples were fi ltered on a 35-~Lm sieve and preserved in 5% fo rmalin fo r 

future laboratory analysis . No zooplankton samples were co ll ected fro m Niskin bottles in 

1995. 

lchthyoplankton and gelatinous zooplankton were co ll ected using a l-ni2 mouth­

opening Tucker traw l w ith two 280-~Lm mesh nets: one net was fi shed from the 

pycnocline to the surface; the other from within I m o f bottom to the pyc noc line (or mid­

depth when no pycnocline was present). The nets were opened and closed with a 

messenger, and each net was fi shed for 2 minutes at a vessel speed o f 1-2 knots. A 

temperature-depth recorder and fl ow meters were placed in the nets during each tow to 

determine temperature, depth, and volume o f water filtered by each net. The mean water 

vo lume filtered by each net was 11 8 m3 (SE = 3.06). The Tucker-trawl samples were 

preserved in ethanol, whi ch was replaced with fresh ethanol w ithin 48 hours to ensure 

proper preservati on of the samples fo r future laboratory analysis. Ctenophores from the 

Tucker-traw l samp les were counted and measured on the deck of the research vessel 

immediately after co ll ection. The biovo lumes of all ctenophores co llected were 

measured in a graduated cylinder. 
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Larvae Identifi cati on, Measurements, and Length-freq uency D istri buti ons 

Fish eggs and larvae were removed and identi fied from 405 Tucker-trawl 

samples: 86 samples from 1995 co ll ections, 48 from 1996, 76 from 1997, 102 fro m 1998 

(72 usual samples plus 30 fo r above-at-below -pyc noc line feedin g analysis), 63 fro m 

1999, and 30 from 2000 (day/ni ght samples). The identifi ed larvae were the bas is fo r 

estim ati on of larva l bay anchovy abundances and s ize di stributi ons. The samples also 

prov ided indi viduals fo r stomach and oto lith (aging) analyses. 

Sampl es w ith many bay anchovy eggs or larvae were routinely a\iquoted using a 

Fo lsom plankton splitter. A randomly chosen subsample was then examined to remove 

all eggs and larvae. If there were fewer than 100 bay anchovy eggs or larvae, then al I of 

the eggs or larvae (o r both , if neither met the minimum criteri a o f 100 indi vidua ls fo und) 

fro m subsequent subsamples were removed until e ither the criteri a were met o r the tota l 

sample had been completely sorted. Regardl ess of the number of aliquots, a ll bay 

anchovy larvae > 16 mm were removed from samples because of their relati ve scarcity. 

Bay anchovy larvae removed from each sample were subsequentl y measured to 

the nearest 0. 1 mm total length (TL) using image analys is software . Theil acker ( 1980) 

and Leak (1 986) found that anchovy larvae experi enced size-dependent shrinkage durin g 

capture, handling, and preservati on, wi th small er larvae ex peri encing grea ter re lati ve 

shrinkage than larger larvae . The lengths of all measured larvae where adjusted 

accordin g to the fo llow ing fo rmul a (Theil acker, 1980): 

loge L = loge X + 0.289*e-0434*X*T .Qfi~ 

where L = adjusted larval length (mm); 

X = measured larval length (mm) ; 
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T = mean net-tow du ra tion and handling time ( 10 minutes) . 

As T increases, ex pected shrinkage increases . For sampl es w ith many larvae, the greater 

of 50 larvae or 20% o f the total larvae in the sample were measured . Measured larvae 

<25.5 mm were separated into 1-mm size classes. For large sampl es, the tota l number of 

larvae in each s ize class was estimated by di viding the number of measured larvae in 

each size c lass in the subsample by the proporti on of the subsampled larvae that the size 

class represented. 

Annual bay-w ide, regional, and above-below-pyc nocl ine (bo th regionall y and 

bay-wide fo r each year) mean larval lengths were estimated from the weighted mean 

(accordin g to larval abundance) length at each stati on -- bay-w ide, regionall y, as well as 

above and below the pyc noc line regionall y and bay-w ide for each year. Total regional 

and above-below-pycnoc line mean larval lengths were estimated from the weighted mean 

of the mean regional and above-below-pycnoc line lengths fo r each year. ANOV A 

fo llowed by a T ukey's multiple range test was used to test for regional and above-below­

pycnoc line differences in mean length w ithin each sampled year. Annual bay-wide and 

regional length- frequency di stributions were deve loped from the relati ve frequency of 

larvae in each size class across the bay-wide and regional sca les. A Kolmogorov­

Smirnov goodness-o f- fit test (Sokal and Rohlf, 1969) was used to test fo r differences in 

the length-frequency di stributions between regions in each year. In additi on, a visual 

analys is was performed to determine potenti al multimodality in the length- frequency 

di stributions. 
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Egg and Larva l Abundance 

MacGregor and Houde (1 996) found that up to 2.5 times more bay anchovy larvae 

in small length c lasses occurred in 53-~Lm tows than in pa ired 60-cm , 280- ~Lm Bongo-net 

tows, due to the ex trusion of small er larvae through meshes of the 280-~Lm net. T he 

abundance rati o o f 53:280-~un catches was > 1 for larvae <5.5 mm , based on MacGregor 

and Houde' s ( 1996) predi cti ve equation: 

R = 2.958-0.342*L 

where R = rati o o f 53:280- ~tm larval abundances; 

L = larva l standard length (mm). 

Larval abundances of each 1-mm size class <5.5 mm were multipli ed by R to correct fo r 

extrusion. Although larval length was measured as total length , the difference between 

larval bay anchovy stand ard and total lengths at sizes <5.5 mm is less than the 

measurement error accepted by thi s study. 

Bay anchovy larvae <25.5 mm that were co ll ected in the T ucker-trawl samples 

were used to estimate larval abundances. Egg and larval abundances fo r each sample 

were ca lculated acco rdin g to the fo llowing equati on: 

A = (N *D)/V 

where A = abundance (number of eggs or larvae under l m2
); 

N = number of eggs or larvae collected per net tow; 

D = tow-depth ran ge (m) ; 

V = volume (m3
) of water filtered by tow (dete1mined from the fl owmeter) . 
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The total water-co lumn ab undance at each station was estimated from : 

A station = A tow I + A tow 2 

where A tn w 1 = ab undance in tow above the pyc nocline; 

A tow 2 = ab undance in tow below the pycnocline. 

Weighted mean water-co lumn densities of eggs and larvae were estimated from: 

D station = (Dahovc *dahovc) + (Dbclow * d below) 

( cl above +cl below) 

where D = N/V = density of eggs or larvae (m-3) in a sample; 

d = depth range (m) represented by sampl e. 

Annual mean abundance and density was defined as the grand mean of a ll station 

abundances or densiti es within each year. Regional mean abundance and density was 

de fin ed as the mean o f a ll stati on abundances or densities w ithin each region. Above­

below-pycnoc line mean abundances and densiti es were de fin ed as the means o f all 

above- or below-pycnocline abundances or densiti es in each region or year. Total 

regional and above-below-pycnocline mean abundance and density was defined as the 

mean of the mean regional and above-below-pyc nocline abundances or densities for each 

year. 

Befo re stati stical testing, abundance and densit y es timates were logc- transfo rmccl, 

which sati s fi ed the assumption of homogenei ty of vari ances in most instances. The 

quantity 0. 1 was add ed to all abundances and densities prior to log~-transfo rm at ion to 

account for zero abundance or density values in the data set. ANOV A followed by a 

Tu key's multiple range test was appli ed to test for signifi cant differences among years, 

regions, and depths. 
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Zoop lankton 

Zoop lankton was analyzed from 149 Niskin-bottle samples: 2 1 from 1996, 42 

from 1997, 39 from l 998, and 47 from 1999. No 10-L Niskin-bottle sampl es were 

co ll ected in 1995. Taxa that were identified are li sted in Tab le I . 

Prior to analysis , each 10-L Niskin-bottl e zoop lankton sample was filtered onto a 

35 -~tm sieve and th en normali zed to 200 ml, th en halved to 100 ml. Four seri es o f fi ve, 

5-ml a liquots (20 5-ml aliquots tota l) were extracted for enumeration usin g a calibrated 

Hcnsen-S timpel pipette. A liquots were examined until e ither 300 organisms were 

counted or at least 25 % of the normali zed sample (50 ml) was so rted , wh ichever resulted 

in the enumeration of the greatest number o f orga ni sms. Zoop lankton counts were 

multiplied by 200/x, where x = total sorted vo lume (ml) , then divided by 10 to convert to 

density (L-1
). 

For zooplankton density analyses, organi sms were categori zed as total 

zoop lankton, copepods (adu lts, copepod ites, and nauplii) , and copepod nauplii . The 

mean water-co lumn density at each station was est imated as th e weighted mean density 

o f the three depth samples (above, at, and below the pycnocline): 

where D = density of zooplankton (L-1
) ; 

d = depth range (m) represented by sample. 

An nual mean zooplankton density was defined as the mean of a ll station densiti es 

within each year. Regional mean density was defined as the mean of a ll station densit ies 

w ithin each region . Above-below-pycnocline mean density was defin ed as the mean of 
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Tab le 1. List of zooplankton taxa identified from l 0-L Ni sk in-bottle samp les 
taken from stati ons a long the north-south ax is of Chesapeake Bay du ring the 
summer TfES crui ses from 1995- 1999. 

T intinnids 
Hydromcdusae 
Planula 
Ctenophore Larvae 
Trematodes 
Nemerteans 
Rotifers 
Nematodes 
Trochophores 
Bivalve Veligers 
Gastropod Veligers 
Polychaetes: larvae, juvenil es 
lnsecta Larvae 

C umaceans 
Dccapod Zoeae 
lsopods 
Ostracods 
Mysids 
C ladocerans 
Barnacles: nauplii , cypri s 
Calanoid Copepods : Acartia tonsa, Eurytemora sp., Centropages sp. , others 
Cyclopoid Copepods : Oithona sp. , others 
Harpacticoid Copepods 
Chaetognaths 
Bryozoans: phoronid larvae, others 
Asc idi ans : eggs, larvae 
Ophiuroidean Juveni les 
Echinoderm Plutei 

Sa lps 

Larvaceans 
Hem ichordates 
lnvertebrate Eggs 
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a ll above- o r below-pycnoc line dens iti es in each region or year. Before sta ti s ti cal testi ng, 

zoopl ankton density es timates were loge-transformed, w hich sati s fi ed the ass um pti on of 

homogeneity o f vari ances in most instances. ANOV A fo llowed by a T u key's multiple 

range test was used to tes t for signifi cant differences between yea rs, regions, and depths. 

For anchovy feeding pre ference analyses, zooplankton was di vided into fo ur 

categori es: I) copepod adults and copepodites, 2) copepod nauplii , 3) invertebrate eggs 

(compri sing copepod eggs and unidentifi ed invertebra te eggs), and 4) o ther (co mpri sing 

the remaining zooplankton taxa). Taxa were aggregated to fac ilit ate stat isti cal 

compari sons w ith the limited number o f prey tax a fo und in larva l bay anchovy stomachs. 

Age and G rowth Analys is 

The sagitta l otoliths from 329 bay anchov y larvae were examined to determine 

ages and growth rates. A representati ve sample ( ~25) of larvae <25 .5 mm were 

examined from each bay region in each year. Age was determined by counting da il y 

growth increments (rin gs) that emanate from the center of the oto Ii th (Pannel la, 197 1; 

Fives et al. , I 986; Leak and Houde, 1987; Zastrow et a l. , 199 1 ). Bay anchovy larvae 

begin to deposit da il y growth rings 2 days a fter hatching (Leak and Houd e, 1987) . 

There fore, age (in days) was estimated by addin g 2 to the to ta l number o f o to lith 

increments. 

Selected larvae were measured to the nearest 0. 1 mm TL us ing an image analys is 

system . Sagitta l otoliths were extracted and mounted under a dissecting mi croscope in 

SPUR res in on a g lass s lide and heated in an oven at 60°C fo r 8- 12 hours. Otolith 

preparation and analys is methods are those recommended by Secor et a l. ( 199 1). Oto liths 
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were examined under a compound li ght microscope at 400-1 000x using Optimas 

analytical imaging software (Med ia Cybernetics, 1999). The increments on each oto lith 

were counted at two different times, with the final age determ inat ion being the average of 

the two counts. A third count was conducted if the difference between the two age 

determi nat ions was >20% of the lowest estimated age. When the average of the otol ith 

counts resu lted in a 0.5-day age c lass designation , the final age was randomly rounded to 

the nearest hi gher o r lower 1-day age class. 

A lthough a linear growth model fit the length-at-age data rather well for larvae 

<30 days of age, a Gompertz growth model explained more of the vari ab ility in the data 

for larvae at the lowest and highest ages. The Gornpertz model has been used 

successfull y to parameteri ze growth of clupeid larvae by Gaughan et al. (200 1), Bolz and 

Burns ( 1996), and Zweifel and Lasker ( l 976), as well as for larval northern anchovy 

(Engraulis mordax) by Hunter ( 1976) and Sakagawa and Kimura ( 1976). Go mpertz 

growth mode ls were fit to the length-at-age data on regional and ann ual sca les: 

where L1 = total length (mm) at age t; 

t = age (d) = otolith increment count + 2; 

a = asymptotic larval length (mm); 

b = constant determining growth rate at t = 0; 

c = growth coeffi c ient. 

The parameters a, b, and c are constants that were determined through iteration. 

Predicted age-spec i fi e growth rates were calcul ated for each daily age c lass from age 3 

(post-hatch) to 30 days both bay-wide and regionally for each year. These growth rates 
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were estimated by taking the fist derivative (s lope) of the growth curve at eac h dail y age 

c lass. 

For stati st ical comparison, growth rates (mrn/d) were esti mated from the s lopes of 

the linear regressions of total lengths (TL) on ages accordi ng to the following equati on: 

where Lt = tota l length (mm) at age t; 

t = age (d); 

g = growth rate (mm/ct) and ; 

Lt = a+ gt 

a = regression intercept; an est imate of TL (mm) at hatch. 

Bo lz and Burns ( 1996), who used a Go mpertz model to describe la rval Atlanti c herring 

(Clupea harengus) growth, similarly fit a linear model to their size-at-age data before 

conducting statist ica l tests fo r s lope (growth rate) differences . Only larvae <30 days of 

age were included in the linear regress ions, because the few o lder larvae (1-6 per year) 

tended to cause a d isproportionate negative effect on the s lopes of the linea r length-at-age 

regress ions . Re ( 1996) found that growth of larva l Engraulis encrasico fu s in the Mira 

estuary in southwestern Portuga l "was adequately described, up to an age of about 30 

days, using linear regress ion analys is." Analys is of covariance (ANCOVA) fo llowed by 

a Student-Newman-Keul s mu ltip le range tes t was app li ed to the growth data to detect 

sign ificant differences in growth rates of <30-day-o ld larvae among years, regions, and 

bay-w ide depths (i.e. above or below the pyc nocline) w ithin each yea r. 
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Larva l Feeding 

After measurement to the nearest 0. 1 mm TL, larvae were randomly selected from 

the Tucker-traw l sampl es for stomach-content analyses. Larvae were se lected from fi ve 

si ze c lasses: 1.5-4.4 mm, 4.5-7.4 mm, 7.5- 10.4 mm, I 0.5- 13.4 mm, and 13.5- 16.4 mm. 

The stomachs of 1,485 larvae were analyzed : 205 from 1995 , 11 3 from 1996, 224 from 

1997, 300 from 1998, and 28 1 from 1999 . Also inc luded were 156 larvae from 1998 

above-a t-below-pycnoc line samples and 206 larvae fro m 2000 day/ ni ght samp les. To the 

extent possible, larvae from each year's co ll ecti ons were selected accordi ng to the 

fo ll owing sampling plan: 1) 10 larvae from each size class above and below the 

pycnoc line (50 above and 50 below the pycnoc line), 2) from each bay region ( I 00 per 

region) , and 3) from each crui se (300 per cruise). For the specia ll y-co ll ected year 1998 

above-a t-below-p yc nocline samples, approximately IO larv ae from each size class above, 

at , and below the pycnoc line were analyzed (50 above, 50 at, and 50 below the 

pycnocline) . For the spec ia ll y-co ll ec ted year 2000 day/ni ght samp les, a representative 

subsampl e from each s ize class compri sed the ~ 100 larvae analyzed from both day and 

ni ght samples ( I 00 day and 100 night) to determine ifthere were differences in diurna l 

feeding behavior. 

Larvae for stomach analys is were examined under a dissecting microscope. The 

contents of the entire a limentary canal were manuall y removed using sharpened pins as 

dissecting tools . Prey were identified to the lowest taxonom ic leve l possible, then 

measured using a calibrated, ocu lar micrometer. Ingested prey items are li sted in Table 

2. invertebrate eggs that were found in guts containing an adu lt copepod were not 
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Table 2. List of prey items identifi ed from larval bay anchovy stomach analyses 
during the 1995-2000 feed ing study in C hesapeake Bay. Copepods in vari ous life­
stages (e.g. , adult, copepodite, and nauplius) were consumed by bay anchovy 
larvae. 

Ca lano id Copepods: 
Acartia tonsa 
Ewy temora C{IJinis 
labidocera oestiva 
Paraca fanus parvus 
Pseudocliaptomus corona/us 
Temora longicornis 
Unidentifi ed 

Cyc lopo id Copepods 
Harpac ti coid Copepods 
Copepod Eggs 
C ladocerans: 

Bosmina longirostris 
Ostracods 
Amphipods 
Barnac le Nauplii 
Unidentifi ed Planula 
Po lychaete Ju venil es 
Rot ifc rs 
T intinnids 

Di atoms 
U ni den ti fi ed Invertebrate Eggs 
Unidentifi ed Part icles 
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counted. A lso, the lengths of partl y-di gested pieces of prey were ex trapolated based on 

identi fiab le characteris ti cs to estimate the total length of the ingested prey item. 

Feeding inc idence (F l), defin ed as the proporti on of larvae w ith at least one prey 

item in their gut, was ca lcul ated fo r indi vidua l size c lasses and for a ll larvae fo r fo ur 

categories: reg iona l, annual, above and below the pycnoc line, and di e l. S tat isti cal 

compari sons were made by appl ying Chi-square tes ts o f independence, testing the null 

hypo thes is that Fl was uni fo rm w ithin each of th e fo ur categori es. The mean num ber of 

prey per gut (PPG) in feedin g larvae a lso was calc ul ated fo r indi vidua l size c lasses and 

fo r tota l larvae on an annual, regional, above and be low the pycnoc line, and di el bas is. 

To ta l regional and above-below-pycnocline Fl and PPG compari sons fo r the entire larva l 

data set were made using the pooled feeding data. ANOVA followed by a Tukey's 

mul tiple range test was used to determ ine differences w ithin the annual, regional, above 

and be low the pyc noc line, and di e t categories. Fo r the individual s ize c lass FI and PPG 

data, there were too few feeding larvae in each size c lass to conduct e ither Chi-square 

tests o r ANOV A on the regional and above-below-pyc noc line leve ls w ithin each year. 

T herefo re, [ poo led the regional and above-below-pyc nocline FI and PPG data fo r a ll 

yea rs before conducting s tati stica l tests on those catego ri es. 

Ingested prey types were c lassified into four catego ri es to fac ilitate compari son of 

larval anchovy prey se lec ti on and preference. The categori es were 1) copepod adults and 

copepodi tes, 2) copepod naup li i, 3) in vertebrate eggs, and 4) o ther (compri sing the 

remaining zoop lan.kton tax a). Chi -square tests of independence were conducted to 

determine if larva l prey selec ti on va ri ed w ith larval size, region, above-below­

pycnoc line, o r year. In o rd er to meet the m inimum relati ve- frequency ass umptions of the 
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Chi -square tes ts (e.g., abso lute ex pected values cannot be < I, and not mo re than 20% of 

the abso lu te ex pected values may be <5), I was onl y able to stati sti call y compare ingested 

prey types annuall y and between the annuall y-poo led regional and above-below­

pycnoc line da ta fo r the total larval data set. For the same reason, va ri ability in prey 

selecti on be tween the fi ve larval size c lasses could onl y be tested us ing the poo led data 

from all samp led years. A lthough not tested stati stically, regional and above and below 

the pycnoc line ingested prey frequencies are reported fo r each year. 

Prey pre ference was determined using an index of re lative prey preference 

(Chesson, 1978) . Thi s index was used to describe feeding p reference of larval bay 

anchovy and other fi sh spec ies in Bi scayne Bay, Florida (Houd e and Lovdal, 1984) and 

larva l blue w hiting (Micromesistius poutassou) along Porcupine Bank , west o f Ire land 

(Hillgruber and Kloppmann , 1999). The numeri cal Chesson prey-pre ference index va lue 

a fo r each prey type i, w hich can range from Oto I , was calcul ated as: 
111 

ai = (r/ pi)/(I:r/ pi) 
I 

where ri = proportion of prey type i in the d iet; 

Pi = proporti on of prey type i in the environment; 

m = number of prey types. 

lndex va lues higher o r lower than 1/m indicate preference fo r or aga inst a prey type 

respective ly, wh il e a va lue equal to 1/m ind icates no pre ference. Index va lues were 

ca lcul ated fo r each of the fo ur prey categori es (copepod copepodites and ad ults, copepod 

naup lii , invertebrate eggs, and other) bay-wide and regionally for each yea r. Stati sti cal 

compari sons of a index va lues (Chesson, 1983) could not be conducted due to the small 

sample sizes and hi gh proport ion of index values at or near O or I . 
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Size se lection in larval feeding was analyzed using several methods M . ean prey 

length was calculated for each larval size class 1) bay-wide annually, and 2) regionally 

from the pooled data for al l years for each region. ANOVA fo llowed by Tukey's 

multiple range tests were used to test for significant differences in mean prey length 

among larval size c lasses within years and regions. The relationships between larval 

length and both prey length and relative prey length (prey length/ larval length) also were 

exam ined in regression analyses . 

Prior to ana lyses, prey length was loge-transformed and relative prey length was 

square root-transfo,111ed, which normalized the data and homogenized residual variances 

in most instances. An arcsine transformation was tested on the relative prey length data, 

but it neither no1111 ali zed the data nor homogeni zed residual variances. The exponential 

mode l of the relat ionship between larval length and prey length provided a better fit than 

did the power model in which larval length also was loge-transformed. ANCOV A 

fo llowed by Student-Newman-Keuls multiple range tests were app li ed to determine if 

there were sign ifi can t differences in prey size selection among years and regions within 

each year. 

Correlation and Multiple Regression Analyses 

Correlat ion and step-wise multiple regression analyses were conducted to 

determine relationships between bay anchovy egg abundance and density, larval 

abu ndance, density, mean length, FI, PPG, and growth rate, with biotic variables, e.g. 

l kt Od and copepod naup lii densities, ch lorophyll a biomass (indexed b 

zoop an on, copep , 
y 

nuorescence), ge latinous predator (M. feidyi) biovo lum e, and with ab ioti c environmenta l 
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variab les, e.g. fres hwater inflow, temperatu re, sali nity, and D O. Bay anchovy egg 

ab undance and density, larval abundance and density, M. leidy i biovolume, and 

zooplankton, copepod, and copepod naup li i densiti es were loge-transform ed prio r to 

inc lus ion in the correlat ion and multiple regress ion analyses. Regiona l mean va lues from 

each avail ab le year fo r each parameter (n = 11 to 15) were compared in the pair-w ise 

correlation analyses . Pairs of vari ables were considered to be signifi cantl y correlated at 

the a =0.05 level. Additionally, pair-wise correlation ana lyses were conducted using the 

annual, bay-wide means (n = 5) of biotic and env ironmental data, inc luding mean March­

May freshwater inflow into Chesapeake Bay (USGS, 2002), and the loge-transfo rmed 

abundances of youn g-of-year (YOY) bay anchovy coll ected in October 1995- 1999 (Jung, 

2002) to determine the possib le associati ons of these vari ables w ith bay anchovy 

rec ruitment in Chesapeake Bay. 

Step-wise, multiple regression analyses were performed individuall y on s ix 

dependent variables: bay anchovy egg abundance, total larval bay anchovy abundance, 

mean larval length, FI, PPG, and larval growth rate. Independent vari ab les included : bay 

anchovy egg, bay anchovy larva l, zoop lankton, copepod, and copepod nauplii densiti es, 

M. leidyi biovolume, fluorescence, temperature, salinity, DO, and the remaining potenti al 

dependent vari ables that were not des ignated as a dependent vari able in each multip le 

regression. Bay anchovy egg and larval densities were not used in multip le regress ion 

ana lyses in vo lving larva l and egg abundances, respecti vely, because they were obviously 

h
. 

1 1 1 
d R gional mean values from each ava il abl e year fo r each vari able (n _ 

1g 1 y co rre ate . e · · -

11 to 15) were used in the analyses . 
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Prior to inc lusion in multiple regress ion analyses, poten tial independent vari ab les 

were examined in pair-wise co rrelati on analyses. Pairs of independen t variab les were 

considered to be significantly correlated at the a =0.05 level. If two or more vari ab les 

were signifi cantl y correlated, then separate multipl e regressions were run, each inc lud ing 

only one of the correlated independent vari abl es a long w ith the rema ining non-correlated 

variables. 

The mul tiple regression analyses were run us ing JMP Version 4 statisti cal 

software (SAS Institute Inc. , 2000). Regressors (independent vari ables) that had the 

hi ghest probab ility of improving the fi t o f the model were sequentia ll y added to the 

model (forward selection), until Mallows' Cp value (an alternate measure of tota l squared 

error) first approached the number of independent vari ables in the regression (Mallows 

19
73

). M allows (1973) suggests that this provides the opt imal balance between 

· · • · the tlLlt11ber of regressors and maximizing the R
2 

value fo r the multipl e 1111111m1z1ng 

regression equation . The resulting multiple regress ion equati on was used to identi fy th e 

b
. t · f pi·ed,·ctor vari ables that most influenced the value of the dependent com ma 1011 o 

vari ab le. The best fit mu ltipl e regress ion equati on fo r each of the six dependent vari ables 

d I 
.f ·twas signifi cant at the a =0.05 level. 

was reporte on y I l ' 
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RESULTS 

Hydro graph y 

Environmental variables includ ing water tem perature, sa li nit y, disso lved oxygen 

(DO), and chlorophyll a ( indexed by nuorescence) varied throughout Chesapeake Bay in 

each yea r of the stud y, as we ll as regionall y, and across depth-layers d uri ng the surveys. 

MWC temperatures were simil ar among regions in 1995-1 997, but were lower in the 

lower-bay than in the upper- and middle-bay regions in 1998 and 1999 (ANOY A P<0.05) 

(Figure 3, Appendix 8). The hi ghest regional M WC temperature was record ed in the 

upper bay durin g the 1995 survey (28.7 "C) , whil e the lowest was observed in the lower 

bay in 1999 (22 .6 °C) (Appendi x 8). 

Salinity increased signifi cantl y from th e upper bay to the lower bay in each year 

(ANOY A P<0.05) (Figure 4, Appendi x 9). The lowest regional MWC sa lini ty was in the 

upper bay in 1996 (5.7 ppt), and the highest was in the lower bay in 1999 (22 .3 ppt) 

(Appendi x 9) . 

Regional mean below-pycnoc line DO levels were sign ifi cantly hi gher in the lower 

and mid bay than in the upper-bay region in 1996 and 1999 (ANOY A P<0.05), whil e 

they were s imilar th ro ughout all bay regions in 1997 (F igure 5, Appendi x IO). Lower­

bay mean below-pycnoc line DO levels in 1995 and 1998 were s ign ifica ntl y higher than 

mid-bay concentrati ons (ANOY A P<0.05). The highest regional mean below-pycnoc line 

DO concentrati on was in the lower bay in 1996 (8.2 mg/L), w hil e the lowest was in the 

upper bay in 1997 (3.2 mg/L). Although regional mean DO levels be low the pyc noc line 

were never less than 3.2 mg/L (Appendi x 10), DO dropped be low 2.0 mg/Lat depths 
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Figure 3. Mean water-column temperature (0 C) during Chesapeake Bay summer TIES surveys from 1995-1999. 
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Figure 4. Mean water-column salinity (ppt) during Chesapeake Bay summer TIES surveys from 1995-1999. 
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Figure 6. Mean water-column fluorescence (relative fluorescence units) , an indicator of chlorophyll a 
biomass, during Chesapeake Bay summer TIES surveys from 1995-1999. 
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13 m (except fo r 2 lower bay stati ons in 1998 and 3 lower bay stations in 1999) , and 

approac hed O mg/Lat stati on depths > 15 m . 

Regional M WC nuorescence levels were signifi cantl y higher in the upper bay 

than in the lower bay in 1995 and 1998, but were simil ar among regions in 1996, 1997, 

and 1999 (ANOVA P<0. 05) (Fi gure 6, Appendi x 11 ) . The hi ghest regional mean 

nuorescence was observed in the upper bay in 1995 (2 .0 re lati ve flu o rescence units, rfu ), 

whil e the lowest was observed in the lower bay in 1998 (0 .5 rfu) (Appendi x 11 ). 

Zooplankton Di stribution and Densiti es 

The di stributi ons and mean densiti es of total zooplankton (see Tabl e I), copepods, 

and copepod nauplii a long the Bay's ax is were examined in C hesapeake Bay from 1996-

1999 to determine their possible influence on larval bay anchovy di stributi ons, 

abundances, and feeding eco logy. The re lati ve densiti es and di stributions of total 

zoopl ankton (Fi gure 7), copepods (F igure 8), and copepod nauplii (Figure 9) were similar 

in each o f the fo ur years. However, bay-w ide mean zooplankton density in Jul y 1997 

( 171.6 L-1
) was more than tw ice that of June 1999 (83.2 L-1

) and more than three times 

that of Jul y 1996 (49.8 L-1
) (ANOVA P<0.05) (Table 3). B ay-wide mean copepod and 

copepod nauplii dens iti es were signifi cantl y hi gher in 1997 and 1998 than in 1999 and 

probabl y 1995 (ANOVA P<0.05) (Table 3) . The highest bay-w ide mean copcpod dens ity 

was observed in 1997 (I O 1.5 C 1
), while the lowest occurred in 1996 (29.9 L-1 

). 

Similarl y, the hi ghest copepod nauplii density was estimated in 1997 (80 .9 L-1
), and the 

lowest in 1996 (23. 1 L- 1
). The most common taxon in the co ll ecti ons was the nauplius 

stage o f the copepod Acartia tonsa. 
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Table 3. Yearl y survey and regional mean densiti es (L-1
) of total zoopl ankton (Tab le 1), 

tota l copepods, and copepod nauplii for summer TIES surveys in C hesapeake Bay from 
1996- 1999. There is no SE for the upper bay region in 1996, as only one sample fo r 
summer co llections was ava ilab le. For w ith in-yea r regiona l comparisons and between­
year bay-w ide comparisons, d ifferent superscripts indicate s ignificant differences 
(ANOV A P<0.05). 

Zoop lankton Copepods 

Year Year 
Bay Region 1996 1997 1998 1999 Bay Region 1996 1997 1998 1999 

Upper 58 .5 143 .7 143.9 152.9a Upper 24.9 64.7 58.5 67.9a 
SE 58 .6 42.9 40.0 SE 20.7 17.8 18.6 

Mid 44.3 208.9 85 .8 38 .9b Mid 30.6 128 .1 56.3 6 .3b 
SE 10.7 44.0 32.4 8.9 SE 5.9 23.9 25.6 3.7 

Lower 53 .2 159.8 11 8.7 43.9b Lower 30.5 114.2 78. 1 JO.Ob 
SE 12.8 53.2 14. 1 6.5 SE 16.0 51.1 14. 7 2.4 
Bay-w ide Bay-wide 
Mean 49. tl I 7 1. 6b I 16.3nh 83 .2a Mean 29.9ab 10 1. Sb 65.2b 30.6a 
SE 7. 1 29.0 17.4 20. 1 SE 7.0 18.5 10.7 10.0 

Naup li i 

Yea r 
Bay Region 1996 1997 1998 1999 

Upper 23.0 49.9 39 .9 5 1.4a 

SE 16.6 11 .4 13.9 

M id 22.7 105. 1 52.6 5.5b 

SE 4. 1 17.6 25.1 3.4 

Lower 23.6 89.5 58 .6 8.3ab 

SE 14.6 36.9 13.2 2. 1 
Bay-wide 
Mean 23. l ab 80.9b 50.9b 23.6" 
SE 6 .2 14. 1 9.4 7.5 
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Figure 7. Zooplankton (Tabl e 1) di stributi ons and mean densi ti es (L·1) 

in Chesapeake Bay summer TIES surveys from 1996-1 999 . Samples 
were co ll ected in 10- L N iskin bottl es from statio ns centered o n the 

Bay's no rth-south ax is . 

39 

))0 

l!JO 

{d0 

?..iO 

160 

1}(J 

m 

,o 

.o 

dO 



1996 1997 

1998 1999 

Figure 8. Copepod di stributions and mean densities (L·1
) in Chesapeake 

Bay summer TlES surveys from 1996-1999. Samples were co ll ected in 
I 0-L Niskin bottles from stations centered on the Bay's north-south ax is. 
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F igure 9. Copepod nauplii di stributi ons and m ean densiti es (L-1) in 

Chesapeake B ay summer TIES surveys from 1996- 1999. Sampl es were 

co ll ected in 10-L Ni skin bottl es from stations centered on th e Bay ' s 

north-south ax is. 
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The regiona l mean dens iti es of to ta l zoop lankton, copepods, and copepod nau pli i 

were genera ll y s imil ar w ithin yea rs within each taxonomic gro up. H owever, in 1999, the 

upper-bay mean densiti es of zoop lankton (152.9 L-1
) and copepods (67.9 L-1

) were each 

s ignifi cant ly hi gher than those fo und in the mi d (38.9 zoop lankto n/ L, 6 .3 copepods/L) 

and lower (43 .9 zooplankton/ L, l 0 .0 copepods/ L) bay (ANOVA P<0.05) (Table 3). For 

nauplii during the 1999 season, the mean density in the upper bay (5 1.4 L-1
) was 

s ignifi cant ly hi gher than that fo und in the mi d bay (5 .5 L-1
) (ANOV A P<0.05), and 

probab ly hi gher than the mean naup lii density in the lower bay (8 .3 L-1
) (Tab le 3). The 

hi ghest regional mean densiti es of zooplankton, copepods, and copepod naup lii a ll 

occurred in the mid bay during 1997 (208 .9 zoopl ankto n/ L, 128. 1 copepods/ L, I 05 . 1 

copepod nauplii /L), whil e the lowest densiti es a ll occurred in the mid bay during 1999 

(38.9 zoopl ankto n/L, 6.3 copepods/L, 5.5 copepod nauplii/L) (Table 3). 

Mean densiti es of total zooplankton, copepods, and copepod nauplii were hi gher 

above than below the pyc noc li ne in each year. However, these d ifferences were onl y 

signifi cant fo r copepods in 1997 (Above = 14 1.3 L-1
; Below = 74.3 L-1

) , and copepod 

naupli i in 1997 (Above = 124.7 L-1
; Below = 5 1.7 L-1

) and 1998 (A bove = 63.0 L-1
; 

Below = 34 .7 L-1
) (t-test P<0.05) (Table 4). 

Concent rati on di ffe rences were examined fo r other, less abundant zooplankton 

taxa that were uti lized to a lesser ex tent as prey by larval bay anchovy in Chesapeake 

Bay. The annual survey and regional densiti es of cladocerans and roti fe rs were re lati vely 

low, and tintinnids were onl y co ll ected in the lower bay in 1999 (0 .4 L-1
). Bay-w ide 

mean cladoceran dens ity was highest in 1998 (mean = 5.96 L-1 SE = 4.44) and lowest in 

1996 (mean = 0. 10 L-1 SE = 0.09), whi le bay-w ide mean rot ifer dens ity was hi ghest in 
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Tab le 4. Above- and below-pycnocline mean densiti es (C 1
) of total 

zoop lankton (Table l ), total copepods, and copepod nauplii for summer TIES 
surveys in Chesapeake Bay from 1996- 1999. Fo r within-year depth 

comparisons, different superscripts indicate significant differences (t-test 
P<0.05). Above = above pycnocline; Below = below pycnoc line . 

Zooplankton 

Year 
Depth 1996 1997 1998 1999 

Above 78 .6 198.0 142.7 95 . 1 
S E 23.9 3 1.4 32.6 24.4 
Below 35 . 1 154.9 93 .2 67.6 
SE 11 .3 37.6 2 1.0 18.4 

Copepods 

Year 
Depth 1996 1997 1998 1999 

Above 50.9 141.3
3 

73 .3 36 .0 
SE 22.0 26.7 11.7 11.9 

Below 18.0 74.3b 55.5 26. l 
SE 5.4 20.2 14.9 8.9 

Nauplii 

Year 
Depth 1996 1997 1998 1999 

Above 47.3 124. 7
3 

63.03 
3 1.3 

SE 20.6 23.4 10.5 10.1 

Below 8.9 51 .i 34.i 17.0 
SE 2.7 14.0 l 1.1 5.8 
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1999 (mean = 5.33 L-
1 

SE = 3.00) and lowest in 1997 (mean = 0.07 L-1 SE = 
0

_
04

)_ 

Pooled mean regional cladoceran density was highest in the upper bay (mean = 
4

_
28 

L-' 

SE = 2.25) and lowest in the lower bay (mean = 0.48 L-1 SE = 0.38), while rotife r density 

was highest in the lower bay (mean = 5.08 L-
1 SE = 2. I 6) and lowest in the mid bay 

(mean = I .1 5 L-1 SE = 0.63). 

Gelat inous Predalor (ctenophore) Biovo lumes and Distributions 

The biovo lu111 es and distributions of M. leidy i, a predator on bay anchovy eggs 

and larvae, varied among annual surveys, regionally, and above vs below the pycnocline 

during the summer TTES surveys. Ctenophore biovo lume was highes t in the 1996 s
urvey 

(572.8 ml/111 2), a va lue 3.7 times higher than the lowesl observed in 1995 (153.9 ml/m2)_ 

Biovolume in 1996 was significantly higher than in 1995 and 1998 (ANOVA P<0.0
5
), 

and marginall y higher than in 1997 and 1999 (Table 5). 

Regional ctenophore biovo lumes di ffe red among years during the summer TIES 

surveys (ANOV A P<0.05) (Figure l 0). The highest biovo lume was estimated in the mid­

bay region in 1998 (852 .9 111 1/ni2), while the lowest occurred in the mid bay in 1995 (23
_
2 

ml/ni2) . Ctenophore biovo lum e was signifi cantly higher in the lower bay (3 17.7 ml/m2) 

than in the mid bay (23 .2 111 1/111
2) in I 995, and was significantly higher in the mid bay 

(852 .9 ml/m2) than in the upper (474.3 111 1/111
2
) and lower (66.2 ml/ni2) bay in 1998 

(ANOV A P<0.05) (Table 5). 

The mean bay-wide ctenophore biovolume was 2-3 times higher above than 

below the pycnoc line in each year (ANOVA P<0.05) (Table 6). Highest bay-wide mean 

biovo lume was above the pycnoc line in 1996 (290.4 mJ/1112), while the lowest was below 
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Table 5. Yearly survey and regional mean Mnemiopsis leidyi biovolumes (m l/111 2
) 

for summer TTES surveys in Chesapeake Bay from 1995-1999. For within-year 

regional compari sons and between-year bay-wide comparisons, different superscripts 
indi cate significant differences (ANOVA P<0.05). 

Year 

Bay Region 1995 1996 1997 1998 1999 

Upper 91 .1 ab 765.0 286.9 474.3a 469.3 
SE 2 1.8 213.2 59.1 244.5 128. 1 

Mid 23.2a 482.4 145.1 852.9b 366.3 
SE 5.8 87.9 36.4 194.0 130.4 

Lower 317.i 470 .9 538.3 66.23 
319.8 

SE 103.9 105 .5 153 .9 31.0 116.5 
Bay-wide 

Mean 153.9a 572.8b 355.7ab 378. 1 a 370.2ab 

SE 44.7 85.5 77.4 95.2 71.6 
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Table 6. Yearly survey and regional above- and below-pycnocline mean Mnemiopsis leidy i biovolumes (ml/m
2

) in Chesapeake 

Bay during TIES summer surveys from 1995-1999. For within-year depth comparisons for each region and bay-wide, different 

superscripts indicate significant differences (t-test P<0.05). Above= above pycnocline; Below= below pycnocline. 

Upper Bay Mid Bay 

Year Year 

Depth 1995 1996 1997 1998 1999 Depth 1995 1996 1997 1998 1999 

Above 58 .8a 37l.5a 186.8 215.6a 248.4a Above 19 .0a 277.4 93.8 497.5a 240.9a 

SE 16.3 134.6 48.9 101.0 66.2 SE 5.4 40 .9 20 .8 168.6 92.0 

Below Qb 16. l b 87.7 49.2b Qb Below 10.4b 206.6 184.4 0.6b 19.8b 

SE 0 16. l 35.0 49.2 0 SE 5.7 80.3 90.9 0.4 18.0 

-l'> 

°' Lower Bay Bay-wide 

Year Year 

Depth 1995 1996 1997 1998 1999 Depth 1995 1996 1997 1998 1999 

Above 144.7 222.1 211.9a 50.2 159.2 Above 77.5a 290.4a 167.4a 211.3 8 205.5a 

SE 36.4 63.6 95.8 29.1 68 .2 SE 16.8 50.9 45.9 60.3 44.0 

Below 60.4 218.5 17.i 172.9 194.4 Below 27.1 b 147.1 b 87.4b 96.3b 94.4b 

SE 18.6 50.3 10.9 81.5 52.4 SE 8.4 35.8 32.9 42.7 28.9 
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Figure 10. Mean water-column Mnemiopsis leidy i biovolume (ml/m2) in Chesapeake Bay summer TIES surveys 
from 1995-1999. 



the pycnoc line in 1995 (27. 1 111 1/111
2

) . Regionall y, ctenophore biovol umes were either 

signi fica ntl y hi gher above than below the pyc nocl ine in each bay region in each year 

(ANOV A P<0.05) or were simil ar in the two depth zones (Table 6) . 

Bay Anchovy Egg Abundances and Distributions 

Bay anchovy egg abundances and di stributions varied severa l-fo ld annu all y, 

regionall y, and with respect to pycnocline depth . Bay-wide egg abu ndance was highest 

in 1997 (262.3 m-2) and lowest in 1996 (18.0 m-2) (ANOVA P<0.05) (F igure 11 , Table 

7). Egg abundance genera ll y was hi ghest in the lower bay and lowest in the upper bay in 

all years except 1999 (F igures 12 and 13, Table 7) when a more even di stribution was 

observed. Abundances and densities were significantly hi gher in the lower bay than 

upper bay in J 995- 1998 and for the total regional means (ANOV A P<0.05) (Table 7). 

The highest regiona l egg abundance was observed in the lower bay in 1997 (339 .3 m-2) , 

while the lowest was observed in the upper bay in 1996 (0.6 m-2) . 

Egg abundances were either significantly higher above the pycnocline or equall y 

abundant above and below the pycnocline in each region and bay-wide in all years 

(AN OV A P<0.05) (Tab le 8). However, depth-stratifi ed differences were less apparent in 

the upper-bay region in each of the sampling yea rs. The highest depth-spec i fi e, bay-wide 

mean egg abundance was observed above the pycnoc line in 1997 (207.2 m-2) , while the 

lowest was observed below the pycnocline in 1996 (8.7 m-
2

) . Regionall y, the hi ghest 

depth-specific mean egg abundance was observed above the pycnocline in the lower bay 

in 1997 (266 _6 111 -2), wh ile the lowest occurred above the pycnoc line in the upper bay in 

1996 (0 .08 m-2) . 
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Tab le 7. Yearl y survey and regional mean bay anchovy egg abundances (m -2) and 

densit ies (m-3) fro m summer TIES surveys in C hesapeake Bay fro m 1995- 1999. For 

w ith in-year and tota l regio nal compari sons and between-year bay-w ide comparisons, 

different supersc ri pts ind icate s ignifi cant di ffe rences (ANOYA P<0.05). 

Egg Abundance (m-2) 

Year 

Bay Region 1995 1996 1997 1998 1999 I Total 

Upper 1.9a 0.6a 7.98 20.5a 166.2 39.4a 

SE 1.0 0 .4 4.6 12.5 70.0 3 1.9 

M id 69 .4b 14.6b 316.4b 26. 1 ab 208.6 ) 27.0ah 

SE 2 1. 8 4 .2 102 .1 7.3 47.9 58 .6 

Lower 79 .9b 38.i 339.3b 255.6b 154.0 173.5b 

SE 37.4 17 .0 87.2 92.4 28.0 55.5 

Bay-w ide 

Mean 56.08 18.0a 262.3b 139.6ab l 71.3 b 129.4 

SE 16 .5 6 .5 55.7 49 .7 25.0 43.2 

Egg Density (m-3) 

Year 

Bay Region 1995 1996 1997 1998 1999 !Total 

Upper 0.28 0.05a 0.7a 2 .1 a 15 .9 3 .8a 

SE 0 .1 0.03 0.4 1.3 6 .2 3 .0 

M id 5.9b 1.4h 30. 1 b 2. 5ab 25.5 ) 3. 1 ab 

SE 1. 6 0 .4 7.2 0.7 5.6 6. 1 

Lower 8.6b 3.9b 41.9b 27.6b 18.7 20. 1 b 

SE 4.1 1.9 10.5 10.3 3.3 6.8 

Bay-w ide 

Mean 5.4ab I. Sa 29.5cd 15.0bc 19 .i 14 .3 

SE 1.7 0.7 5.9 5.5 2 .7 5.0 
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Table 8. Yearly survey and regional above- and below-pycnocline mean bay anchovy egg abundances (m-2) from summer TIES 

surveys in Chesapeake Bay from 1995-1999. For within-year and total depth comparisons for each region and bay-wide, di fferent 

superscripts indicate significant differences (t-test P<0.05). Above= above pycnocline; Below = below pycnocline. 

Upper Bay Mid Bay 

Year Year 

Depth 1995 1996 1997 1998 1999 \Total Depth 1995 1996 1997 1998 1999 I Total 

Above 1.1 0.08 5.3 13.2 146.2 33 .2 Above 59 .2a 6.5 252 .7a 18.8 162.3a 99.9 

SE 0.6 0.06 3.2 8.7 68 .l 28.4 SE 21.0 1.8 95 .2 6.7 42.8 47 .0 

Below 0.8 0.5 2.6 7.3 20.0 6.2 Below 10.2b 8.1 63 .7b 7.3 44.4b 26.8 

SE 0.5 0.3 1.8 4.3 8.0 3.7 SE 4.3 2.5 17.5 2.3 15.3 11.6 

V, 

0 

Lower Bay Bay-wide 

Year Year 

Depth 1995 1996 1997 1998 1999 I Total Depth 1995 1996 1997 1998 1999 !Total 

Above 65.8 21.2 266.6a 179.4 129.2a 132.4 Above 46.8a 9.2 207.2a 97.8 142.1 a 100.6 

SE 36.3 7.7 72. 7 62.0 21.3 43 .0 SE 15.8 3.1 47.9 33 .6 22.3 34.9 

Below 14.1 17.5 72.i 76.2 24.8b 41.1 Below 9.2b 8.7 55.1 b 41.7 29.i 28 .8 

SE 9.7 11.2 19.3 34.0 12.9 13.7 SE 3.9 3.9 11.4 17.8 7.7 9.1 



Table 9. Yearly survey and regional above- and below-pycnocline mean bay anchovy egg densities (m-3
) from summer TIES surveys 

in Chesapeake Bay from 1995-1999. For within-year and total depth compa1isons for each region and bay-wide, different 

superscripts indicate significant differences (t-test P<0.05). Above= above pycnocline; Below = below pycnocline. 

Upper Bay Mid Bay 

Year Year 

Depth 1995 1996 1997 1998 1999 \Total Depth 1995 1996 1997 1998 1999 \Total 

Above 0.2 0.01 0.7 2.1 19.0 4.4 Above 9.0a 1.2 37.9 2.8 24.6 15.1 

SE 0.1 0.01 0.4 1.4 7.4 8.2 SE 2.6 0.3 11.0 0.9 5.7 7.1 

Below 0.2 0.09 0.6 2.1 9.8 2.6 Below 2.1 b 1.7 17.8 2.0 22.8 9.3 

SE 0.1 0.06 0.5 1.2 5.0 1.8 SE 0.7 0.5 5.3 0.6 6.0 4.6 

V, -
Lower Bay Bay-wide 

Year Year 
Depth 1995 1996 1997 1998 1999 I Total Depth 1995 1996 1997 1998 1999 I Total 

Above 13 .8 3.7 50.9 32.4 22.8a 24.7 Above 8.5a 1.6 36.2 17.5 22.3a 17.2 
SE 7.3 1.2 12.8 11.6 3.7 8.1 SE 2.9 0.5 7.6 6.2 2.9 5.9 

Below 2.7 5.1 29.6 22.1 9.0b 13.7 Below 1.8b 2.3 19.8 12.1 13.1 b 9.8 
SE 1.6 3.8 9.5 10.7 4.2 5.2 SE 0.7 1.3 5.1 5.6 3.0 3.4 
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Figure 11. Bay-wide mean bay anchovy larval and egg abundances (m·2) 
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Figure 12. Mean water-column bay anchovy egg abundance (m·2) from summer TIES surveys in Chesapeake 

Bay from 1995-1999. 
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Yearl y survey, regio na l, and above vs below pycnoc line egg dens ities (number 

per m3
) had nearl y the same pattern s as observed for the egg abundance data (Tables 7 

and 9). However, egg densit ies were more simil ar above and be low th e pyc noc line th an 

were egg ab und ances. Overa ll , egg densiti es above the pycnoc line averaged nearly 2 

times hi ghe r than densiti es be low th e pycnoc line (Tab le 9), w hil e egg ab undances above 

the pycnoc line averaged nearl y 4 tim es higher than abundances be low the pyc noc line 

(Table 8). The d i11erence is exp lained by the rac t that th e above-pyc nocline fraction o r 

the water-co lumn depth was generall y greater than the below-pyc noc line 1rac ti o n. 

Larval Bay Anchovy Abundances and Distributi ons 

Larva l bay anchovy summer abund ances and di stributi ons vari ed among yea rs 

and regio nall y. Bay-wide mean larva l abundance was lowest in 1996 and hi ghest in 1998 

(ANOV A P<0.05) (Figure 11 , Table I 0) . Mean larva l abundance was a lso s ignifi cantly 

lower in 1995 than in 1998 (ANO V A P<0.05) (Table l 0). T he h ighest bay-wide mean 

ab und ance ( 1998; 42.7 m-2) was approx imately I Ox hi gher th an the lowest ( 1996; 4.6 

-2) Ill . 

In each yea r, the hi ghest regional mean larva l abundances were in the lower bay 

and decreased towards the upper bay (Figure 13 and 14). The d iffe rences between upper­

and lower-bay abundances generall y were > 1-2 orders of magnitude w ithin years. There 

were no la rvae co llected in the upper bay in the low-salinity year 1996. Mean 

abundances of larvae in th e lower bay were s ignifi cantl y hi gher th an mean abundances in 

both th e mid- and upper-bay regions in a ll yea rs except 1997 (ANOV A P<0.05) w hen the 
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Table 10. Yearly survey and regional mean larval bay anchovy abundances (m-2) and 

densities (m-3) from summer TIES surveys in Chesapeake Bay from 1995-1999. No 
larvae were collected in the upper-bay samples in 1996. For within-year and total 
regiona l comparisons and between-year bay-wide comparisons, different superscripts 
indicate signi f:icant differences (ANOV A P<0.05) . 

Larval Abundance (nurnber/ni2) 

Year 

Bay Region 1995 1996 1997 1998 1999 !Total 

Upper 0.09" oa 0.4a I. 1 a l.Ja 0 .6" 

SE 0.04 0 0.2 0.9 0.6 0.3 

Mid 4 .9b 0.2a J2.8b 6.9" 4.Ja 9 .8b 

SE 1.6 0.07 6.2 5.6 1.5 5.8 

Lower 32.8c 1J.7b 39.7b 8 I.Ob 23.3b 38 .1 b 

SE 9.7 4.5 11.0 16.9 5.9 11.6 
Bay-wide 

Mean 14.0ab 4.6" 29.2c 42.7bc 12.5bc 20.6 

SE 4.2 2 .0 6.0 10.7 3.3 6 .8 

Larval Density (number/m3
) 

Year 

Bay Region 1995 1996 1997 1998 1999 !Total 

Upper 0.009a oa 0.03a 0 . la 0 .2a 0.07a 

SE 0 .003 0 0 .01 0 .09 0 .1 0 .04 

Mid 0.5b 0.01 a 3.6b 0.7a 0 .58 1. l b 

SE 0.2 0 .006 0.7 0.6 0.2 0.6 

Lower 3.2c 1.4b 4.9b 8.1 b 3.0b 4.1 C 

SE 0.8 0.5 1.6 1.7 0 .7 1.1 

Bay-wide 

Mean I .4ab 0 .5
3 3.5c 4.3bc l .6bc 2 .2 

SE 0.4 0.2 0.8 1.1 0.4 0.7 
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Figure 14. Mean water-column larval abundance (m-2) for TIES summer surveys in Chesapeake Bay from 1995-1999. 



abundances were s imilar in the lower and mid bays (Table 10). Mean abundances in th e 

m id bay were s ignifi cantly hi gher than those in the upper bay in 1995 and 1997 (ANOV A 

P<0.05) (Ta bl e I 0). Fo r combined-years regional larva l data, mean abundances 

decreased fro m 38. 1 m·
2 in the lower bay to 0.6 111 ·

2 
in the upper bay (ANOV A P<0.05). 

Mean larva l abundances were generally s imil ar above and below th e pyc noc line. 

A ltho ugh no signi fica nt d iffe rences in mean larva l abundances were fo und between the 

two depth layers, e ither w ithin regions or bay-wide within yea rs (t-test P>0.05) (Ta ble 

11 ), th e o bserved abundances usuall y were s li ghtl y hi gher above the pyc noc line. For th e 

to ta l above- and below-pyc nocline compari son, the mean above-pycnoc line abundance 

was 12.8 111 •2, w hil e th e mean below-pycnoc line abundance was 7.8 m·2. 

Cons idering larval densities, yearl y crui se and regio nal densities genera lly 

fo llowed th e same patterns observed in the larva l abundance data. The above- and 

be low-pyc noc line densities genera lly were more s imilar because the depth range above 

the pyc noc line usua ll y was greater th an th e depth range be low th e pyc noc line (Tables 10 

and 12). 

Length Compari sons 

M ean lengths of larval bay anchovy diffe red among years, regions, and depth 

layers. B ay-wide mean length was hi ghest in 1996 (13 .7 111111 ) and lowest in 1997 (5.3 

mm) (Fig ure 15, Table 13). Mean larva l lengths in 1995 (10.3 mm) and 1996 ( 13.7 mm ) 

were s ignifi cantl y lo nger than those in 1997 (5.3 111111 ), 1998 (7. l mm), and 1999 (5.4 

111111) (ANOVA P<0.05) (Table 13). Regionall y, observed mean lengths were lo ngest in 

th e upper bay and sho rtes t in th e mid bay in 1995, I 997, and 1999, a ltho ugh the 
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Table 11. Yearly survey and regional above- and below-pycnocline mean larval bay anchovy abundances (m-2) for TIES summer 

surveys in Chesapeake Bay from 1995-1999. No larvae were collected in the upper-bay samples in 1996. There were no significant 

differences found between depths within regions or years (t-test P>0.05). Above= above pycnocline; Below= below pycnocline. 

Upper Bay Mid Bay 

Year Year 

Depth 1995 1996 1997 1998 1999 \Total Depth 1995 1996 1997 1998 1999 \Total 

Above 0.08 0 0.3 0.9 0.8 0.4 Above 3.4 0.05 12.2 1.5 2.7 4.0 

SE 0.03 0 0.1 0.8 0.4 0.2 SE 1.2 0.02 3.7 0.7 1.2 2.1 

Below 0.01 0 0.06 0.2 0.5 0.1 Below 1.5 0.1 20.6 5.5 1.6 5.9 

SE 0.007 0 0.03 0.07 0.3 0.09 SE 0.8 0.06 5.5 5.1 0.9 3.8 

Lower Bay Bay-wide 

Year Year 

Depth 1995 1996 1997 1998 1999 !Total Depth 1995 1996 1997 1998 1999 !Total 

Above 14.8 10.5 21.3 59.8 17.6 24.8 Above 6.8 3.5 14.0 30.5 9.2 12.8 

SE 4.5 3.6 9.6 14.8 5.6 8.9 SE 1.9 1.5 4.8 8.8 3.0 4. 7 

Below 17.9 3.2 18.4 21.2 5.8 13 .3 Below 7.2 1.1 15.2 12.2 3.3 7.8 

SE 5.6 1.0 7.2 4.6 1.5 3.7 SE 2.4 0.5 4.0 3.1 0.8 2.6 
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Table 12. Yearly survey and regional above- and below-pycnocline mean larval bay anchovy densities (m-3) for TIES summer 

surveys in Chesapeake Bay from 1995-1999. No larvae were collected in the upper-bay samples in 1996. For within-year and total 

depth comparisons for each region and bay-wide, different superscripts indicate significant differences (t-test P<0.05). Above= 

above pycnocline; Below = below pycnocline. 

Upper Bay Mid Bay 

Year Year 

Pycnocline Pycnocline 

Depth 1995 1996 1997 1998 1999 Total Depth 1995 1996 1997 1998 1999 \Total 

Above 0.01 0 0.05 0.2 0.2 0.08 Above 0.6 0.01 1.9a 0.2 0.4 0.6 

SE 0.006 0 0.02 0.1 0.1 0.04 SE 0.2 0.004 0.4 0.1 0.1 0.3 

Below 0.003 0 0.01 0.05 0.2 0.06 Below 0.3 0.02 6.0b 1.3 0.8 1.7 

SE 0.002 0 0.004 0.02 0.1 0.05 SE 0.1 0.01 1.7 1.3 0.3 1.1 

Lower Bay Bay-wide 

Year Year 

Pycnocline Pycnocline 

Depth 1995 1996 1997 1998 1999 Total Depth 1995 1996 1997 1998 1999 jTotal 

Above 3.0 1.9 3.7 10.0 2.9 4.3 Above 1.4 0.6 2.4 5.1 1.5 2.2 

SE 0.8 0.6 1.6 2.3 0.9 1.5 SE 0.4 0.3 0.8 1.4 0.5 0.8 

Below 3.5 0.8 5.9 5.3 3.5 3.8 Below 1.4 0.3 4.7 3.1 1.9 2.3 

SE 1.0 0.4 2.4 1.3 1.2 0.9 SE 0.4 0.1 1.3 0.8 0.6 0.8 



Table J 3. Yearly survey and regional mean larval bay anchovy total lengths (mm) for 

TIES summer surveys in Chesapeake Bay from 1995-1999. No larvae were collected 

in the upper-bay samples in 1996. For within-year and total regional comparisons and 

between-year bay-wide comparisons, different superscripts indicate significant 

differences (ANOVA P<0.05). 

Bay Region 1995 

Upper 15.7ab 

SE 14.8 

Mid 6.3 a 

SE l. 7 

Lower l 0.9b 

SE 0.6 

Bay-wide 

Mean 10.3c 

SE 0.5 

1996 

I 0.1 

5.8 

13.8 

0.6 

13.7c 

1.3 

Year 

1997 

13 .2 

7.3 

4.5 

0.7 

5.8 

0.5 

5.3a 

0.4 

61 

1998 1999 Total 

10.3ab 8.4 10.0 

4.3 2 .0 7.4 

14.3b 4.0 6.0 

1.5 1.1 1.8 

6.7a 5.5 7.6 

0.3 0.3 0.9 

7. lb 5.4ab 7.1 

0.3 0.7 I. I 
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Figure 15. Bay-wide mean to tal lengths (mm) of larva l bay anchovy during 

summer TIES surveys in Chesapeake Bay fro m 1995- 1999. Enor bars 

represent +/- 1 SE. 
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Figure 16 . R egional mean total lengths (mm) of la rva l bay anchovy from 
summer TIES surveys in Chesapeake Bay from 1995- 1999 . No larvae were 
co ll ected in the upper-bay samples in 1996. E rror bars represent +/- 1 SE. 
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differences were not significant (ANOVA P>0.05) (Figure 16 Table 13) I t • 
, . n con rast, 111 

1998 the largest larvae were in the mid bay (mean = 14.3 mm) There were 1 
. 

· . no arvac 111 

the upper bay samples in 1996, but the mid-bay larval mean length (1 O. I mm) was still 

less than that of the lower bay (13.8 mm). For the combined-years regional lengths, 

larvae were largest in the upper bay (mean = I 0.0 111111), and smaller in the mid- and 

lower-bay regions (means = 6.0 and 7.6 mm, respectively) (Table 13). However, none of 

the observed differences in mean length between regions differed significantly (ANOVA 

P>0.05) . 

Mean bay-wide larval length was longer for below-pycnocline larvae in 1998 and 

1999 (ANOV A P<0.05), but did not differ significantly between the depth layers in 1995_ 

1997 (Tab le 14). In 1998, mean larval length was significantly longer above, rather than 

below, the pycnocline in the upper-bay region, but mean length was significantly shorter 

above the pycnocline in the lower bay in that year (ANOVA P<0.05). For combined­

years, there were no differences in bay-wide mean lengths above and below the 

pycnoc line (Tab le 14). 

Relative length frequencies (LFs) varied annually (Figure I 7) and regionally 

(Figures 18-22) in each year. In 1995 the mid-bay LF distribution d iffered from that of 

the upper- and lower-bay regions (Ko lmogorov-Smirnov test P<0.05) (Figure 18). There 

was no significant difference between the LF distributions of the mid and lower bay in 

1996 (Kolmogorov-S mirnov test P>0.05) (Figure 19). In 1997 and 1999, al l three bay 

regions had different LF distributions (Ko lmogorov-Smirnov test P<0.05) (Figures 20 

and 22). In 1998, the lower bay LF distribution was significant ly different from LFs in 

the upper and mid bay (Ko lmogorov-Sm irnov test P<0.05) (Figure 2 1 ). 
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Table 14. Yearly survey and regional above- and below-pycnocline mean larval bay anchovy total lengths (mm) for TIES summer 

surveys in Chesapeake Bay from 1995-1999. No larvae were collected in the upper-bay samples in 1996. For within-year and total 

depth comparisons for each region and bay-wide, different superscripts indicate significant differences (t-test P<0.05). Above= 

above pycnocline; Below = below pycnocline. 

Upper Bay Mid Bay 

Year Year 

Depth 1995 1996 1997 1998 1999 \Total Depth 1995 1996 1997 1998 1999 \Total 

Above 16.7 - 12.8 l l.l b 7.4 10. l Above 6.4 13 .9 4.5 13 .3 4.2 5.5 

SE 3.3 - l.7 0.7 l.l l. l SE 0.8 3.4 0.5 0.9 0.3 l.9 

Below 9.3 - 15.3 6.7a 9.3 9. l Below 6.2 9.0 4.4 14.5 3.9 6.4 

SE 8.l - 4.l l.7 l.5 l.9 SE l.3 2.4 0.4 0.5 0.4 1.6 

°' V, 

Lower Bay Bay-wide 

Year Year 

Depth 1995 1996 1997 1998 1999 !Total Depth 1995 1996 1997 1998 1999 !Total 

Above 10.5 14.0 6.1 6.0a 5.1 7.1 Above 9.8 14.0 5.7 6.1 a 5.1 a 6.7 

SE 1.0 0.7 0.6 0.3 0.4 1.1 SE 0.7 0.5 0.4 0.3 0.3 1.0 

Below 11.3 13.0 5.6 8.4b 6.5 8.5 Below 10.9 12.8 5.1 9.1 b 6.i 7.7 

SE 0.9 1.2 0.7 0.6 0.6 1.5 SE 0.7 1.0 0.4 0.5 0.5 1.3 
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LF di stributi ons were not a lways unimodal. T he bay-w ide LF di stributi on in 

1995 had three modes: the primary mode at 11 111111 , a secondary mode at 3 111111 , and a 

tertiary mode at 2 1 111 111 (Figure 17) . The bay-w ide LF di stributi o n in 1996 was bimoda l, 

w ith modes at 13 mm and 4 mm (Figure 1 7) . However, the bay-wide LF di stributions fo r 

1997- 1999 were a ll unimodal, with th e sma ll modal lengths rang ing from 3 to 4 111111 

(Figure 17). 

Regional LF di stributions in the upper bay tended to be mult imodal for each year. 

LFs were b imodal fo r the mid - and lower-bay regions in l 995 and 1996 (Figures 18-22). 

T he mid- and lower-bay LF di stri butions in 1997-1 999 were genera ll y unimodal, w ith 

modal lengths between 3 and 4 111111 (Fi gures 20-22). However, the m id bay in 1998 had 

fo ur apparent modes: a p ri mary mode at 11 111111 , a secondary mode at 15 mm , a terti ary 

mode at 19 mm, and a quatern ary mode at 24 mm (Figure 2 1 ). 

Growth 

Bay-wide and regional length-at-age data for larva l bay anchovy were fit to a 

Gompertz growth mode l for each year and region (Fi gures 23-29) . T he poo led-years, 

bay-w ide, and regional growth rates at age (days) were es tim ated from the Gompertz 

mode ls fo r larvae 3-30 days o r age (Tables 15 and 16). Max imum larval growth ra tes 

(mm/d) occurred from 8- 12 days post-hatch during a ll years. T he poo led-years bay-w ide 

growth rate for < 30-day-o ld larvae was 0 .75 mm/day based on the linea r model fit to the 

data (F igure 23, Tab le 17). Ind iv idual year's bay-wide growth rates ranged from 0 .68 

mm/day in 1999 to 0 .8 1 mm/day in 1998 (Table 17) . Growth ra tes in 1995 and 1998 

were s ignifi cantly hi gher than in 1999 (A NCOV A P<0.05). 
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Table 15. Bay-wide growth rates (mm/day) at age (days) for larval bay anchovy derived 
from data fit to the Gompertz model. Chesapeake Bay, 1995- 1999. 

Year 

Age (days) 1995 1996 1997 1998 1999 lroo led Mean 

3 0.64 0.64 0.69 0.62 0.68 0.66 

4 0.73 0.69 0.75 0.68 0.75 0.73 

5 0.82 0.73 0.80 0.73 0.81 0.78 

6 0.89 0.77 0.85 0.78 0.86 0.83 

7 0.94 0.80 0.88 0.82 0.89 0.87 

8 0.98 0.82 0.90 0.85 0.9 1 0.89 

9 1.00 0.83 0.9 1 0.87 0.9 1 0.91 

10 1.01 0.84 0.9 1 0.89 0.90 0.91 

1 1 1.00 0.84 0.91 0.90 0.88 0.90 

12 0.99 0.84 0.89 0.90 0.85 0.89 

13 0.96 0.83 0.87 0.90 0.82 0.87 

14 0.92 0.82 0.84 0.89 0.78 0.84 

15 0.88 0.80 0.8 1 0.87 0.73 0.8 1 

16 0.84 0.78 0.78 0.86 0.69 0.78 

17 0.79 0.75 0.74 0.83 0.64 0.74 

I 8 0.74 0.72 0.70 0.81 0.59 0.70 

19 0.69 0.70 0.66 0.78 0.55 0.66 

20 0.63 0.67 0.62 0.75 0.50 0.62 

21 0.59 0.63 0.58 0.72 0.46 0.58 

22 0.54 0.60 0.54 0.68 0.42 0.54 

23 0.49 0.57 0.5 1 0.65 0.38 0.50 

24 0.45 0.54 0.47 0.62 0.35 0.46 

25 0.4 1 0.51 0.44 0.58 0.3 1 0.43 

26 0.37 0.48 0.40 0.55 0.28 0.39 

27 0.34 0.45 0.37 0.52 0.26 0.36 

28 0.31 0.42 0.34 0.49 0.23 0.33 

29 0.28 0.40 0.3 1 0.46 0.21 0.30 

30 0.25 0.37 0.29 0.43 0.19 0.28 
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Table 16. Regional (upper, mid, and lower bay) growth rates (mm/day) at age (days) for larval bay anchovy derived from data fit 
to the Gompertz model. Chesapeake Bay, 1995-1999. No larvae were collected in the upper bay in 1996. 

Year 

1995 1996 1997 1998 1999 

Age (days) Upper Mid Lower Mid Lower Upper Mid Lower Upper Mid Lower Upper Mid Lower 

3 0.45 0.64 0.65 0.70 0.5 7 0.70 0.75 0.53 0.63 0.60 0.64 0.70 0.56 0.50 

4 0.68 0.73 0.74 0.75 0.61 0.76 0.83 0.56 0.70 0.65 0.71 0.77 0.59 0.53 

5 0.92 0.81 0.81 0.79 0.65 0.81 0.91 0.60 0.76 0.69 0.77 0.82 0.62 0.57 

6 1.12 0.87 0.87 0.83 0.69 0.86 0.96 0.63 0.81 0. 73 0.82 0.87 0.64 0.59 

7 1.27 0.92 0.92 0.85 0.72 0.90 0.99 0.66 0.85 0.76 0.86 0.91 0.66 0.62 

8 1.35 0.96 0.95 0.87 0.75 0.93 1.00 0.68 0.88 0.79 0.90 0.94 0.67 0.64 

9 1.36 0.99 0.97 0.88 0.77 0.95 1.00 0.70 0.90 0.81 0.93 0.97 0.67 0.66 

10 1.32 1.00 0.98 0.88 0.78 0.96 0.98 0.71 0.90 0.83 0.95 0.98 0.66 0.68 

11 1.23 1.00 0.98 0.87 0.80 0.96 0.95 0.73 0.89 0.84 0.96 0.98 0.65 0.69 

12 1.12 0.99 0.97 0.86 0.80 0.95 0.91 0.73 0.88 0.85 0.96 0.98 0.64 0.70 

13 1.00 0.97 0.95 0.84 0.80 0.94 0.86 0.74 0.86 0.85 0.96 0.97 0.62 0. 71 
14 0.88 0.94 0.92 0.82 0.80 0.92 0.80 0. 73 0.83 0.85 0.95 0.95 0.60 0.71 
15 0. 76 0.90 0.88 0.80 0.79 0.90 0.75 0.73 0.79 0.84 0.93 0.93 0.58 0.71 
16 0.64 0.86 0.84 0.77 0.78 0.87 0.69 0.72 0.76 0.84 0.91 0.90 0.55 0.71 
17 0.54 0.82 0.80 0.73 0.77 0.84 0.63 0.71 0.72 0.82 0.88 0.8 7 0.52 0.70 
18 0.46 0.77 0. 76 0.70 0.76 0.81 0.58 0. 70 0.67 0.81 0.85 0.84 0.50 0.69 
19 0. 38 0.72 0.7 1 0.67 0.74 0.77 0.53 0.69 0.63 0.79 0.82 0.80 0.47 0.68 
20 0.31 0.68 0.66 0.63 0.72 0. 73 0.48 0.67 0.59 0.77 0.79 0.76 0.44 0.67 
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Table 16 ( cont'd) 

1995 

Age (days) Upper Mid 

21 0.26 0.63 

22 0.21 0.5 8 

23 0.17 0.54 

24 0.14 0.49 

25 0.12 0.45 

26 0.10 0.42 

27 0.08 0.38 

28 0.06 0.35 

29 0.05 0.32 

30 0.04 0.29 

1996 

Lower Mid Lower 

0.62 0.60 0.69 

0.57 0.56 0.67 

0.53 0.53 0.65 

0.49 0.49 0.62 

0.45 0.46 0.60 

0.41 0.43 0.57 

0.38 0.40 0.54 

0.34 0.37 0.52 

0.31 0.35 0.49 

0.29 0.32 0.47 

Year 

1997 1998 1999 

Upper Mid Lower Upper Mid Lower Upper Mid Lower 

0.70 0.43 0.65 0.55 0.75 0.75 0.73 0.41 0.65 

0.66 0.39 0.63 0.51 0.73 0.72 0.69 0.38 0.64 

0.62 0.35 0.61 0.47 0.70 0.68 0.65 0.36 0.62 

0.58 0.31 0.59 0.43 0.68 0.65 0.61 0.33 0.60 

0.55 0.28 0.57 0.40 0.65 0.61 0.57 0.31 0.58 

0.51 0.25 0.55 0.36 0.63 0.57 0.54 0.29 0.5 6 

0.48 0.22 0.52 0.33 0.60 0.54 0.50 0.27 0.54 

0.45 0.19 0.50 0.30 0.57 0.51 0.47 0.24 0.52 

0.42 0. 17 0.48 0.28 0.5 5 0.47 0.44 0.23 0.50 

0.39 0.15 0.46 0.25 0.52 0.44 0.40 0.21 0.48 



Table 17. Yearly survey and regional daily growth rates (mm/day) of larva l bay 

anchovy in Chesapeake Bay from 1995-1999. Growth rates were estimated from the 

linear regression of length on age of larvae <30 days of age. No larvae were co ll ected 

in the upper bay in 1996 . For w ithin-year and pooled regional comparisons and 

between-year bay-wide compari sons, different superscripts indicate sign ificant 

diffe rences (ANCOV A P<0.05). 

Growth Rate (mm/day) 

Year 

Bay Region 1995 1996 1997 1998 1999 !Poo led 

Upper 0.74 0.83a 0 .77b 0.82" 0.83a 

SE 0. 13 0.03 0.03 0 .05 0.02 

Mid 0 .77 0.83 0.80ab 0.7611 
0 .55 11 0 .71 b 

SE 0.04 0.09 0.05 0.03 0.03 0.03 

Lower 0.80 0.73 0.70b 0.863 0.6t1 0.75b 

SE 0 .06 0.04 0.04 0.03 0.05 0.02 

Bay-wide 

Mean 0.78 3 0 .74ab 0.76ab 0.81 a 0.68b 0.75 

SE 0.03 0.04 0.03 0.02 0.04 0.0 1 
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T he poo led-years growth rate in the upper bay (0.83 mm/day) was s ignifi cantly 

hi gher than grow th rates in the mid (0.71 mm/day) and lower (0.75 mm/day) bay (Figure 

24, Table I 7). Regional growth rates with in years were hi gher in the upper bay than in 

the lower bay in 1997 and 1999, but were hi ghest in the lower bay in 1998 (ANCOV A 

P<0.05). There were no s ignificant differences between the regional growth rates 

es tim ated in 1995 and 1996 (ANCOV A P>0.05). T he highest regiona l growth rate (0.86 

mm/day) was estim ated for the lower bay in 1998, whil e the lowest rate (0.55 mm/day) 

was estimated for the mid-bay region in 1999 (Tab le 17). 

The estimated poo led- years growth rate of larvae co ll ected above the pycnoc line 

(0.77 mm/day) was s li ghtl y hi gher than that of larvae collected below th e pycnocline 

(0.73 mm/day) . However, there were no significant differences in growth rates of larvae 

in e ither depth layer withi n years or for the poo led data (ANCOV A P 0 .05) (Tab le 18) . 

Feed ing Inc idence 

Feeding inc id ence (Fl) , the proportion of examined larvae w ith at least one prey 

item in th eir guts, varied amo ng yea rly surveys and regionall y, but did not differ in larvae 

co ll ected above or be low the pycnoc line. Hi ghest regiona l Fl tended to be in the upper 

bay, wh il e the lowest Fl was most often observed in larvae from the mid-bay region. FI 

was hi gher durin g the day than at ni ght, and genera ll y increased w ith larva l s ize. A lso , 

ingested prey items were more often in the hind guts rather than the fo reguts of larvae. 

Bay-wide Fl was low, ranging from 0.09 in 1996 to 0 .23 in 1998 (Figure 30, 

Table 19). Fl in I 996 was signifi cantl y lower than in 1998 and 1999, whi le Fl in 1998 

was hi gher th an in both I 996 and 1997 (x2-test P<0.05) . Poo led over the fi ve years, 
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Table 18. Yearly survey bay-wide above- and be low-pycnocline daily growth rates 
(mm/day) of larva l bay anchovy in Chesapeake Bay from 1995-1999. Growth rates were 
estimated from the linear regression of length on age for larvae <30 days of age. There 
were no significant differences between depths zones within years or for the pooled data 
(ANCOV A P>0.05). 

Growth Rate (mm/day) 

Year 
Pycnocline Depth 1995 1996 1997 1998 1999 !Pooled 
Above 0.8 1 0.74 0.80 0.83 0.66 0.77 
SE 0.05 0.05 0.03 0.03 0.05 0.02 
Below 0.76 0.74 0.72 0.78 0.69 0.73 
SE 0.05 0.06 0.04 0.03 0.05 0.02 
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regiona l Fl was significantly higher in the upper bay (0 .27) than in the mid (0.13) or 

lower (O. l 7) bay (x2-test P<0.05). Regional Fl was hi ghest in the upper bay in 1995, 

1997, and 1999, but not in 1998 . There were no bay anchovy larvae co ll ected in upper­

bay samp les in 1996. Mid-bay FI was lowest in a ll years except 1997 (Table 19). The 

highest regiona l F1 was estimated for the upper bay in 1995 (0.43), wh il e the lowest was 

es timated for the mid bay in 1996 (0 .06). 

Bay-,,vide, th e above- and below-pycnocline Fl did not di rrer s ignifi cantl y in any 

year or for th e 5-yea r pooled data set (x.,2-test P>0.05) (Tab le 20). ln a separate bay-w ide 

survey during summer 1998 (Figure 2), Ff was s ignifi cantl y hi gher above th e pyc nocline 

(0.26) than at the pycnocline (0.08) (x2-test P<0.05), while below-pycnocline FJ was 

intermediate (Tab le 20). There was no signifi cant difference in F l above or below the 

pyenocline within regions in any year (x.,2-test P>0.05). 

TIES T ucker trawl co ll ections were made during dayli ght, usuall y between 0900 

and 2 100 hrs . In a separate die! survey conducted from 30 July - I August 2000, larval F1 

was nine times hi gher during th e day (0.27) th an at ni ght (0 .03) (x2-test P<0.0001). In 

fact, the on ly food items round in the ni ght samples were carapaces of large copepods in 

the hind guts of larvae co ll ected soon after dusk, suggesting th at these food items may 

have been consumed during the day, but were not fully di ges ted or ex pe ll ed when th e 

larvae were captured. 

T he larva l gut location in wh ich prey items were found a lso was examined using 

the pooled data from a ll larvae with prey in th eir guts. Only 8% or prey items were 

located in the foreguts of larva l bay anchovy, whereas 92% were in the hindguts (x.,2-test 

P<0.000 I) . 
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Table 19. Yearly survey and regional larval bay anchovy feeding incidences in 
Chesapeake Bay from 1995- 1999. No larvae were co ll ected in the upper bay in 1996. 
For w ithin -yea r and poo led regional comparisons and between-year bay-wide 
comparisons, different superscripts indicate significant differences (Chi -square 
P<0.05). 

Year 
Bay Region 1995 1996 1997 1998 1999 !Pooled 

Upper 0.43a 0.253 0.22ab 0.3 1 a 0.273 

Mid 0. l Ob 0.06 0.2 l a 0.12" 0.1 Ob 0.1 Jb 

Lower 0.20ab 0.09 0.09b 0.30b 0.13b O. l i' 

Bay-wide 0. l 6abc 0.09" 0. J 6ab 0.23c 0. J 7bc 0.17 
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Tab le 20. Bay-wide above- and below-pycnocline larva l bay anchovy feedi ng 
incidences in Chesapeake Bay from 1995- 1999. Feeding incidences were determined 
fo r above and below the pycnocline only, except fo r a separate bay-wide survey 
conducted at ten stati ons in 1998 (98DS), which also included samples taken at the 
pycnocli ne (Figure 2). There were no sign ifi cant differences between depth zones 
w ithin years or for the pooled data set (Ch i-square P>0.05). For w ithin-98DS depth 
comparisons, different superscripts indicate sign ifi cant differences (Chi-sq uare 
P 0.05). Above = above pycnocline; At = at pycnoc line; Below = below pycnocline. 

Year 
Depth 1995 1996 1997 1998 1999 !Pooled l98DS 
Above 0. 16 0.08 0.18 0.25 0. 17 0. 19 0.26a 
At 0.08 11 

Below 0. 17 0.04 0. 12 0.2 1 0. 18 0. 16 0.14ab 
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Figure 30. Yearly survey bay-wide feeding incidences of larva l bay anchovy in 
Chesapeake Bay from 1995-1999. 
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For poo led data from the five years, Fl c learl y increased as larva l size increased 

(F igure 3 1 ), from a low o f 0.09 fo r 2.5-4.4 mm larvae to a hi gh of 0.23 fo r 13.5- 16.4 mm 

larvae (Tab le 2 1) . Thi s re lationship was not as readil y apparent when indiv idual year's 

data were analyzed. However, in the two years where signifi cant differences did occur 

(1998 and 1999), the la rgest size-class had hi gher FI than the smallest (x_2-test P<0.05) 

(Tab le 2 1 ). Fo r within larval si ze-class yearl y survey compari sons, FI for 2.5 -4.4 mm 

larvae was signifi cantl y hi gher in 1998 (0.1 7) than in l 999 (0.04) (x_2-test P<0.05) . Also, 

Fl for large, 13.5- 16.4 mm larvae was hi gher in 1998 (0 .37) than in 1996 (0.05), 1997 

(0. 13), and 1999 (0.19). FI of 13.5-1 6.4 mm larvae in 1996 was lower than either 1995 

(0 .26) or 1998 (x_2- tes t P<0.05). The interm edi ate larva l size c lasses had simil ar Fls 

between years (x2-test P>0.05) (Tab le 2 1 ). 

For the pooled 1995- 1999 data, regiona l Fl was hi ghest in the upper bay and 

lowest in the mid -bay region for a ll larva l size c lasses except 4.5-7.4 mm larvae, fo r 

which Fl was lowest in the lower bay (Tab le 22). Much li ke the poo led years 

compari sons, the pooled Ffs of the larger size classes were generall y higher than the Fis 

of small er size c lasses on a pool ed regional basis (x2 -tes t P<0.05) (Table 22). 

There were no significant differences in poo led Fl between above- and below­

pycnoc line larvae for any of th e larval size classes (x2 -test P>0.05) (Tabl e 23). ln 

addition , the Fls of the larger size c lasses were generall y higher than the Fis of the 

small er size classes fo r pooled above- and below-pycnocline larvae (x_2-test P<0.05) 

(Tabl e 23). 
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Table 21. Yearly survey and pooled feed ing incidences for fiv e size classes of 

larval bay anchovy in Chesapeake Bay from 1995- 1999. For within-year and 

poo led larval size class comparisons, different letter superscripts indicate 

signifi cant differences (C hi-square P<0.05) . For within larval size c lass yearly 

survey compari sons, different numeric superscripts indicate signifi cant 

differences (C hi-square P<0.05). No larvae in the 2.5-4.4 and 4.5-7.4 mm s ize 
classes were fo und w ith prey in their guts in 1996. 

Year 

S ize C lass 1995 1996 1997 1998 1999 I Pooled 

2.5-4.4 mm 12
0. 16 120 120.07 10. 17" 20.04a 0.09a 

4 .5-7.4 mm 0. 13 0 0.2 1 O. l la 0.23b 0. 1Gb 

7.5- 10.4111111 0. 15 0.17 0. 16 0.20" 0.2 ] b 0. 18bc 

10.5-13.4 mm 0. 12 0. 19 0.2 1 0.2 1 a 0. ]9b 0.19hc 

13.5- 16.4 mm 230.26 
10.05 

120. 13 30.37b 120.] 9b 0.23c 
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Table 22. Poo led regional feeding incidences for fi ve size c lasses of larval bay 
anchovy in C hesapeake Bay from 1995-1 999. For within -region larval size c lass 
compari sons, di fferent letter superscripts indicate signifi cant di ffe rences (Chi -square 
P<0.05). For w ithin larval si ze c lass regional compari sons, different numeri c 
superscripts indicate si gnificant differences (Chi-square P<0.05). No larvae in the 
2.5-4.4 mm size class were found with prey in their guts in any upper-bay samples. 

Bay Region 

Size C lass Upper Mid Lower 

2.5-4.4 mm 0" 0.06" 0.1 2ab 

4.5-7 .4 mm 10.26b 120.16b 20. I 0a 

7.5-10.4 111111 
10.27b 20. 13ab 120_ 19cb 

10.5- 13.4 111111 
10.33b 20. 16b 20. I 6ab 

13.5- 16.4 m m 10.32b 20. J 3"b 10.29c 
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Table 23. Pooled above- and below-pycnocline feeding incidences for five size 

classes of larval bay anchovy in Chesapeake Bay from 1995-1999. For within­

depth larval size class comparisons, different superscripts indicate significant 

differences (Chi-square P<0.05). There were no significant differences 

between depth zones within larval size classes (Chi-square P>0.05). 

Size C lass 

2.5-4.4 111111 

4.5-7.4 111111 

7.5- 10.4 111111 

10.5-13.4 111111 

13.5-16.4 mm 

Above Pycnocline 

0.07
3 

0.] 8b 

0. J 7b 

0.23b 

0.26b 
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Depth 

Below Pycnocline 

0.11 a 

0.1 Jab 

0.20ab 

O. I 6ab 

0.21 b 
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Figure 31. Linear regression of pooled-data feeding incidence vs. mean 

length of bay anchovy larvae in each of five larval size classes in 

Chesapeake Bay from 1995-1999. 
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Numbers of Prey 

The bay-wide mean number of prey items per larva l gut (PPG) ranged from 1.22 

in the 1999 survey to 1.54 in the 1998 survey, and did not differ significantly among 

years (ANOVA P>0.05) (Table 24). Regionally, mean PPG did not differ significantly 

among regions in any year or for the pooled-years data (ANOV A P>0.05) (Table 24). ln 

addition , mean PPG did not differ significantly for larvae collected above and below the 

pycnocline in any year, but PPG was significantly hi gher in larvae collected above th e 

pycnocline in the poo led-years data (t-test P<0.05) (Table 25). In the separate J-depth 

survey (above, at, and be low the pycnocline) conducted during a summer 1998 cruise, 

mean PPG did not differ significantly among the three depth layers (ANOVA P>0.05) 

(Table 25). 

PPG also was compared for the five larval size classes. The observed pooled 

mean PPG was highest for 2.5-4.4 mm larvae ( 1.69), lowest for 4.5-7.4 mm larvae ( 1.26), 

then increased for each length class up lo 13 .5- 16.4 mm (Table 26). There were no 

significant differences in poo led mean PPG among larva l s ize c lasses (ANOV A P>0.05). 

There also were 110 significant differences in mean PPG by length class among or within 

regions, or within larval length classes for either yearly cruise or regional comparisons 

(ANOV A P>0.05) (Tables 26 and 27). It is possible that mean PPG was higher for larvae 

collected above compared to larvae collected below the pycnocline for each larval length 

class, although the consistently hi gher PPG for above-pycnocline larvae was only 

significant for 7.4-10.4 mm larvae (t-test P<0.05) (Table 28). There were no s ignificant 
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Table 24. Yearly survey and regional mean numbers of prey per gut for larval bay 

anchovy in Chesapeake Bay from 1995-1999. No larvae were collected in the upper 

bay in 1996. There were no significant differences among regions within years or 

within the pooled data, or among years bay-wide (ANOV A P>0.05). 

Year 

~ay Region 1995 1996 1997 1998 1999 /Pooled 

Upper 1.33 1.40 1.50 I. I I 1.3 

SE 0.33 0.24 0.22 0.08 0. 1 

Mid 1.10 1.00 1.38 1.30 1.1 I l.3 

SE 0. 10 0 0. 19 0.15 0.Jl 0.1 

Lower 1.60 1.56 1.00 1.60 1.54 1.5 

SE 0.18 0.34 0 0.19 0.24 0.1 

Bay-wide 1.42 1.50 1.29 1.54 1.22 1.4 

SE 0.12 0.31 0.12 0.13 0.08 0.1 
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Tabl e 25. Bay-wide above- and below-pycnocline mean numbers of prey per gut for 
larval bay anchovy in Chesapeake Bay from 1995- 1999. Mean prey per gut was 
determined for larvae co ll ected above and below the pycnocline only, except for a 
separate bay-wide survey conducted at ten stations in 1998 (98DS) (Figure 2), which 
also included samp les co ll ected at the pycnocline. There were no significant 
differences between depth layers with in years (t-test P>0.05) or for the 98DS depth 
comparisons (ANOY A P>0.05). For depth comparisons within the pooled-years data, 
different superscripts indicate significant differences (ANOYA P<0.05) . Above = 
above pycnocline; At = at pycnocline; Below = below pycnocline. 

Year 
Depth 1995 1996 1997 1998 1999 !Pooled l98DS 

Above 1.50 1.50 1.45 l.74 1.32 1.5" 1.15 
SE 0.20 0.29 0. 18 0.20 0.15 0.1 0.10 
At 1.25 
SE 0.25 

Be low 1.35 1.50 1.00 1.27 1.15 1.2b 1. 71 
SE 0.14 0.50 0 0.14 0.09 0.1 0.47 
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Table 26. Yearly survey and pooled mean prey per gut for five size c lasses of 
larval bay anchovy in Chesapeake Bay from 1995-1999. There were no 
significant differences for w ithin-year or pooled-years larval length-class 
compari sons , or for yearly survey larval length-class comparisons (ANOY A 
P>0.05). 

Year 
Size Class 1995 1996 1997 1998 1999 I Poo led 

2.5-4.4 mm 2.00 1.00 1.67 2.00 1.69 
SE 0.55 0 0.49 1.00 0.27 
4.5-7.4 mm 1.50 1.50 1.00 1.13 1.26 
SE 0.22 0.30 0 0.09 0.10 
7.5-10.4 mm 1.50 1.25 1.00 1.57 1.00 1.28 
SE 0.34 0.25 0 0.20 0 0.09 
10.5-13.4111111 1.00 1.80 l.22 l.80 1.22 1.47 

SE 0 0.58 0.22 0.42 0.22 0.17 
13.5-16.4 mm 1.18 1.00 1.50 1.71 1.50 1.52 
SE 0.12 0 0.34 0.22 0.27 0.12 
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Table 27. Pooled regional mean prey per gut for five length c lasses of larval bay 

anchovy in Chesapeake Bay from 1995-1999. There were no significant differences 

for within-region larval length-class comparisons, or for within larval length-class 

regional comparisons (ANOV A P>0.05). 

Size C lass 

2.5-4.4 mm 

SE 
4.5-7.4 mm 

SE 
7.5-10.4 mm 

SE 
I 0.5-13.4 mm 

SE 
13.5-16.4 mm 

SE 

Upper 

I. 13 

0.09 

1.14 

0. 10 

1.38 

0.21 

1.56 

0.34 

99 

Mid 

l.00 

0 
1.33 

0.26 

1.20 

0. 13 

1.15 

0.15 

1.42 

0. 19 

Bay Region 
Lower 

1.92 

0.34 

1.36 

0. l 5 

1.35 

0.15 

l.67 

0.37 

1.53 

0.17 



Tab le 28. Pooled above- and below-pycnocline mean prey per gut for five 

length classes of larva l bay anchovy in Chesapeake Bay from 1995-1999. 

There were no significant differences for within-depth-layer larval length-c lass 

comparisons (ANOVA P>0.05). For between-depth-layer comparisons within 

larva l length-classes, different superscripts indicate signifi cant differences (t­

tcst P<0.05). 

Depth 

Size Class Above Pycnoc line Below Pycnocl ine 

2.5-4.4 mm 2.33 1.30 

SE 0.56 0.2 1 

4 .5-7.4 mm 1.32 1.1 9 

SE 0.15 0. 10 

7.5 -10.4 mm 1.45 3 1.08b 

SE 0.14 0.08 

I 0.5- 13.4 mm 1.62 1.17 

SE 0.26 0.17 

13.5- 16.4 111111 1.55 1.40 

SE 0. 16 0. 17 
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di ffercnces in mean PPG among length classes within the above- or below-pycnocline 

layers (ANOVA P>0.05) (Table 28) . 

Kinds of Prey: Frequency and Preference 

Copepod eggs, nauplii, copepodites, and ad ult copepods were the primary prey 

items ingested by larval bay anchovy in Chesapeake Bay from 1995-1999, comprising 

72% of the identifiable food items (Figure 32). The calanoid copepod Acartia tonsa was 

the dominant species eaten, and is the most abundant copepod species in the Bay. 

Diatoms numerically accounted for 7% of the total di et, rotifers 6%, tintinnids 4%, and 

c ladocerans 4%. Nine unidentified planula larvae comprised a small fraction of the larval 

diet, but were found on ly in the guts of four <4.4 mm bay anchovy larvae, all of which 

were co ll ected at two stations in the lower bay in 1995. 

Relative prey frequencies were examined for the pooled prey data and bay-wide 

for each year (Figure 32). Prey frequencies fo r four prey categories (copepod 

copepodites and adults, copepod naupJii , invertebrate eggs, and other prey) differed in 

1995 from all other years (x
2-test P<0.05) . The prey frequencies in 1996 were simi lar to 

those in f 999, but were s ignificantly different in th e other years (x
2-test P<0.05) . 

Relative prey frequenci es for the four prey categories were simi far in 1997, f 998, and 

!999 (x
2-test P>0.05). 

Pooled-years regional (Figure 33) and above-below-pycnocline (Figure 34) prey 

freq uencies also were analyzed. Prey frequency distributions were similar for the pooled­

years regional data Cx2-test P>0.05). However, there was a significant difference between 

the pooled above- and below-pycnocline prey frequency distributions (x2-test P=O.OJ ). 
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Figure 32. Bay-wide yearly survey and pooled relative frequencies of prey items ingested by larval bay anchovy in Chesapeake 
Bay from 1995-1999. CCA = copepod copepodites/adults, CN = copepod nauplii , CE= copepod eggs, PJ = polychaete juveniles, 
CL= cladocerans, OS= ostracods, BN = barnacle nauplii , PL= unidentified planula larvae, RO= rotifers, TI= tintinnids, DI = 

diatoms, UN= unidentified food items, and UE = unidentifi ed invertebrate eggs. 
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Figure 33. Pooled-years regional (upper, mid , and lower bay) relative 

frequencies of prey items ingested by larval_ bay anchovy in Chesapeake Bay 

from 1995-1999. CCA = copepod copepo~1tes/adults , CN = copepod nauplii , 

CE = copepod eggs, PJ = polychaete Juvernl es, CL = cladocerans, OS = 

ostracods, BN = barn acle nauplii , PL = unidentified planul a larvae, RO = 

rotifers , TI = tintinnids, DI = diatoms, UN = unidentifi ed food items, and UE = 

unidentifi ed invertebrate eggs. 
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F igure 34 . Poo led-yea rs above- and below-pycnoc line relati ve frequenc ies of 
prey items ingested by larval bay anchovy in Chesapeake Bay from 1995- 1999. 
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diatoms, UN = unidentifi ed food items, and UE = unidentifi ed invertebrate 
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Below-pyc noc line larvae had fed more o ften on ad ult and copepodi te stages of copepods 

and their eggs than had above-pycnoc line larvae, whi ch more freq uentl y consumed 

copepod nauplii and small er zooplankton taxa than did the below-pycnoc line larvae. The 

poo led prey frequency di stributi ons fo r each of the fi ve larva l length classes a ll d iffe red 

signi ficantl y as well (x2-test P<0.05), as larger larvae switched to ingestin g larger prey 

(e.g., copepod adults and copepodites) (Figure 35). The regional and above-below­

pycnoc line prey frequency di stributions of bay anchovy larvae fo r each year ( 1995- 1999) 

a lso were examined (Figures 36 and 37), but could not be tested stati sti cally because th ey 

d id not meet the minimum relative-frequency ass umptions of the ·x:,2 -test. There were no 

apparent regional o r above-below-pyc nocline pattern s since larval size seemed to 

determine prey type and size ingested more th an the locati on or depth occupied by larva l 

bay anchovy. 

Annual and regional relati ve prey preference index values for l ) copepod 

copepodites and adults, 2) copepod nauplii , 3) invertebrate eggs (predominantl y copepod 

eggs), and 4) all other zooplankton taxa were calcul ated as Chesson's a ( l 978) index fo r 

re lati ve prey pre ference (Figure 38, Table 29). Larva l bay anchovy showed a negati ve 

preference fo r bo th copepod nauplii and non-copepod zoopl ankton in regional and among 

yearl y surveys analyses. Copepod copepodites and ad ults were preferred prey in 1997, 

1998, and 1999, but were selected against in 1996. Copepod copepod ites and ad ults a lso 

generall y were preferred in each region , except fo r the mid and lower bay in 1996, the 

upper bay in 1997, and the lower bay in 1999. La rva l bay anchovy exhibited a stro ng 

pre ference fo r invertebrate eggs in 1996- 1998, but a sli ght negative preference fo r that 
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Table 29. Yearly survey and regional relative prey preference index values (Chesson's alpha) for copepod adults and 

copepodites, copepod nauplii, invertebrate eggs, and all other zooplankton tax a ( other) in relation to larval bay anchovy 

feeding in Chesapeake Bay from 1996-1999. No larvae were collected in the upper bay in 1996. Zooplankton samples 

were not collected in 1995. Index values are Chesson's (1978) alpha. Index values <0.25 indicate preference against a 

prey type, values equal to 0.25 indicate no preference for a prey type, and values >0.25 indicate preference for a prey type. 

Copepod copepodites/adults Copepod nauplii 

Year Year 

Bay Region 1996 1997 1998 1999 Bay Region 1996 1997 1998 1999 

Upper - 0 0.54 0.59 Upper 0.005 0.21 0.10 

Mid 0 0.42 0.47 0.84 Mid 0 0.06 0.005 0 

Lower 0.002 0.85 0.34 0.19 Lower 0.0003 0.05 0.04 0.01 

Bay-wide 0.002 0.26 0.35 0.69 Bay-wide 0.0003 0.03 0.04 0.08 

Invertebrate eggs Other 

Year Year 

Bay Region 1996 1997 1998 1999 Bay Region 1996 1997 1998 1999 

Upper 0.99 0 0.07 Upper 0.008 0.24 0.24 

Mid 1 0.40 0.52 0.14 Mid 0 0.12 0.009 0.02 

Lower 0.997 0 0.41 0.80 Lower 0.0003 0.10 0.21 0.001 

Bay-wide 0.997 0.63 0.50 0.15 Bay-wide 0.0003 0.08 0.11 0.07 
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Figure 37. Bay-wide above-/below-pycnocline relative frequencies of prey items ingested by larval bay anchovy 

in Chesapeake Bay from 1995-1999. CCA = copepod copepodites/adults, CN = copepod nauplii , CE= copepod 

eggs, PJ = polychaete juveniles, CL = cladocerans, OS = ostracods, BN = barnacle nauplii , PL= unidentified 

planula larvae, RO = rotifers, TI= tintinnids, DI = diatoms, UN = unidentified food items, and UE = unidentified 

invertebrate eggs. 
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Figure 38. Yearl y survey relati ve prey preference index va lues for copepod 
adu lts and copepodites, copepod naupl ii, invertebrate eggs , and all other 
zooplankton taxa (other) fo r larval bay anchovy in Chesapeake Bay from 1996-
1999. Zooplankton samples were not co ll ected in 1995. Index values are 
Chesson 's (1 978) a for relative prey preference. Index values <0.25 indi cate 
preference aga inst a prey type, values equal to 0.25 indicate no preference fo r a 
prey type, and values >0.25 ind icate preference fo r a prey type. 
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prey catego ry in th e upper and mid bay in 1999. ln vertebrate eggs were hi ghl y pre ferred 

food in most regions and years , except for the lower bay in 1997, th e upper bay in 1998, 

and the upper and mid bay in 1999. The extraordinarily high a index values for 

invertebrate eggs in 1996 resulted because eggs were rare in the zooplankton samples, yet 

a predom inant prey in larva l guts in that yea r. 

Prey Size and Larval Length Comparisons 

Ingested prey length increased ex ponenti all y w ith larva l s ize, but the rates of 

increase generally did not differ among yearly surveys or regionally. Although the mean 

prey size increased with larval length, big larvae continued to ingest small er prey items. 

Relative prey length (prey length/ larval length) increased at a gradual ex ponenti a l rate, 

but genera ll y did not differ annuall y or regionall y. 

Mean prey length for the pooled-years collections increased ex ponentially in 

larvae from th e smal lest (2.5-4.4 mm) to the largest (13.5-16.4 mm) length classes. The 

poo led-data mean prey length increased from 0.07 111111 for 2 .5-4.4 mm larvae to 0 .73 mm 

for 13 .5- 16.4 mm larvae, and d iffered significantly between each length c lass except for 

2.5-4.4 mm and 4.5-7.4 mm larvae (ANOVA P<0.05) (Table 30) . Mean length of 

ingested prey also increased from the smallest to the largest larva l length c lasses in each 

year except for 1996 (ANOV A P<0.05) (Tab le 30). For among-years compari sons within 

larval length c lasses, there were no significant differences among years for the 2.5 -4.4 

mm , 4.5-7.4 mm , and 13 .5- 16.4 111111 larvae (ANOV A P>0.05) . Ingested mean prey 
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lengths did differ among years for the 1995 and 1997 larvae in the 7 .5- 10.4 mm and 10.5-

13.4 mm classes (ANOY A P<0.05) (Table 30). 

Pooled-years regional mean prey lengths also inc reased signifi cantl y from the 

sma ll est to the larges t larva l length classes in each bay region (ANOV A P<0.05) (Tab le 

3 1 ). For compari so ns within larval length classes among regions, there were no 

s ignifi cant differences between regions for th e 2 .5-4.4 mm, 7.5- 10.4 mm, and 10 .5- 13.4 

mm larvae (ANOY A P>0.05). However, mean prey length for 4.5-7.4 mm larvae was 

smaller in the mid bay (0.07 mm) than in the lower bay (0 .14 mm) , and mean prey length 

for 13.5- 16.4 mm larvae was larger in the mid bay (0.91 mm) than in th e lower bay (0.66 

mm) (ANOYA P<0.05). 

The relationships between prey and larval lengths were described well by 

ex ponential regress ions, indicating a constant rate of increase in prey s ize added in the 

larval di et through ontogeny. R egress ions were fit to the poo led-years and annu al bay­

w ide prey and larva l length data (Figure 39). Mean prey length ca lcul ated fro m the 

pooled data was 0.361 mm . There were significant , positi ve s lopes for loge prey length 

regressed on larval length for each year except 1996. Slope coeffi c ients ranged from 0. 18 

in 1998 to 0.26 in 1995 (P<0.001). The slope of the regression line in 1995 was 

s ignificantly hi gher th an that in 1998 (ANCOY A P<0.05), but there were no other 

signi fi cant differences observed between remaining years (ANCOY AP 0.05) (Figure 

39). Regional regressions of loge prey length on larva l length a lso were fit fo r the years 

1995- 1999 (Figure 40) . S lopes of th e re lationships were genera ll y s imil ar among 

regions . The on ly s ignifi cant difference between regional slopes was fou nd in 1998, in 
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Table 30. Yearly survey and pooled-years bay-wide mean prey lengths (mm) for five 

length classes o f larva l bay anchovy in Chesapeake Bay from 1995- 1999. No larvae 

were collected in the upper bay in 1996. For within-year and within pooled-years 

larval length-class comparisons, different letter superscripts indicate significant 

differences (ANOV A P<0.05). For within larval length-class yearly survey 

comparisons, different numeric superscripts indicate significant differences (ANOV A 

P<0.05). OP = observed pooled mean prey length ; PP = predicted pooled mean prey 

length for 3.5, 6.0, 9 .0, 12.0, and 15.0 mm larvae from regression eq uation of loge 

prey length (y) on larval length (x) for pooled data: y = 0.21x - 3 .77 (Figure 39). 

Year 

Size C lass 1995 1996 1997 1998 1999 !OP pp 

2.5-4.4 mm 0.04a 0.09a 0.09a 0.07a 0.07'' 0.05 

SE 0.002 0.01 0 .02 0.01 0.007 

4.5-7.4 mm 0.15" 0.08a 0. J Oab 0.10" 0.1 0" 0.08 

SE 0 .05 0.0 l 0.02 0.01 0.01 

7.5-10.4 111111 
10 .33b 12

0. 19 
20.09" 120_17ab 120.20" 0 .20b 0. 15 

SE 0.06 0.06 0.03 0.03 0.05 0.02 

10.5- 13.4 111111 30. 73bc 1
0.15 23 0.60b 120.29b 23 0.51 b 0.40c 0.29 

SE 0.11 0.05 0.12 0.05 0.09 0.04 

13 .5- 16.4 111111 0.97c 0.15 0.81 b 0.61 c 0.83b 0.73d 0 .54 

SE 0.08 0 0.08 0.07 0. 10 0.05 
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Table 31. Pooled-years regional mean prey lengths (mm) for five length c lasses of 
larval bay anchovy in Chesapeake Bay from 1995-1999. No larvae in the 2.5-4.4 mm 
length class collected in the upper bay had prey items in their guts. For within-region 
larval length-class comparisons, d ifferent letter superscripts indicate significant 
differences (ANOVA P<0.05). For within larval length-class regional comparisons, 
different numeric superscripts indicate significant differences (ANOV A P<0.05). 

Size C lass 

2.5-4.4 mm 
SE 
4 .5-7.4 mm 

SE 
7.5-10.4 mm 

SE 
10.5-13.4 111111 

SE 
13 .5-16.4mm 

SE 

Upper 

120. 1 oa 
0.01 

0.20b 

0.04 

0.46c 

0.06 
120_77c 

0.09 

Bay Region 
Mid Lower 

0.08ab 0.073 

0.02 0.008 
10.073 20. ]4"b 

0.01 0.03 

0.18b 0.21 b 

0.05 0.04 

0.36c 0.37b 

0.07 0.07 
20.91 d 

10.66c 

0.07 0.06 
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Figure 40. Regional (upper, mid, and lower bay) regressions of loge prey length (mm) on larval length (mm) for larval bay 
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which the s lope of the mid-bay regression (0 .33) was higher than that of the lower-bay 

(0 .15) (ANCOV A P<0.05) . 

The square root of relative prey length (prey length/ larval length) also was 

regressed o n larval length . The mean relative prey length of th e pooled-years data was 

0.03 . The square root of relative prey length increased significant ly (P<0.005) as larvae 

grew in each year except 1996 (Figure 41 ), indicating a significant, though sma ll and 

gradua l, increase in the relative size of prey items added to the larval diet as larval length 

increased. The s lope of the regression line for the pooled data was 0.008. The s lope of 

the 1995 regression (0.0 12) was greater than that of 1998 (0.006) (ANCOV A P<0.05) . 

S lopes for a ll other years were s imilar (ANCOVA P>0.05) (Figure 41) . 

When regional sq uare root relative prey lengths were regressed on larval length 

for the years 1995- 1999 (Figure 42), significant and positive s lopes (P<0.05) were found 

in a ll cases, except for the lower bay in 1996 and 1997, and in the upper bay in 1997 

(P>0.05). In 1998, the s lope of the mid-bay regression (0 .0 l 9) was greater than that of 

the lower-bay (0 .004), w hil e in 1999, the slope of the mid-bay regression (0.02 1) was 

greate r than that of the upper- (0.0 I 0) and lower-bay (0.009) (ANCOV A P<0.05) (Figure 

42) . T here were no other significant differences between regional s lopes w ithin years . 

Con-e lat ions 

There were 22 pairs of regional biotic and ab iot ic variab les that were s ign ifi cantly 

corre lated at the a =0.05 leve l (Tabl e 32) . YOY abu ndance in October was positively 

correlated with larval FI (r = 0.93 P = 0.02). Not surprisingly, bay anchovy larval 
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ab undance was strongly and positively co rrelated w ith bay anchovy larva l density (r = 

0 .94 P < 0.000 I) . La rv al ab undance and larva l density were strong ly co rre lated w ith bay 

anchovy egg abundance (r = 0. 79 and r = 0.76 , respectively P < 0.00 I), and bay anchovy 

egg density (r = 0.79 and r = 0.77, respectively P < 0.001 ). Larva l abundance and larva l 

density were negatively correla ted with larval length (r = -0.53 and r = -0.55, respecti vely 

P = 0.05). In add iti on, larva l abundance and larval density were pos iti ve ly correlated 

with salinity (r = 0.87 and r = 0.86, respecti vely P < 0.000 I) , because most larvae were 

located in the seaward, more saline region of the bay where peak spawning occurred. 

Egg abundance was pos iti vely correlated with egg density (r = 0.99 P < 0.000 I). 

Egg ab und ance and egg density were positi ve ly corre lated w ith sa linity (r = 0.72 and r = 

0.72, respectively P < 0.01), and were negati vely corre lated with larval length (r = -0.83 

and r = -0 .86, respective ly P < 0.001) and the measure of fluorescence that indexed 

chlorophyll a biomass (r = -0 .6 1 and r = -0.62, respecti vely P < 0.05). Chlorophyll a 

biomass also was positi vely correlated with both temperature (r = 0.59 P = 0.02) and 

larval length (r = 0.60 P = 0 .02). 

Larval growth rate was positively correlated w ith copepod density (r = 0.72 P = 

0.0 I . Zooplankton concentrati on was positi ve ly corre lated with larva l bay anchovy Fl (r 

= 0.66 P = 0.03), and negatively co rrelated with below-pycnocline DO (r = -0.67 P = 

0.02). However, mean water-column DO and DO at 3-m depth did not ex hibit signifi cant 

negative correlations with zooplankton concentration (r = -0.55 P = 0.06 and r = -0.3 1 P = 

0.32, respecti vely). 
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Table 32. S imple correlation coeffici ents for th e regional means (n = 11-1 5) o f fourteen 
vari ables and the annual means (n = 5) of eleven variables (in relat ion to YOY 
abundance and freshwater inflow) measured during summer TCES surveys in 
Chesapeake Bay fro m 1995- 1999. The parameters include: loge larva l bay anchovy 

abundance (m-\ loge larval bay anchovy density (m-3) , loge bay anchovy egg abundance 

(m-
2
), loge bay anchovy egg density (m-3), larval length (mm), linear growth rate (G) 

(mm/day), feeding incidence (Fl), and prey per gut (PPG), loge ctenophore biovo lume 

(m llm\ loge zooplankton density (m-3), mean March-May freshwater in flow (FW I) into 

Chesapeake Bay (x 10
3 ft3 Is), based on estimates by the USGS (2002), mean water­

column temperature (°C), salini ty (ppt), chlorophyll a biomass ( indexed by 
flu orescence), and below-pycnoc line di sso lved oxygen (DO) (mg/L). Loge mean bay-

wide bay anchovy yo ung-of-year (YOY) abundance (rn-2) was based on October of 1995-
1999 estimates by .Jung (2002). Larval growth rate (G) was compared to copepod 
density and not total zooplankton density. * = P < 0.05, ** = P < 0.0 1. 

Larval Larval Egg Egg Larval 
Abundance Density Abundance Density Length G FI PPG 

Larval 
Abundance 0.94* * 0.79** 0.79** -0.53* -0 .11 -0 .3 1 0.35 

Larval 
Density 0.76** 0.77** -0.55* -0.06 -0. 16 0.36 

Egg 
Abundance 0.99** -0.83** -0.35 -0.47 -0. 18 

Egg Density -0 .86** -0.40 -0.40 -0. 16 

Larva l Length 0.30 0.33 0.26 

G 0.38 0.22 

Fl 0.33 

YOY 
Abundance 0.86 0.80 0.69 0.66 -0.8 l 0.2 1 0.93* -0.13 
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Table 32 (cont'd) 

Ctenophore Zooplankton 
Biovo lume Density Temp. Salin ity Fluor. DO FWI 

Larva l 
Abundance -0. 17 0.23 -0. 11 0.87** -0.50 0.07 0.19 

Larval 
Density -0.22 0.2 1 -0. 15 0.86** -0.40 0.17 -0.04 

Egg 
Abundance -0. 12 0.05 -0.4 1 0.72** -0.6 1 * 0.09 -0.22 

Egg Dens ity -0.10 0.07 -0.44 0.72** -0.62* 0.07 -0.28 

Larva l 
Length 0.23 -0.03 0.46 -0.44 0.60* 0.12 0.20 

G -0.21 0.72* 0.35 -0.29 0.05 -0.25 0.47 

FI -0.32 0.66* 0.30 -0.36 0.26 -0.35 0.22 

PPG -0.07 0.06 0. 11 0.23 0.09 0.20 0.73 

Jell y 
Biovolume -0.31 -0.46 -0.18 -0.19 0.18 0.12 

Zoop lankton 
Density 0.43 -0.12 -0.38 -0.67* -0. 18 

Temperature -0.10 0.59* -0.04 -0.10 

Salinity -0.27 0.34 -0.50 

Fluorescence 0.48 -0.22 

YOY 
Abundance -0.46 0.67 0.32 
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Multipl e Regressions 

Four multipl e regress ion equati ons were developed to describe th e re lationships 

between bay anchovy larval abundance, egg abundance, larval length , and feeding 

inc idence w ith several independ ent va ri ab les (Table 33). Egg abund ance, temperature, 

and larva l prey per gut ex pl a ined 88% of the vari ability in larva l abundance (Regress ion 

I , Tabl e 33). A ll three independ ent vari ables had positi ve coeffic ients, indi cating that 

larval abundance inc reased w ith increases in egg abundance, temperatu re, and larval prey 

per gut. Modeled values of larval abundance differed from each year's observed va lues 

by a minimum of24% in 1999 to a max imum of92% in 1996 (Figure 43). 

Sa linity (a regiona l effect) and chloroph yll a biomass (flu orescence) ex pl ained 

70% of the va riability in bay anchovy egg abundance (Regression 2, Table 33). T he 

pos iti ve coe ffi c ient fo r sa linity is indicati ve of th e hi gh spawning ac ti v ity in th e hi gh­

salinity wate rs o r the lower bay, w hil e th e negati ve coeffi c ient fo r chl orophyll a biomass 

co uld indicate lower spawning ac tivity by bay anchovy in regions o r hi gh chl oroph yll a 

biomass. M odeled egg abundances differed from observed abundances rro m I 0% in 

1996 to 41 % in 1998 (F igure 44). 

Ctenophore bi ovo lume and egg density ex pl ained 8 1 % of the vari ab ilit y in mean 

larval length (Regress ion 3, Table 33). The negati ve coeffic ient fo r egg density appears 

to be re lated to the hi gher concentration of larger larvae near th e head o f th e bay where 

bay anchovy spawnin g acti vity is redu ced . The pos iti ve coeffi cient fo r ctenophore 

bi ovo lume is not eas il y ex pl ained or understood, but coul d be in pa rt a res ult o r selec ti ve 

predati on by ctenophores on sma ll er, less mob il e bay anchovy larvae. Mode led va lues or 
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larva l length d iffered fro m each year's observed va lues by a minim um of 4% in 1996 to a 

max imum or 38% in 1997 (Figure 45) . 

Zoopl ankton density, larval density, and ctenophore biovo lurne ex pl a ined 72% o r 

th e vari ability in larva l feeding inc idence (Regress ion 4, Tab le 33) . Increases in 

zooplankton density w ere assoc iated w ith increases in larval feedin g inc idence, w hile 

larval density and ctenophore biovo lume appeared to negati ve ly infiuence larva l feedin g 

inc idence. Modeled va lues o f larval feeding incidence differed fro m each year's observed 

values by a minimum o f 3% in 1996 to a max imum o f 37% in 1998 (Figure 46). There 

was no s ignifi cant multipl e regression that ex plained a signifi cant amount of vari ability in 

larva l growth rate or prey per gut. 

131 



-w 
N 

Table 33. Multiple regression equations that best describe the relationships of 1) larval bay anchovy abundance (m-
2
) , 2) bay 

anchovy egg abundance (m-2
), 3) larval length (mm), 4) larval growth rate (mm/day), and 5) feeding incidence with a suite of 

independent variables . SPRC = standardized partial regression coefficients . 

Regression Equation Dependent Variable Independent Variables SPRC Multiple R2 P value 

(1 ) Y = -19.69 + 1.23X I + Larval abundance 
Egg abundance (X I ), Larval 

X I = 7.69 X2 = 

4.91X2 + 0.43X3 (m-2) 
prey per gut (X2), Temperature 

4.55 X3 = 2.69 
0.88 p < 0.0001 

(X3) 

(2) Y = 1.28 + 0.23X4 - 2.11X5 

Egg abundance 
Salinity (X4), Fluorescence (X5) 

Xi = 3.83 X5 = 
0.70 p = 0.0007 

(m-2) -2.74 

(3) Y = 5.81 - 2.20X6 + 1.03X7 Larval length (mm) 
Egg density (X6) , Ctenophore X6 = -6.47 X7 = 

0.81 p < 0.0001 
biovolume (X7) 1.94 

( 4) Y = 0.30 + 0.08X8 - 0.09X9 Larval feeding 
Zooplankton density (X8), 

X8 = 2.67 X9 = 
Ctenophore biovolume (X9) , 0.72 p = 0.02 

0.03X10 incidence -2.64 X I0 = -1.50 
Larval density (X I0) 
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Figure 43 . Observed vs modeled loge larval bay anchovy abu ndances (rff 
2) (multiple regression equation I , Tab le 33) from summer TIES surveys 
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Figure 44. Observed vs modeled loge bay anchovy egg abundances (111-
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(multipl e regression equation 2, Table 33) from summer TIES surveys in 
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Figure 45. Observed vs modeled larval bay anchovy lengths (mm) 

(multiple regression equation 3, Table 33) from summer TlES surveys in 

Chesapeake Bay from l 995-1999. 

135 



\ □ Modeled Observed \ 

0.85 

,--_ 0.8 · >-. 
c,j 

"O 

E 
6 0.75 
'-' 

<I) ...., 
c,j 
1-.. 

...i::: 0.7 -...., 
~ 
0 
1-.. 

c..::, 
0.65 

0.6 --, 

96 97 98 99 

Year 

Figure 46. Observed vs modeled larval bay anchovy growth rates 
(mm/day) (multiple regression equation 4, Tab le 33) from summer TIES 
surveys in Chesapeake Bay from 1995- 1999. 
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DISCUSSION 

Ab und ances and Distributions 

A knowledge of the patterns of abu nd ance and distribution of bay anchovy eggs 

and larvae in Chesapeake Bay is critical to understand spawnin g hab its of adults, and the 

habitat use, env ironmenta l requirements , and survi va l of larvae that could determine 

future recruitment. Processes affecting the condition and survival of larval-stage fish can 

control the future recruitm ent of a year c lass (Houde, 1987). Such co ntrol may be 

espec ia ll y important for bay anchovy, which is essent ia ll y an annu a l species in 

C hesapeake Bay whose population is primarily co mpri sed of YOY and age I indi viduals 

(Newberger and Houde, 1995). Newberger and Houde (1995) believed that "in terannua l 

changes in (bay anchovy) abundance, when they do occ ur, do so as a conseq uence o f 

recruitm ent flu ctuat ions ." Jung's (2002) analysis and stock-recruitm ent modeling of bay 

anchovy dynamics confirms the importance of pre-j uvenil e ab undance, distribution , and 

surv ival in the es tablishment of YOY abundance levels in October of each year. 

Year-to-year bay anchovy egg and larva l ab undances varied 15 and 9 fo ld , 

respectively, during this five-yea r study. Some o[ this variati on may be attributed to 

differential cruise timing between sampl ed years. Olney ( 1983) reported that bay 

anchovy egg and larval densiti es in the lower Chesapeake Bay varied 4 and 2 fold , 

respectively, from 197 1- 1973 , while Re ( 1996) reported greater variations in E11gra11/is 

encrasicolus egg (24 fold) and larval (35 fold) densities in the Mira es tu ary in 

southwestern Portuga l from 1985- 1992 . Among-year variab ility in larva l abu nd ance 

during thi s study, a lthough shy of being significantl y correlated at the a =0.05 level (r = 
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0.86 P = 0 .06) , was c lose ly concordant with October YOY bay anchovy abundances in 

C hesapeake Bay from l 995- 1999, furth er supporting th e hypothesized link between 

larval abundance and recruitment. Wang (1 999) reached a s imil ar conc lusion based on 

modeled bay anchovy bioenergeti cs and recruitment dynamics in Chesapeake Bay. 1n 

additi on, Kideys et a l. ( 1999) found that the lowest abundances o f E. e11 cras ico l11s eggs 

and larvae recorded in the Bl ack Sea from 1957-1996 co inc ided with the lowest catches 

of ad ults from those year classes. 

Spawning by bay anchovy occuned th ro ughout the bay, but th e hi ghest spawning 

acti v ity was concentrated in the lower, most seaward bay region. ln a ll sampled years, 

egg and larva l abundances decreased from the mouth to the head o f the bay a long a 

declining sa linity gradi ent. ln 1996, no larvae were collected in the upper-bay samples, 

and few were co ll ected in the mid bay. However, YOY bay anchovy in mid-water traw l 

co ll ec ti ons from the Jul y 1996 crui se were estimated to represent abundances of >30 111111 

indi v iduals equ al to 4 .2 x 108 in the upper bay and 2.8 x 109 in the mid bay (Jung, 2002), 

indicating th at spawning may have occurred in these bay regions ea rli er in the year o r, 

altern ati vely, th at YOY fi sh had migrated to these regions. Bay anchovy mean egg and 

larval abundances were 12-65 and 74-365 times hi gher, respecti ve ly, in the lower bay 

than in the upper bay in the four-year peri od, 1995 -1 998 . Thi s pattern o [ regional 

di ffe rences in egg and larval abundance also was observed by Rilling and Houde ( 1999a) 

in Jul y 1993 . The regional di ffe rences in my stud y were not as apparent in 1999, when 

sampling was conducted during late June rather th an Jul y. It is notable that the more 

unifonn regional patterns of egg and larval abundances observed in June 1999 were 

s imil ar to those observed by Rilling and Houd e ( 1999a) in th eir June 1993 survey. 

138 



The impo11ance of the lower bay region to bay anchovy egg a11d larval production 

is even more apparent if the vo lume differences between the three regions are considered . 

The vo lume of the lower bay (26 .6 x 109 m3
) is approxi mately 1.5 times that of the mid 

bay ( 16.8 x IO'J m 3
) and more than three times that of the upper bay (8.7 x I 0

9 
m3

) 

(Cron in , 197 1; Ril ling and Houde, 1999a). Us ing the mean regional est imated densities 

for eggs and larvae from 1995-1999, est imated bay anchovy egg and larva l regional 

ab undances increased on average from 3.29 x 10 10 to 5.35 x 10 11 and from 6.06 x 10
8 

to 

1.09 x 10 11
, respective ly, from the upper to the lower bay. Mean regiona l abundance of 

bay anchovy eggs in the lower bay was 2.5 times hi gher than in th e mid bay and 16 tim es 

hi gher than in the upper bay. The mean regional abundance of bay anchov y larvae in the 

lower bay was 6 times higher than in the mid bay and 180 times hi gher than in the upper 

bay. 

A lthough comparab le in distribution to previous studi es, th e regional mean 

abundances of bay anchovy eggs and larvae observed in this study were approximate ly 

one order of magnitude lower than those reported for the lower bay by Olney ( 1983), the 

mid and lower bay by Dorsey et al. (1996), the mid bay by MacGregor and Houde 

(1996), and bay-wide by Rilling and Houde (1999a) . This may indicate a decline in bay 

anchovy stock size in Chesapeake Bay in the last decade of the 20
th 

century th at cou ld 

have important eco logical consequences for both hi gher and lower trophi c levels . Based 

on abundance indi ces developed from fishery-independent surveys co nducted by the 

V irginia Institute of Marine Science (VIMS) in the mainstem and tributari es of the mid 

and lower bay, Houde and Wood (2002) reported that the bay anchovy popu lation in 

Chesapeake Bay had decreased steadily from hi ghs in the mid 1980s to a 20-year low in 
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1996. However, abundances began to increase in the late 1990s, and may be leveling off 

or increasi ng s lowly into 200 1 (Houde and Wood , 2002). Data from TIES mid-water 

trawl surveys in October indicated a steady increase in bay anchovy recruitm ent and fa ll 

abundance in the 1995-2000 period (Jung, 2002). 

Many factors were correlated with egg and larval abu ndances. Some corre lations 

are eas ily ex pla ined . For exampl e, egg and larval abund ances both were pos iti vely 

co rre lated w ith each other and salinity. These correlations primaril y are an indicator or 

th e concentrated spawning by bay anchovy in the hi gh salinity lower bay and inev itable 

geograp hi c overl ap between eggs and larvae resulting from the short ~ 24-hour hatchin g 

time of eggs. 

Perhaps surprisingly, chlorophyll a biomass was negatively correlated with egg 

abundance, indicatin g th at adult bay anchovy did not spawn pre ferentiall y on a spati al or 

temporal scale that overlaps w ith areas of high phytoplankton abund ance. MacGregor 

and Houde ( 1996) found that hi ghest densiti es o r bay anchovy eggs were in an offshore 

area where chlorophyll a concentrations were average or lower than those nearshore in 

mid Chesapeake Bay where bay anchovy spawning act ivity was lower. The negative 

correlation also is indi cati ve or a regional effect resulting from chlorophyll a 

concentrations generall y be ing hi gher in the upper and mid bay (Appendi x 11 ), whil e egg 

abundances followed the opposite pattern (Table 7). 

In multipl e regression analyses, number of prey per larva l gut and mean water­

column temperature were positively related to larva l abundance. This could indicate that 

larvae are more effective feeders in areas of hi gh temperature, if these temperatures 

increase their predation capac ity and ass imilation efficiencies. Dorsey et al. ( 1996) , 
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Rilling and Ho ud e ( 1999a), and Fulling and Peterso n ( 1999) all reported sign ifica nt 

pos iti ve corre lat ions between zooplankton densities and larva l bay anchovy ab undances. 

Peebles (2002) fo und that bay anchovy egg abundance in the M anatee R iver es tuary, 

Florida was positi vely re lated to the concentration of the calano id copepod Acartia tonsa 

and water temperature, whil e Peebles et al. ( 1996) reported that copepod density and 

wa ter temperature were signifi cantl y and pos iti vely correlated w ith dens ities of 

prefl ex io n (= small) bay anchovy larvae in Tampa Bay. However, it may be that the 

regional temperature differences recorded from 1995- 1999 in the present stud y were not 

suffi c ientl y vari able to have a large effect on larval abundance and di stributi on, as 

temperature o nl y acco unted for 10% o f the tota l vari ability accounted fo r by the mul tiple 

regression equ ati o n describing larval abundance (Table 33, Regress ion I). I agree w ith 

Rillin g and Ho ude (1999a), who stated that " it is like ly that many fac to rs ac t together to 

promote suitability o f the lower Bay as a spawning and nursery area fo r bay anchovy, 

despite its broad to lerance of environmenta l condi tions and its ab ility to spawn and 

produce viable larvae over a w ide range of conditi ons (Ho ude and Zastrow, 199 1 )." 

La rval Feedin g 

Feedin g success of larval fi shes is criti cal in maintaining hi gh growth ra tes and , 

potenti ally, the capacity to avoid predation, whi ch can direc tl y influence future 

rec ruitment success (Ho ud e, 1987; M iller, 1994; Re, 1996; P lounevez and Champalbert, 

1999; Hi ll gruber and Kl oppmann , 2000; Gonzalez-Qui ros and Anadon, 200 I). In the 

present stud y, feeding inc idence of larval bay anchovy was strongly and positi vely 

correlated w ith October YOY abundan ce of bay anchovy (r = 0.93 P = 0.02), ev idence 
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supportin g the contention that recruitment of bay anchovy in Chesapeake Bay is 

dete rmined at least in part by larval-s tage processes, in this case feeding success. 

Larval bay anchovy was found to feed almost exc lusive ly during the day. This 

die! behavior is common in c lupeiform larvae especially and larval fish in genera l that 

rely on visual acuity to locate and attack living prey (Arthur, 1976; Last, 1980; Batty, 

1987; Re, 1996; Conway et al. , 1998). However, H illgruber and Kloppm ann ( 1999) 

fo und that a high proportion of blue whiting (Micromesist ius poutassou, fam il y Gad idae) 

larvae on Porcupine Bank west oflreland continued to feed throughout the ni ght. In the 

present stud y, most guts of larval bay anchovy were empty at ni ght and on ly carapaces of 

a few copepods were found in the hindguts of larvae co ll ected soon after dusk, which 

probab ly represented undigested food fro m dayli ght feedin g. 

Larval bay anchovy feeding incidence (FI) in Chesapeake Bay was low, and 

varied by year and regionall y. Larval bay anchovy FJ for all sizes combined vari ed 

among years from 0.09-0.23 , and averaged 0. 17 over the fi ve-year stud y. A lthough Fls 

observed in th e present stud y were lower than those reported for laboratory- rea red bay 

anchovy larvae by Detwyler and Houd e ( 1970) (0.6 I) and fo r the c lupeid C/11pea 

harengus reported by Heath et al. ( 1989) (- 0.33) and Cohen and Lough ( 1983) (0.43-

0.50), they were comparab le to Fis reported fo r other larval engraulid s: 0.02 (Berner, 

1959) and 0.10 (Arthur, 1976) for larval E. mordax, 0. 14 for larval E. j aponica 

(Matsushita et al., 1988), 0.22 for larval E. ringens ( de Mendiola, 1974), 0.30 for larval 

E. anchoita (Ciechomski , 1967), and 0.49 for larval E. encrasicolus (Conway et al. , 

1998). T he relat ively low FI fo und in thi s study and other fi eld studi es m ay be a 

conseq uence of gut-content eges ti on during co llection (Cohen and Lough, 1983). T he 
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observed vari abili ty in FI between years and regions may have resulted from di ffe rences 

in zoopl ankton density, which was positi vely correlated with larva l bay anchovy FI. 

T hi s ex planati on is supported by numerous studi es th at have also fo und that prey 

concentrati ons can a ffect feedin g success in larva l fi sh (Anderson, 1994 ; Forti er et a l. , 

1995; Conway et a l. , 1998). 

Fl may be pos iti ve ly re lated to larval size. ln the present study, Fl of larval bay 

anchovy generall y increased with larval size, a pattern that was consistent over years, 

regions, and above and below the pycnoc line. Matsushita et al. (l 988) reported a stead y 

increase in the rate of feeding (Fl) of E.jap onica larvae fro m 5.0 to 20.0 mm, whil e 

Munk and Ki orboe ( 1984) reported increased FI in laboratory-reared C. hare11g us larvae 

from 5 to 11 days post-hatch. FI may increase in larger larvae because of increased 

feeding e ffi c iency (percent of attacks that lead to ingestion) during ontogeny. Several 

labora tory studi es have shown th at feedin g effi c iency of larval herring C. hareng 11s 

increases as a fun cti on of age (Rosenthal, 1969; Blaxter and Staines, 197 1; Munk and 

Ki orboe, 1985). 

However, there also is evidence th at larva l FI may initi a lly increase with larva l 

s ize in engraulid s, then decrease at interm edi ate sizes, before increasing aga in in larger 

larvae. For example, Arthur (1976) and Conway et al. ( 1998) reported increases in larva l 

FI of E. mordax and E. encrasicolus with s ize up to approx imate ly 4 .5 mm , then a 

dec reased F I between approximately 4.5-7.5 mm, before a subseq uent increase at larger 

larva l s izes. In anoth er examp le, Bern er ( 1959) observed an initi a l increase in Fl fo r 

larval £. mordax from 3 .0-5.0 111111 , then a steady decrease in Fl fro m 5. 1- 13.0 mm . And, 

C iechomski ( 1967) fo und that FI fo r larva l £. a11 choita decreased fro m 5.1 -9.0 111 111 , 
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befo re increas ing at longer larval lengths, whil e de Mendio la (1 974) observed a steady 

dec line in Fl o f larval £. ringens between 5. l and 15.0 mm, before an increase in longer 

larvae . If a frac ti on o f 'interm edi ate-size' larvae were dec lining in nutrit ional cond iti on 

and were on the verge of starving, then their Fl would dec line. In my study, there was no 

apparent decrease in Fl of bay anchovy in the 4.4-7 .5 mm larval size class, a lthough Fl 

did not increase significantly until larvae were~ 7.5- 13.4 mm. 

T he m ean number of prey items per larva l bay anchovy gut (PPG) was low and 

relati vely invariable. M ean PPG ranged from 1.00- 1.60 regionall y, and averaged 1.4 

over the 5-year study. T he max imum number of prey items in an indi vidual larval gut 

was 7, ingested by a 12. 8-mm larva. Mean PPG in thi s stud y was marginall y less th an 

th at repo rted fo r engraulid larvae by other studi es: fo r example, 2-5 PPG (Detwyler and 

Ho ud e, 1970) for larval bay anchovy in the laboratory, 1-3 PPG (Duka, 1969) and 1-4 

PPG (Conway et a l. , 1998) for larval E. encrasicolus, and 1.7-2.6 PPG for larva l E. 

anchoita (Vinas and R amirez, 1996). Cohen and Lough ( 1983) identifi ed several fac tors 

th at could influence the PPG of fish larvae, including "di fferences in larval size, prey 

size, plankton suppl y, gut clearance time (temperature-dependent) and loss of gut content 

during capture." 

M ean PPG in the present study did not differ signi fica ntl y among larva l s ize 

classes . Conway et a l. (1998) also observed no signifi cant di ffercnces in PPG among 

sizes for larval E. encrasicolus, nor did Noskov et al. (1 979) fo r larval C. harengus. In 

contrast, in comparing different size classes of larval C. harengus, Hentschel ( 1950) did 

observe an increase in PPG fo r larvae of 7-45 mm , whil e Bowers and W illi amson (195 1 ), 

perhaps surpri s ingly, observed a decrease fo r 6-> 15 mm herring larvae. Go nzalez-Q uiros 
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and Anadon (200 I) found that PPG decreased with larval M. poutassou size, whil e 

Hill gruber and Kloppmann (2000) reported that PPG in M. poutassou increased up to 5.5 

mm then decreased in larvae >6 mm in length . However, H ill gruber and K loppmann 

( 1999) c la imed that prey per gut "provide(s) only an indication fo r larval feeding 

conditi ons and (is) potenti a ll y mi slead ing when larvae are feedin g on different taxonomic 

gro ups of differing sizes." In the present study, larval bay anchovy added larger prey to 

th eir di et as they grew, so that a relati vely constant PPG among size classes does not 

imply lower caloric intake for larger larvae. 

Larval engraulids, and larval fish in general, feed primaril y on various life stages 

of copepods (de Mendiola, 1974; Arthur, 1976; Last 1980; Conway et a l. , 1998). Small er 

prey, for example tintinnids, were found to be important prey of small larva l bay anchovy 

(Houde and Lovdal , 1984; Re, 1996). Copepod eggs, nauplii , copepodites, and adult 

copepods were the primary prey ingested by larval bay anchovy in Chesapeake Bay from 

1995- 1999, comprising 72% of the identifi abl e food items. It is common fo r larva l 

c lupeiforms to consume various li fe-stages of the most abundant copepod spec ies fo und 

in the water co lumn (Gosheva and Slonova, 1976; Noskov et al. , 1979; Last, 1980; Cohen 

and Lough, 1983). This was the case in the present study, where the ca lanoid copepod 

Acartia tonsa was the dominant species consumed, and the most abundant copepod 

spec ies in the Bay. 

Larval size appeared to be the primary fac tor influencing larval bay anchovy prey 

se lection among years, regions, and above and below the pycnocline in Chesapeake Bay. 

As larval size increased, larvae shifted from selecting small er prey spec ies and copepod 

stages to larger ones. Copepod eggs, nauplii , rot i fe rs, ti ntinnids, and diatoms dom inated 
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the diets of2 .5-7.4 mm larvae, while 7.5- 10.4 mm larvae added a greater percentage of 

copepod nauplii , copepodites, and ad ult copepods to their d iet. Copepodites and adu lt 

copepods compri sed 47% of the identifi ed prey items in 10.5-13.4 mm larvae, which 

increased to 78% for 13 .5-16 .4 mm larvae. Increases in prey size with larval size have 

been reported in many feeding studi es on clupeiform larvae and on fish larvae in general 

(Detwyler and Houd e, 1970; Arthur, 1976; Hunter, l 98 1; Houde and Lovdal , 1984). Bay 

anchovy larvae in Chesapeake Bay continued to eat the sma ll er, more plentiful food items 

as they grew, possibly insuring th eir ability to maintai n growth and metabo li sm whi le 

add ing larger, mo re nutriti ona ll y profitab le prey (Arthur, 1976; Houde and Lovda l, 1984; 

Houde, 1997a). 

The relative size of larval prey items (prey size/ larval size) can be used as a sca lar 

of predator-prey interactions (Werner and Hall , l 974; Werner, 1977; Crowder, 1985). 

According to Miller et al. (1988), "Both small and large prey may be of lower utility 

(sensu Werner, 1977) than those of intern1edi ate s izes." In both experim enta l and fi e ld 

studi es, Munk ( 1992) fou nd that larval C. hareng us attack success on prey items 

decreased linearly from near I 00% at a relati ve prey length (RPL) of 0.005 to near 0% at 

a RPL of 0 .08. He determin ed that a RPL range of 0.025-0.030 was optimal for attack 

success in all larval si ze classes calibrated fo r differenti al prey concentrations (M unk , 

1992). 

In the present study, mean RPL for bay anchovy larvae was 0.03, and increased 

slight ly with larval size (RPL = .0 17 for 2.5-4.4 mm larvae, RPL = .0 17 for 4.5-7.4 mm 

larvae, RPL = .023 for 7.5- 10.4 mm larvae, RPL = .033 fo r 10.5- 13.4 mm larvae, RPL = 

.048 fo r 13.5- 16.4 mm larvae). Thi s indicates th at, although bay anchovy larv ae may be 
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feeding on prey near a potentially optimal RPL, there is generall y a significant, though 

gradual , increase in the size of prey items added to the diet of larval bay anchovy in 

C hesapeake Bay re lative to larval size during ontogeny. This is ev idence supporting 

Brooks and Dodson's ( 1965) 'efficiency or size' hypothesis, which proposes that available 

prey increases as larval size increases, due to the ab ility of larvae to incorporate both 

those prey items available to smaller larvae and increasingly larger prey items relative to 

the ir own body size as they grow. However, Munk's (1992) findings of"uniformity of 

relative prey size spectra ... implies that, a priori, the ava ilable biomass or food (as 

proportion of predator biomass) will not increase (as larval size increases). " 

Larval bay anchovy in Chesapeake Bay generall y ex hibited positive feeding 

preference for invertebrate eggs (predominately copepod eggs) and copepod 

copepodites/adu Its, and a negative preference for copepod naupli i and other prey tax a. 

However, copepod nauplii were the dominant potential prey of bay anchovy larvae in 

zoop lankton samples and were the primary food item consumed by 7.5- 13.4 mm larvae. 

Houde and Lovdal ( 1984) found that larval bay anchovy in Biscayne Bay, Florida 

preferred copepodites and adult copepods, but showed no preference for copepod nauplii 

which were the most consumed prey. In a literature rev iew of larva l C. hareng us feeding 

eco logy, Blaxter ( 1965) reported that copepod ad ults were preferred prey, whil e nauplii 

were rare ly ingested by herring larvae despite compri sing approximately 50% of the 

plankton in the environment. Hil lgruber and Kloppmann (1999) reported that larval blue 

wh iting on Porcupine Bank showed a stron g preference for copcpod eggs, while Conway 

et al. ( 1998) found that£. encrasico/11s larvae consum ed free-spawned copepod eggs in 

proportion to their density in the water co lumn . 
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Feedin g preference for invertebrate eggs might be positively biased if there is 

increased digestion time for eggs re lati ve to other prey items (Conway et al. , 1994). 

However, since anchovy larvae have narrow, straight alimentary canals and fast gu t­

passage times of between 30 minutes and 3 hours (Re, 1996; Conway ct a l. , I 998), prey 

items in their guts presumably fa irl y represent the spectrum of food recent ly ingested. 

There are several explanations that may account for the dominance of copepod eggs in 

larval guts re lati ve to their concentration in the water column . Many copepod spec ies, 

such as the abundant Acartia tonsa , are seria l spawners that contribute to most free­

spawned copepod eggs in the water column (Roman et al., 2001 ). Eggs could have been 

freed from ingested gravid copepods after they were eaten, and remained in larval guts 

a fter the copepod had been digested and its carapace expell ed. A lso, some copepod 

spec ies, such as Eurytenwra affinis, which was found in larval guts, carry their eggs in 

ex ternal sacs (Roman et a l. , 2001) that may have been dislodged durin g ingestion of a 

copepod by larvae. Jn 1996 bay-wide and 1997 upper bay, 75% and 86% respectively of 

the ingested prey items in larval bay anchovy guts were invertebrate (copepod) eggs, 

a lthough vi rtua ll y no free-spawned eggs were found in the associated zooplankton 

sampl es . Thi s led to the unusuall y hi gh positi ve preferences for invertebrate eggs that are 

reported for the entire bay in 1996 and the upper bay in 1997 (Chesson 's a = 0.99) . The 

e levated Chesson's a value for invertebrate eggs in 1996 resulted in lower a va lu es for 

other taxa (i.e ., copepodites and adult copepods), and gave the impression o f a dec li ne in 

larval preference for invertebrate eggs and an increase in preference for copepoditcs and 

ad ult copepods from 1996-1999 (Figure 38) . 
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.!&rva l Growth 

Relatively fast growth in th e larva l stage can reduce starvation potentia l m,· · • 
, nun, ze 

the durati on time when size-selective predation occurs, and may enhance recrui tm ent 

(Ho ude, 1987; B ailey et a l. , 1996; Meekan and Fo rtier, 1996). In this s tudy, larva l 

growth rate o f bay anchovy was not correlated with fa ll YOY abundance (r = 0.2 1 p = 

0. 73). S imulation models generally have concluded that increases in both the means and 

vari ances o f larva l growth rate res ult in increased potentia l fo r larva l surviva l and 

recruitment o f marine fi sh (Pepin, 1989; Rice et a l. , 1993 ; Cowan et a l. , 1996). Alla in et 

al. (2002) found evidence for growth-selec ti ve surviva l of Bay of Biscay anchovy (E. 

encr asicofus) between th e larval and juvenile stages. In the present s tudy, variability in 

growth rate was evident during the bay anchovy larval stage, but it did not have a c lea r 

re lationship to future recruitment of a cohort (Houde, 1996; Houde, 1997b ). 

Although differences in growth rates observed in the present study were modes t 
' 

the ir effect on s tage-spec i fi e survi vorship might have been substantia l. Larva l bay 

anchovy could have reached the average length o f metamoqJhos is (30 mm) in 

approximate ly 34 days post-hatch in 1998, the year of highest mean g rowth rate (0.8 1 

111111/day), whil e they would have required 40.5 days to reach that length in 1999, the yea r 

of lowest mean growth rate (0.68 mm/day). Using Rilling and Houde 's ( 19996) es timate 

for Chesapeake Bay-wide larval mortality rate of bay anchovy in July (0.23 d-'), th e 

difference in growth rate of0.1 3 mm/day between 1998 and 1999 could have genera ted 

an ~4.5-fold difference in survivorship to metamorphosis between th e two years. 

Bay an chovy growth in the larval stage was nicely fi t by a Go mpertz growth 

lllodel. An examina ti on of th e residuals of size-at-age fo r each l -111111 larva l leng th c lass 
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from the pooled data revealed no apparent estimation bias (either over or under) in 

growth rate for any larval length class. Age-specific growth rates were highest for larvae 

at app roximately IO days of age, when they ranged from 0.84 mm/day in 1996 to 1.0 J 

mm/day in 1995. Growth rate steadily declined at older ages, reaching values at 30 days 

of age between 0.19 mm/day in 1999 and 0.43 mm/day in 1998. The relatively low 

modeled growth rates of older age classes of larvae are partly a consequence of the 

asymptotic nature of the Gompertz model. Another contributing factor could have been 

aging error due to inaccurate counts of the number of growth increments a long the 

cloudy, outer edge of otoliths from the largest larvae. It is probable that growth rate 

declines in older larvae as they undergo metamorphosis into the juvenile stage. Jn a 

synthes is of published growth data from earlier research, Houde (1997b) reported that 

larval bay anchovy growth rate decreased from 0.57 mm/day fo r first-feeding larvae to 

0.24 mm/day for late-stage larvae. The Gompertz model is reported to be a good 

descriptor of growth in fish larvae because it accounts for variab le, age-speci fie growth 

and has been used successfully in severa l studies to parameterize the growth of clupeid 

and engrau lid larvae (Hunter, I 976; Bolz and Burns, 1996; Gaughan el al., 200 I). 

Growth rates of bay anchovy derived from linear regressions of length on age of 

the <30-day o ld larvae varied among yearly surveys and regionally in Chesapeake Bay. 

Bay-wide growth rates ranged from 0.68 mm/day in 1999 to 0.8 1 mm/day in 1998, with a 

mean of o. 75 mm/day over the 5-year study. The growth rates in this study were 

comparable, or perhaps a bit higher, than those repo,ied for larva l bay anchovy in 

previous studi es in the laboratory and in estuaries along the east coast of North America 

(Table 34). Moreover, the growth rates in this study are very simi lar lo those reported by 
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Table 34. Growth rates reported fo r larval bay anchovy from various studies in the 
laboratory and in estuaries along the east coast of North America. 

Location Growth Rate (mm/day) Source 

Laboratory experiments 0.37-0.59 Houde and Schekter ( 1981) 

Patuxent River, MD 
(tributary of Chesapeake 
Bay) 0.59-0.93 Gallagher et al. (1983) 

Newport River Estuary, 
NC 0.25-0.5 1 Fives et al. ( 1 986) 

Biscayne Bay, FL 0.43-0.56 Leak and Houde (1987) 

Chesapeake Bay, MD 
(Mesocosms in Patuxent 
River, a mid-bay tributary) 0.39-0.61 Cowan and Houde ( 1990) 

Great South Bay, NY 0.52-0.59 Castro and Cowen ( 1 991) 

Chesapeake Bay, MD/VA 
(Bay-wide in June) 0.53-0.61 Rilling and Houde ( 1999b) 

Chesapeake Bay, MDIV A 
(Bay-wide in July) 0.70-0.78 Rilling and Houde (1999b) 

Hudson River Estuary, NY 0.39-0.88 Jordan et al. (2000) 

Chesapeake Bay, MD (Mid 
bay) 0.38-0.43 O'Brien (2002) 

Chesapeake Bay, MD (Mid-
bay biopatch) 0.52-0.54 O'Brien (2002) 

Chesapeake Bay, MD/VA 
(Bay-wide from 1995-
1999) 0.68-0.8 1 Present study (2003) 
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Rilling and H oude (1999b) for their Jul y 1993 data (0. 70-0.78 mm/day), which is the 

onl y oth er bay-wide study conducted throughout Chesapeake Bay. However, R illing and 

Ho ude ( 1999b) reported lower growth rates (0 .53-0.6 1 mm/day) fo r larval bay anchovy in 

Chesapeake Bay in June. Interannu al vari ability in growth rate of larval bay anchovy in 

the Hudson Ri ver estuary was reported by Jordan et a l. (2000) fo r 1995 (median = 0.48 

mm/day) and 1996 (median = 0. 55 mm/day). 

An important fac tor affecting larval growth rate was the density of prey items in 

the environment. Copepod and copepod nauplii densiti es were both strongly and 

positi vely corre lated w ith larval bay anchovy growth rate (r = +0.72 P = 0.0 I and +0.69 P 

= 0.02, respectively). Regional relati ve prey densiti es in each year c losely mirrored 

regional larval growth rates. The hi ghest recorded regional zoopl ankton density (208.9 L-

1) was observed in the mid bay in 1996 and co incided with one o f the hi ghest regional 

larval bay anchovy growth rates (0. 83 mm/day), while the lowest regional zoopl ankton 

density (38.9 L-1
) and lowest larval growth rate (0 .55 mm/day) both occurred in the mid 

bay in 1999. M any fi eld and laboratory studies have reported a similar pos iti ve 

relationship between larval fi sh growth rates and prey abundance (Gotceitas et al. , 1996; 

Oozeki and Zenitani , 1996; Cass-Calay, 1997;). Rilling and Houde (1999b) also reported 

that larval bay anchovy growth in Chesapeake Bay was pos iti vely related to zooplankton 

density, while Gau ghan et al. (2001) reached the same conclusion fo r larva l sardine S. 

sagax o ff the coast of southern Austra li a. 

In laboratory ex periments, Saksena and Houd e (1972) reported that larval bay 

anchovy growth rate increased from 0.48 to 0.54 mm/day as prey concentrat ion increased 

five-fo ld from 62 1 to 3323 L- 1
, and Houde (1 978) reported increases in larva l bay 
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anchovy growth from 0.32 to 0.63 mm/day as laboratory prey concentrations increased 

from 27 to 4731 L-1
• Some field and laboratory studies on larval clupeids have not found 

growth to be limited by prey avail abi lity (Owens et al., 1990; McGurk et al., 1993). 

However, this result may on ly apply to larvae exposed to prey concentrations hi gher than 

a minimal level requ ired for larval growth (Gaughan et al. , 200 I). Cowan and Houde 

( 1990) obtained reasonably high growth rates (0.39-0.63 mm/day) for larval bay anchovy 

in mesocosm experiments in a tributary of Chesapeake Bay at prey concentrations as low 

as 50 L-1
, and did not find a sign ificant relationship between prey concentration and 

larval growth for prey densities ranging from 50 to 5000 L- 1
• Based on the results of 

labo ratory experiments, Houde (1978) suggested that a prey concentration of I 07 L-1 was 

required for 10% of larval bay anchovy to survive to metamorphosis. Types, sizes, and 

concentrations of prey all are likely to contribute to growth-rate variabi lity in larva l 

anchovy. Larval bay anchovy growth in Chesapeake Bay probably varies much like that 

observed by Castro and Cowen ( 199 1) in Great South Bay, New York, where grow th was 

re lated to, but not dependent on, food concentration alone. 

Whil e zooplankton concentration may have enhanced larval bay anchovy growth 

through increased feed ing success, density-dependent competition among anchovy larvae 

may have led to reduced feed ing and growth rates in regions of hi gh larva l abundance. 

La rva l density, in the multiple regress ion analysis, was negative ly related to larva l 

feeding inc idence. Although not significant, larval abundance was negative ly correlated 

w ith both larva l growth rate and feeding incidence (r = -0.1 1 P = 0 .70 and r = -0 .3 1 P = 

0.29, respectively). Density-dependent processes have been argued to regulate larva l 

growth-rate vari abi lity in several s imulation models (Jones, I 973 ; Jones and Hall , 1974; 
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Ware, 1975; Shepard and Cushing, 1980). Ma tsushita et al. (1988) fo und a c lear decrease 

in the rate of feeding of fi eld-collected larva l Japanese anchovy (E.japonica) w ith 

increas ing larval density. Cowan and Houde (1 990) observed that larval bay anchovy 

growth ra te dec lined from 0.64 to 0.41 mm/day as stocking density of eggs increased 

fro m 10 lo > 1000 m -3 in a mesocosm experiment in mid-Chesapeake Bay. Wang et a l. 

( l 997) suggested that "density-dependence via food limitation may be operating in the 

bay anchovy population in the mid-(Chesapeake) Bay," although th eir model outputs 

indicated that dens ity dependence mostly influences YOY growth rather than growth of 

larval s tages. However, Wang et al. ( 1997) also argue that "the effec t of density-

dependent growth .. . may slide between early li fe stages by acting diffe rentia lly upon a li fe 

stage that exceeds a threshold in any g iven year, due either to environmenta l variabili ty 

or Popu lation s ize, or both." 

In the present study, highest bay anchovy larva l densities were cons is tently in the 

lower bay where peak spawning occurred, while growth rates were generally higher in 

the upper bay. The observed regional differences in larval densities and growth rates 

may be evidence for density-dependent growth in larva l bay anchovy in Chesapeake Bay. 

lf so, an up-bay transport mechanism could benefit the recruiting bay anchovy population 

by a lleviating the density-dependent condition in the lower bay th ro ugh tra nsport of a 

fraction of the larval population to producti ve habitats in the upper bay where fewer 

larvae were hatched. There is evidence that such up-bay tra nsport occurs, a lthough it 

may not be effective unti l late-larval or early-juvenile stages (Loos and Perry, 199 / ; 

Kimura et a l. , 2000). 
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A lthough there are indications that density dependence may affect larva l and 

YQy bay anchovy feeding and growth, Hagy (2002) found that mesozooplankton 

production in C hesapeake Bay during the summer was not fully utilized by predators, 

primarily bay anchovy and ctenophores, in the mid and lower bay. Predator-prey 

interactions between bay anchovy, ctenophores, and sea netlles (a scyphomedusa) co uld 

be parti a lly responsible for th e underexploitation of zooplankton production in the mid 

and lower bay (Hagy, 2002). Hagy also hypothesizes that zooplankton could have 

"occupi ed th e lower water column to the ex tent permitted by hypoxia (Roman et al. , 

I 993 ), perhaps to avo id predation by bay anchovy, a visua l predator (Luo et a l. , 1996)." 

However, I found that zooplankton abundance was the same or hig her above, rather than 

below the pycnocline, and that larval bay anchovy abundance, feeding, and grow th did 

not differ significantly between the two depth layers. 

Hypoxic conditions could affect the surviva l and growth of bay anchovy larvae. 

Such conditions in the bottom layer of stratified estuaries such as Chesapeake Bay are 

common during the summer months (Taft et a l. , 1980; Brei tburg et a l. , 1999; Keister et 

al., 2000), and have been shown to cause decreases in surviva l of many organisms, 

inc luding bay anchovy larvae (Chesney and Houde, 1989; Breitburg, 1994) and copepods 

(Roman et a l. , 1993). Low disso lved oxygen can affect many aspects of preda tor-prey 

interact ions because behav iors and phys iological processes are innucnced by it 

(Breitburg et a l. , 1999). Such effects include alteration of predator-prey enco unter rates 

(Roman et al. , 1993; Breitburg, J 994; Keister, 1996), forag ing loca tion (Rah el and 

Nutzman, 1994), prey capture rates (Breitburg et a l. , 1994), and predator avoida nce 

behaviors (Breitburg et a l. , 1997). In the present study, below-pycnocline dis o lved 
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oxygen (BPDO) concentrations were negatively correlated with zooplankton density (r = 

-0.67 P = 0.02) but not with larva l bay anchovy growth rate (r = -0.25 P = 0.39). Based 

on these resu lts, it is likely that larval bay anchovy feeding and subsequent growth either 

were unaffected, or s lightly enhanced, in areas of low mean BPDO, which were 

associated with high zooplankton concentrations. Jung (2002) a lso found a negative 

corre lat ion between YOY recru its of bay anchovy in October and mean BPDO for lower 

Chesapeake Bay in July-August from 1995-2000, suggesting that high plankton 

productivity, low mean DO, and above-average larval anchovy production are condit ions 

that lead to high recruitments of bay anchovy in Chesapeake Bay. 
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SUMMARY 

I. Tchthyopl ankton, zooplankton, and environmental data were co ll ected at stations 

throughout Chesapeake Bay during the summers of 1995- 1999. Larval bay anchovy 

were identifi ed, enumerated, and measured to develop a database on abundance and 

size di stributi ons. Bay anchovy eggs, zooplankton, and jell yfi sh (the ctenophore 

Mn emiopsis leidy i) were identified and enumerated to determine abundances, 

densiti es (concentrations), and biovo lumes, respecti vely. The sagittal oto li ths from 

se lected bay anchovy larvae were analyzed to esti mate ages and growth rates and to 

compare them among years, regions, and depth-layers. The stomachs of 1,485 larvae 

were di ssected and the contents analyzed to inves tigate larva l feed ing ecology and 

prey selecti vity. The relationships between bay anchovy egg abundance and density, 

larval abundance, density, size di stributi on, feeding, and growth , with respect to 

bioti c and abioti c environmental va ri ables were examined in co1Telation and multiple 

regress ion analyses . 

2. Abundances and di stributions of bay anchovy eggs and larvae va ri ed among years 

and regionall y in Chesapeake Bay. Bay-wide mean egg abundance was hi ghest in 

1997 (262.3 m-2) and lowest in 1996 (18.0 m-2). Bay-wide larva l abundance was 

highest in 1998 (42.7 m-2) and lowest in 1996 (4.6 m-2)_ La rva l abundance was 

pos iti ve ly correlated with bay anchovy egg abundance, and both were negatively 

correlated with mean larva l length . Egg abundance was negatively correlated with 

chlorophyll a biomass . Temperature and larval prey per gut were pos itively related to 

larva l abundance in a multiple regress ion analysis . Egg and larva l ab undances were 
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hi ghest in the lower bay (most seaward) and dec lined up-estuary a long a dec lining 

sa linity gradi ent , indicating that the lower bay is the region of hi ghest spawning 

ac ti v ity. 

3 . Mean lengths of larval bay anchovy differed among years , regions, and depth zo nes. 

Mean length was longest in 1996 (13.7 mm) and least in 1997 (5.3 mm). Regiona ll y, 

mean lengths were genera ll y longest in the upper bay and shortes t in the mid bay. 

Mean larval length was longer below than above the pycnocline in 1998 and 1999, 

but was similar between depth layers in 1995- 1997. 

4 . Total zooplankton, copepod adults/copepodites, and copepod nauplii dens iti es were 

strongly and positi ve ly correlated with each other in a regional analys is. There were 

no obvious trends or patterns in annual and regional densities. Zoopl ankton densiti es 

above the pycnocline were th e same or hi gher than below the pyc noc line in each 

survey year. 

5. Biovolumes and di stributi ons of the ctenophore Mnemiopsis leirzyi, a known preda tor 

of bay anchov y eggs and larvae, varied annuall y and regiona ll y, but w ith no obvious 

trend or pattern . However, bay-wide mean ctenophore biovolume was 2-3 times 

higher above than below the pycnocline in all sampled years. 

6. Growth of bay anchovy larvae was described well by a Gompertz model. Maximum 

stage-spec i fi e larva l growth occurred at approximately 10 days of age. Linear 

regression was used to direct ly compare growth rates of larvae <30 days of age. 

Larval grow th rates varied among years and regionall y, but were s imilar for larvae 

co llected above or below the pycnocline. Mean growth rate was hi ghest in 1998 

158 



(0.8 1 mm/clay) and lowest in 1999 (0.68 mm/clay). Regiona l grow th rates were 

genera ll y highes t in the upper bay and lowest in the mid bay. 

7. La rva l feeding inc idence (th e proportion of larvae w ith food in the gut) vari ed 

annuall y and regionally. Bay-w ide feeding incidence was low and ranged from 0.09 

in 1996 to 0 .23 in 1998. Highest regional feeding incidence tended to be in the upper 

bay, whil e the lowest was most often in the mid bay. Feeding incidence was nine 

tim es higher during the cl ay (0.27) than at ni ght (0.03), and genera ll y increased w ith 

larval size. Feeding incidence was positi ve ly correlated w ith zooplankton density. In 

a multipl e regression analys is, larval bay anchovy density was negati vely re lated to 

feeding inc idence, which is ev idence for possible density dependence in the larva l 

stage. 

8. Mean number of prey per gut was low, ranging from 1.22 in 1999 to 1.54 in 1998. 

Prey per gut did not differ annuall y, regionall y, w ith respect to pycnoc line depth , or 

between larval size c lasses . 

9. The copepodite and adult stages of th e calanoid copepod Acartia tonsa were the 

dominant prey items in larva l bay anchovy guts. Copepod copepodites/adults and 

copepod eggs were preferred prey items based on a preference ana lys is (Chcsson's a), 

whil e copcpod nauplii and other zoopl ankton taxa (e.g. c ladocerans, ro ti fe rs, barnac le 

nauplii etc.) were negati ve ly se lec ted by larva l bay anchovy. Copepod 

copepodites/adults compri sed 40% of th e inges ted prey, other zooplankton taxa 

compri sed 28%, invertebrate eggs compri sed 19%, and copepocl nauplii comprised 

13%. 
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I 0. Lengths of ingested prey ranged from 0.025 to 1.60 mm, and inc reased exponentia ll y 

w ith larval si ze. These rates of increase generall y were simi lar among years and 

regions. Although mean prey size increased with larva l length, larger larvae 

continued to ingest smaller prey. Relative prey length (prey length/larva l length) 

ranged from 0.003 to 0. 103, and mean va lues generall y did not differ among years or 

regions. Mean re lative prey length (RPL) for bay anchovy la rvae was 0.03, and 

increased s low ly with larva l size (RPL = .0 17 for 2.5 -4.4 mm larvae, RPL = .017 for 

4.5-7.4 mm larvae, RPL = .023 for 7.5- 10.4 mm larvae, RPL = .033 for 10.5- 13.4 mm 

larvae, RPL = .048 for 13.5- 16.4 mm larvae), implying that the s ize-range of su itab le 

prey increases with larva l s ize. 

I I . Abundance of recruited young-of-the-year bay anchovy in October was positively 

co rre lated with both larval feeding incidence and larva l abu ndance during the summer 

surveys . Th is ev idence suppo11s the hypothes is that larva l-stage processes influence 

recruitment of bay anchovy in C hesapeake Bay. 

12. Zoop lankton density was positive ly co rrelated with larval feeding incidence and 

larva l growth rate, indicating a probable link between zooplankton density and 

recruitment potential of bay anchovy. 
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Appendi x I. 1995 crui se. Li st of stat ion dates , times, locatio ns, depths (m), operati ons 

conducted (TT = Tucker traw l icbthyop lankton sampling , CTD = physica l facto r 

sampling), a nd Tucker trawl tow depths (m). Although the bottom 1-m of each tow 

de pth was not sampled, the density o f bay anchovy eggs and la rvae in that depth layer 

was assumed to equal the average density in the part of each tow depth that was 

sampled . Latitudes (N) and longitudes (W) are reported as degrees and dec ima l 

fraction s of degrees. 

Stati on Date Time Latitude Longitude Operat ion Station Dcrth TT Tow Depths 

4 7123 0935 37 .33 -76.2 TT, CTD 9 0-5 , 5-9 

6 7/23 1200 37.33 -76. 13 TT, CTD 13 0-6 , 6-13 

7 7/23 1258 37.33 -76.05 TT, CTD 10 0-4,4- 10 

14 7/23 2208 37. 14 -76. 18 TT, CTD 9 0-4 , 4-9 

15 7/23 2259 37. 17 -76. 12 TT, CTD 8 0-4, 4-8 

16 7/23 2350 37. 18 -76.06 TT, CTD 9 0-5 , 5-9 

28 7/24 1410 37 -76.08 TT, CTD 8 0-4, 4-8 

29 7/24 1620 37 -76.05 TT, CTD 9 0-4, 4-9 

30 7/24 1705 37 .03 -76.05 TT, CTD 5 0-3 , 3-5 

3 1 7/24 1955 37.5 -75.98 TT, CTD 8 0-5 , 5-8 

32 7/24 2058 37.5 -76 .06 TT, CTD 14 0-5,5- 14 

33 7/24 2208 37.5 -76. 14 TT, CTD 10 0-6 , 6- 10 

34 7/24 2305 37.5 -76.2 1 TT, CTD X 0-4, 4-8 

44 7/25 11 30 37.67 -75.95 TT, CTD 7 0-4, 4-7 

45 7"l.5 1300 37.67 -76 05 TT. CTD II 0-5 , 5- 1 I 

46 7/25 14 15 37.67 -76. I 8 TT, CTD 11 0-5, 5- 1 I 

47 7/25 15 10 37.67 -76.26 TT, CTD 11 0-5, 5-1 I 

48 7/25 1705 37.83 -76.2 TT, CTD II 0-4, 4- 1 I 

49 7/25 1900 37.83 -76. 15 TT, CTD 19 0-7, 7- 19 

50 7/25 2000 37.83 -76.08 TT, CTD 9 0-5, 5-9 

56 7/26 0330 38 -76.32 TT, CTD 11 0-5 , 5- 11 

57 7/26 0423 38 -76.24 TT, CTD 10 0-6, 6- 10 

58 7/26 0505 38 -76. I 8 TT, CTD 7 0-4, 4-7 

62 7/26 0935 38. 17 -76. 17 TT, CTD 7 0-3, 3-7 

63 7/26 1050 38. 17 -76.23 TT, CTD 12 0-9,9- 12 

64 7/26 11 30 38. 17 -76.3 TT, CTD 12 0-8, 8- 12 

65 7/27 1247 38 . 17 -76.23 TT, CTD 30 0- 15, 15-3 0 

7 1 7/27 0 11 5 38.33 -76 .3 1 TT. CTD 20 0- 10, 10-20 

72 7/27 0200 38JJ -76.J5 TT, CTD 11.5 0-7, 7- 1 I .5 

73 7/27 0238 38.33 -76.38 TT, CTD 9 0-6, 6-9 

74 7/27 04 10 38.5 -76.46 TT, CTD 10 0-4,4- 10 

79 7/27 1000 38.5 -76.42 TT, CTD 28 0- 11 , 11-28 
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Append ix I (cont'd) 

Stati on Date T ime La titude Longitude Operati on Stati on Depth TT Tow Depths 

80 7/27 1045 38.5 -76.38 TT, CTD 8 0-4, 4-8 

8 1 7/27 1245 38.67 -76. 39 TT, (TD 8 0-4, 4-8 

82 7/27 1330 38.67 -76.45 TT, CT D 10 0-5 , 5- 10 

83 7/27 1430 38.67 -76.5 TT, CTD 8 0-5, 5-8 

88 7/27 22 14 38.83 -76.4 1 TT, CTD 16.5 0-10, I 0- 16.5 

89 7/27 2355 38 .83 -76.45 TT, CTD 8 0-4, 4-8 

90 7/28 0223 39 -76.39 TT, CTD 8 0-4, 4-8 

9 1 7/28 0300 39 -76 .36 TT, CTD 15 0- 10, I 0- 15 

92 7/28 0423 39. 17 -76.32 TT, CTD 5 0-2.5 , 2.5-5 

96 7/28 0909 39.42 -76.04 TT, CTD 6 0-3 , 3-6 

97 7/28 1225 39.32 -76.2 1 TT, CTD 10 0-5 , 5- 10 

98 7/28 1500 39.25 -76.24 TT, CTD 6 0-3, 3-6 
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Appendi x 2. 1996 crui se. List of station dates, times, locati ons, depths (m), operations 

conducted (TT = Tucker trawl ichthyoplallkton sampling, CTD = physical factor 

sampling, Niskin = 10-L Niskin bottle zooplallkton sampling), and T ucker trawl tow 

depths (m). Although the bottom 1-m of each tow depth was not sampled, the density of 

bay anchovy eggs and larvae in that depth layer was assumed to equal the average 

density in the part of each tow depth that was sampled. Latitudes (N) and longitudes 

(W) are reported as degrees and decimal fractions of degrees. 

Station 
5 
6 

7 
8 
9 
10 
21 
22 
23 
24 
25 
26 
37 
38 
39 
52 
53 
54 
55 
56 
89 
90 
93 
94 
95 
96 
97 

Date 
7/17 
7/ 17 
7/ 17 
7/17 
7/ 17 
7/17 
7/18 
7/18 
7/18 
7/18 
7/18 
7/18 
7/19 
7/ 19 
7/19 
7/20 
7/20 
7/20 
7/20 
7/20 
7/22 
7/22 
7/22 
7/22 
7/22 
7/22 
7/22 

Time 
11 57 
1244 
1410 
18 10 
1935 
2 150 
12 15 
1300 
1402 
1750 
1844 
2 11 7 
1427 
1520 
1605 
1205 
1406 
1523 
173 1 
2007 
1205 
1300 
1542 
1638 
174 1 
1845 
2005 

Latitude 
38 
38 
38 

37.33 
37.33 
37.33 
36 .97 
37.02 
37.05 
37 .67 
37.67 
37.67 
38 .19 
38. 16 
38. 16 
38 .5 
38.5 
38.5 

38.83 
38.83 
39.38 
39.33 
39. 18 
39. 13 
39.08 
39 .03 

39 

Longitude 
-76. 17 
-76.25 
-76.32 
-76.2 
-76. 13 
-76.05 
-76 .07 
-76.05 
-76.03 
-75.95 
-76.05 
-76.18 
-76.3 
-76.22 
-76. 17 
-76.45 
-76.42 
-76.37 
-76.42 
-76.45 
-76. 1 
-76 .2 

-76.28 
-76 .32 
-76.3 

-76.35 
-76.35 

Opera tion 
TT, CTD 

TT, CTD, Niskin 
TT, CTD 
TT, CTD 

TT, CTD, Niskin 
TT, CTD, Niskin 

TT, CTD 
Nisk in 

TT, CTD 
TT,CTD 
TT, CTD 

TT, C rD, Niskin 
TT, CTD, Niskin 
TT, CTD, Niskin 
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TT, CTD 
TT, CTD 

Niskin 
TT,CTD 

Niskin 
TT, CTD 
TT,CTD 
TT,CTD 
TT, C rD 
TT, CTD 
TT, CTD 
TT,CTD 
TT, CTD 

Station Depth 
8.5 
12 
13 
8 
12 
9 
12 

14.7 
9 

8 
11 
12 
12 
12 
9 
11 
19 
8 
18 
9 

13 
12 
12 
12 
9 

13 
19 

TT Tow Depths 
0-4 , 4-8 .5 
0-6, 6- 12 
0-8, 8- 13 
0-4, 4-8 

0-6 , 6- 12 
0-6 , 6-9 

0-6, 6- 12 

0-5 , 5-9 
0-4, 4-8 

0-6, 6- 11 
0-6, 6- 12 
0-6, 6- 12 
0-6, 6- 12 

0-4.5, 4.5 -9 
0-5.5 , 5.5- 11 

0-5 , 5-8 

0-4.5 , 4 .5-9 
0-6, 6- 13 
0-6, 6- 12 
0-6, 6- 12 
0-6, 6- 12 
0-6, 6-9 
0-9,9-13 

0- 11 , 11 -19 



Appendi x 3. 1997 crui se. List of station dates, times, locations, depths (m), operations 
conducted (TT = Tucker trawl ichthyoplankton sampling, CTD = physical facto r 
sampling, Ni skin = 10-L Niskin bottle zooplankton sampling), and Tucker traw l tow 
depths (m). Although the bottom 1-m of each tow depth was not sampled, the density of 
bay anchovy eggs and larvae in that depth layer was assumed to equal the average 
density in the part o f each tow depth that was sampled. Lati tudes (N) and longitudes 
(W) are reported as degrees and dec imal fracti ons of degrees . 

Station 
4 

5 
6 

7 
8 
9 
10 
2 1 
23 
25 
26 
36 
37 
38 
39 
40 
41 
42 
52 
53 
54 
55 
56 
57 
58 
59 
60 
68 
69 
70 
72 
73 
74 
75 
76 
77 
90 
9 1 
92 

Date 
7/ 11 
7/1 1 
7/1 1 
7/1 1 
7/1 1 
7/1 1 
7/11 
7/12 
7/12 
7/12 
7/12 
7/13 
7/13 
7/13 
7/13 
7/13 
7/ 13 
7/13 
7/ 14 
7/14 
7/14 
7/1 4 
7/1 4 
7/14 
7/ 14 
7/ 14 
7/ 14 
7/15 
7/15 
7/ 15 
7/ 15 
7/15 
7/ 15 
7/15 
7/15 
7/20 
7/22 
7/23 
7/23 

T ime 
111 3 
1255 
1430 
1722 
18 18 
1948 
2037 
1030 
1257 
1459 
1629 
1254 
1344 
15 10 
155 0 
1724 
18 15 
1924 
1029 
1200 
1305 
1600 
1646 
18 16 
2005 
2 11 3 
2204 
0840 
0957 
1043 
125 1 
1332 
14 15 
15 16 
16 15 
1300 
2354 
0049 
1958 

Latitude 
38.5 
38.5 
38.5 

38.84 
38 .83 

39 
39 

39.42 
39 .32 
39.22 
39. 11 
38.33 
38.33 
38. 17 
38. 17 

38 
38 
38 

37.5 
37.49 
37.5 

37.83 
37.83 
37.84 
37.67 
37.67 
37.67 
37 .33 
37.33 
37 .33 
37. 16 
37. 17 
37 .1 7 
37. 17 
37 .1 7 
37.2 

37.02 
37.06 
36.96 

Longitude 
-76.38 
-76.46 
-76.42 
-76.45 
-76 .41 
-76.39 
-76.36 
-76.02 
-76.22 
-76.25 
-76.3 1 
-76.38 
-76.36 
-76 .27 
-76.2 

-76.32 
-76.23 
-76. 14 

-76 
-76.06 
-76. 14 
-76 .2 1 
-76 .1 5 
-76.08 
-76.26 
-76. 12 

-76 
-76. 11 
-76.06 
-76. 17 
-76.25 
-76.22 
-76. 17 
-76. 1 

-76.03 
-76.06 
-76.0 1 
-75.99 
-76.05 
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Operation 
TT, CTD, Niski n 

TT,CTD 
TT, CTD 
TT, CTD 

TT, CTD, Niskin 
TT, CTD, Niskin 

TT, CTD 
TT, CTD 

TT, CTD, Niskin 
TT, CTD, Niskin 
TT, CTD, Niskin 

TT, CTD 
TT, CTD, Niskin 

TT,CTD 
TT, CTD, Niskin 

TT,CTD 
TT, CTD, Niskin 

TT,CTD 
TT,CTD 

TT, CTD, Niski n 
TT,CTD 
TT,CTD 

Niskin 
TT, CTD 
TT, CTD 

TT, CTD, Niskin 
TT, CTD 

TT, CTD, Niskin 
TT,CTD 
TT, CTD 
TT,CTD 
TT, CTD 

TT, CTD, Niskin 
TT, CT D 
TT,CTD 

TT 
TT, CTD 
TT, CTD 
TT, CTD 

Station Depth 
7 

9 
11 
9 
19 
7 

17 
11 
11 
9 

6 
7 
8 
14 
8 
12 
10 
5 
8 
10 
8 
10 
20 
9 
7 

9 
13 
I 1 
12 
9 
8 
10 
8 
6 

7 
8 
6 
7 
14 

TT Tow Depths 
0-4, 4-7 
0-5, 5-9 

0-6, 6- 11 
0-5 , 5-9 

0- 11 , 11 - 19 
0-4 , 4-7 

0-9,9-17 
0-6, 6- 11 
0-5 , 5- 11 
0-5 , 5-9 
0-5 , 5-6 
0-4, 4-7 
0-4 , 4-8 

0-9, 9- 14 
0-6, 6-8 

0-9, 9- 12 
0-6, 6- 10 
0-3 , 3-5 
0-6, 6-8 

0-6, 6- 10 
0-6, 6-8 

0-6, 6- 10 

0-5 , 5-9 
0-6, 6-7 
0-6, 6-9 

0-6 
0-6, 6- 11 
0-7, 7-12 
0-6, 6-9 
0-4 , 4-8 

0-6, 6- 10 
0-6, 6-8 
0-4, 4-6 
0-4, 4-7 
0-5, 5-8 

0-3 .5 , 3.5-6 
0-4 , 4-7 

0-7, 7- 14 

-



Appendix 4. 1998 crui se. List of station dates, times, locations, dep ths (m), operations 

conducted (TT = Tucker traw l ichthyoplankton sampling, CTD = phys ical factor 

sampling, Niskin = 10-L Niskin bottle zoopl ankton sampling), and Tucker traw l tow 

depths (m). Although the bottom l-m of each tow depth was not sampled, the densi ty of 

bay anchovy eggs and larvae in that depth layer was assumed to equal the average 

density in the part of each tow depth that was sampled. Latitudes (N) and longitudes 

(W) are reported as degrees and decimal fractions of degrees. 

Station 
40 
42 
43 
44 
46 
47 
60 
6 1 
62 
63 
64 
65 
66 
78 
79 
80 
8 1 
82 
83 
84 
85 
95 
96 
97 
98 
100 
109 
11 I 
I 12 
113 
11 4 
11 5 
11 6 
125 
127 
129 
130 

Date 
8/6 
8/6 
8/6 
8/6 
8/6 
8/6 
8/8 
8/8 
8/8 
8/8 
8/8 
8/8 
8/8 
8/9 
8/9 
8/9 
8/9 
8/9 
8/9 
8/9 
8/9 

8/10 
8/10 
8/1 0 
8/1 0 
8/ 10 
8/1 1 
8/ 11 
8/1 1 
8/ 11 
8/1 1 
8/ 11 
8/1 1 
8/12 
8/ 12 
8/ 12 
8/12 

T ime 
1045 
1346 
1445 
1600 
19 10 
2043 
1427 
1509 
1548 
1633 
173 1 
18 15 
1845 
1407 
1440 
1526 
1600 
1752 
1842 
2002 
2040 
1326 
142 1 
1557 
1642 
1858 
1005 
1242 
1439 
1520 
1607 
1820 
1932 
0703 
09 14 
1024 
111 8 

Latitude 
37.73 
37.73 
37.73 
37 .83 
37.83 
37.83 
37. 17 
37. 17 
37 .17 
37. 17 
37.05 
37 .0 1 
36.97 
37.33 
37 .33 
37.33 
37.33 
37 .5 
37.5 
37 .5 
37.5 

38 . 17 
38. 17 
38. 17 

38 
38 

38.5 
38.5 

38.67 
38 .66 
38 .67 

39 
39 

39 .42 
39 .32 
39.22 
39. 12 

Longitude Operation 
-76.22 
-76. 14 
-76. 11 
-76. 12 
-76.2 1 

-76 
-76.25 
-76 .1 7 
-76. 11 
-76.03 
-76.03 
-76.05 
-76.07 
-76.2 1 
-76. 19 
-76. 14 
-76.09 
-76.02 
-76.08 
-76. 17 
-76.25 
-76.2 

-76.27 
-76.32 
-76.25 
-76. 12 
-76.38 
-76.46 
-76.4 1 
-76.45 
-76.5 

-76.35 
-76.39 
-76 .03 
-76.22 
-76.26 
-76.32 

TT, CTD, Niskin 
TT,CTD 

TT, CTD, N isk in 
TT, CTD, Niskin 

TT,CTD 
TT 

TT, CTD 
TT, CTD, Nisk in 

TT,CTD 
TT, CTD 
TT, CTD 
TT, CTD 

TT, CTD, Niskin 
TT,CTD 

TT, CTD, Niskin 
TT,CTD 
TT, CTD 
TT, CTD 

TT, CTD, Niski n 
TT, CTD 
TT, CTD 

TT, CTD, Niskin 
TT, CTD, N iskin 

TT, CTD 
TT, CTD 
TT, CTD 

TT, TD, Niskin 
TT, CTD, N isk in 

TT, CTD 
TT, CTD, N iskin 

TT, CTD 
Niskin 

TT, CTD 
TT, CTD, Nisk in 
TT, CTD, Niskin 

TT, CTD 
TT, CTD, Niskin 
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Station Depth 
11 
10 

8.5 
12 
12 
10 
11 

10.5 
7.5 
7 

9 

13 
13 
9 
9 
11 
17 
9 
13 
9 

8 
10 
10 

10.5 
10 

9.5 
8 
9 
11 
9 
9 

8 
10 
12 
6 
8 

TT Tow Depths 
0-7, 7- 11 
0-7, 7- 10 
0-5 , 5-8.5 
0-6, 6- 12 
0-6, 6- 12 
0-6, 6- 10 
0-8, 8- 1 I 

0-7, 7- 10.5 
0-4, 4-7.5 
0-4, 4-7 
0-5, 5-9 

0- 10, 10- 13 
0-7, 7- 13 
0-5, 5-9 
0-6 , 6-9 

0-6, 6- 11 
0- 10, I 0- 17 

0-5 , 5-9 
0-5 , 5- 13 
0-4, 4-9 
0-4, 4-8 

0-8, 8- 10 
0-7, 7- 10 

0-8, 8- 10.5 
0-6, 6- 10 
0-5, 5-9.5 
0-5, 5-8 
0-7, 7-9 

0-7, 7- 11 
0-6, 6-9 
0-6, 6-9 

0-5, 5-8 
0-6, 6- 10 
0-9, 9- 12 
0-4, 4-6 
0-6, 6-8 



Append ix 5. 1999 cruise. List of station dates, times, locations, depths (m), operations 

conducted (TT = Tucker trawl ichthyoplankton samp ling, CTD = physical factor 

samp ling, Niskin = 10-L Ni skin bottle zoop lankton sampling), and Tucker trawl tow 

depths (rn). Although the bottom 1-m of each tow depth was not sampled, the density of 

bay anchovy eggs and larvae in that depth layer was assumed to eq ua l the average 

density in the part of each tow depth that was samp led. Latitudes (N) and longitudes 

(W) are reported as degrees and decimal fractions of degrees. 

Station 
4 
5 
6 

7 
8 
9 

20 
2 1 
22 
23 
24 
25 
26 
37 
38 
39 
40 
41 
42 
43 
44 
55 
57 
58 
59 
60 
6 1 
70 
72 
74 
75 
76 
77 

Date 
6/26 
6/26 
6/26 
6/26 
6/26 
6/26 
6/27 
6/27 
6/27 
6/27 
6/27 
6/27 
6/27 
6/28 
6/28 
6/28 
6/28 
6/28 
6/28 
6/28 
6/28 
6/29 
6/29 
6/29 
6/29 
6/29 
6/29 
6/30 
6/30 
6/30 
6/30 
6/30 
6/30 

T ime 
1425 
15 10 
1549 
1630 
180 1 
1856 
1114 
12 17 
1300 
141 3 
1502 
1828 
1923 
1154 
1245 
1404 
1450 
1559 
1633 
1707 
1746 
12 16 
1422 
1450 
1535 
1655 
1730 
0715 
0910 
1000 
1052 
11 37 
12 10 

Latitude 
37 .5 
37.5 
37 .5 
37.5 

37.33 
37.33 
36.97 
37.02 
37 .05 
37 .17 
37. 17 
37.67 
37.67 
37 .67 
37.67 
37.83 
37 .83 

38 
38 
38 
38 

38 .33 
38.5 
38 .5 
38 .5 

38.67 
38.67 
39.42 
39.33 
39.22 
39 .12 

39 
39 

Longit11de 
-76.25 
-76. 16 
-76.08 
-76.02 
-76. 1 
-76.2 

-76.07 
-76.05 
-76.03 
-76.08 
-76.2 

-75 .98 
-76.08 
-76. 15 
-76.2 
-76 .2 

-76 .1 2 
-76. 12 
-76. I 8 
-76.25 
-76.32 
-76.37 
-76.45 
-76.42 
-76 .38 
-76.42 
-76.4 7 
-76.03 
-76.22 
-76.25 
-76.32 
-76.36 
-76.38 
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Operation 
TT,CTD 
TT,CTD 

TT, CTD, Niskin 
TT, CTD 
TT,CTD 

TT, CTD, Nisk in 
TT, CTD, Niskin 

TT, CTD 
TT,CTD 
TT, CTD 

TT, CTD, Niskin 
TT, CTD 
TT,CTD 

TT, CTD, Nisk in 
TT,CTD 

TT, CTD, Niskin 
TT, CTD, Niskin 

TT, CTD 
TT, CTD 

TT, CTD, Niskin 
TT, CTD 

TT, CTD, Niskin 
TT, CTD 

Niskin 
TT, CTD 
TT, CTD 

TT, CTD, Niskin 
TT, CTD, Niskin 
TT, CTD, Niskin 
TT, CTD, Niskin 
TT, CTD, Nisk in 
TT, CTD, Niskin 

TT,CTD 

Stat ion Depth 
4.5 
8 
10 
8 
15 
5 
7 
11 
6 
6 
10 
8 
8 

12.5 
9 

9.5 
7.5 
8 
8 
7 

9.5 
7.5 
9 
7 
6 

24 
8.5 
IO 
9 
9 
6 
15 
5.5 

TT Tow Depths 
0-3 , 3-4.5 
0-5, 5-8 

0-5 ,5- 10 
0-5, 5-8 

0- 10, 10- 15 
0-3, 3-5 
0-6, 6-7 

0-8 , 8- 11 
0-5 , 5-6 
0-5, 5-6 

0-7 , 7- 10 
0-5 , 5-8 
0-7, 7-8 

0- 10, 10- 12.5 
0-5.5 , 5.5-9 

0-8.5 , 8.5-9.5 
0-6.5, 6.5-7.5 

0-6, 6-8 
0-6 , 6-8 

0-6.5, 6.5-7 
0-8, 8-9.5 
0-5 , 5-7.5 
0-5, 5-9 

4.5-6 
0-13, 13-24 
0-5 , 5-8 .5 
0-8 ,8- 10 
0-5 , 5-9 
0-7 , 7-9 

0-4 .5, 4.5-6 
0-11.5 , 11.5- 15 
0-3.5, 3.5-5.5 



Append ix 6. Year 1998 depth-stratified stati ons used to conduct an above, at, and below 

pycnoc line feed ing analysis on bay anchovy larvae. List of station dates, times, 
locations, depths (m), operations conducted (TT = Tucker trawl ichthyoplankton 

sampling), and Tucker trawl tow depths (m). Latitudes (N) and longitudes (W) are 
reported as degrees and decimal fractions of degrees. 

Sta tion 
25 
26 
27 
29 
4 1 
55 
56 
99 
II 0 
11 5 

Date 
8/5 
8/5 
8/5 
8/5 
8/6 
8/7 
8/7 

8/10 
8/1 0 
8/1 1 

Time 
1140 
1345 
1533 
1904 
1222 
11 59 
1345 
1753 
1059 
1820 

Latitude 
38 

37.85 
37.73 
37.6 

37.73 
37.73 
37.87 

38 
38.5 
39 

Long ih1cle Operation Station Depth TT Tow Depths 
-76.22 TT 23 0- 14, 14-20, 20-23 
-76. 17 TT 44 0- 14, 14- 16.5 , 16.5 - 18 
-76. 18 TT 20 0- 13,9- 14, 13-15 
-76.15 TT 13 0-3.5, 3.5-8.5, 8.5- 13 
-76.2 TT 27 0-15.5 , 15.5-2 1, 15.5-25 

-76. 18 TT 28 0- 11.5, 11. 5- 16.5, 16.5-28 
-76.17 TT 40 0-10, 10- 14.5 , 14.5- 18 
-76. 18 TT 14 0-7 , 7- 10, 10-14 
-76.42 TT 2 1 0-7 , 7- 12, 12- 18 
-76.35 TT 20 0-7.5 , 7.5- 10.5, 10.5- 15 
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Appendix 7. Year 2000 day/night samples fo r die! feedi ng comparison by bay anchovy 
larvae. List of stati on dates, times, locations, depths (m), operati ons conducted (TT = 
Tucker trawl ichthyoplankton sampling), and Tucker traw l tow depths (m). Latitudes 
(N) and longitudes (W) are reported as degrees and decimal frac ti ons of degrees. 

Station Date Time La titude Lon~itude Oeera tion Station Deeth TT Tow Depths 
85 7/30 11 5 1 37.83 -76. 15 TT 19 0-5 , 5- 19 
93 7/3 1 0 155 37.83 -76 .1 5 TT 19 0-6.5 , 6.5- 19 
11 4 8/1 1242 37.83 -76. 15 TT 18 0-8.5 , 8.5- 18 
86 7/30 1339 37.73 -76.2 TT 22 0-5 .5, 5.5-22 
100 7/3 1 1200 37.73 -76.2 TT 22 0-5 .5, 5.5-22 

108 8/1 0509 37.73 -76.2 TT 25 0-9, 9-25 

87 7/30 1446 37.73 -76. 15 TT 13 0-7, 7- 13 

10 1 7/3 1 1300 37.73 -76. 15 TT 12 0-5.5 , 5.5- 12 

107 8/1 0 11 0 37 .73 -76. 15 TT 15 0-6.5, 6.5- 15 

92 7/30 2333 37.83 -76 .2 TT 13 0-8.5 , 8.5- 13 

11 3 8/ 1 1040 37.83 -76 .2 TT 11 0-5.5 , 5.5- 11 

94 7/3 1 02 18 37.83 -76. 1 TT 10.5 0-4.5, 4 .5- 10.5 

11 5 8/1 1438 37.83 -76. 1 TT 8 0-5 .5, 5.5-8 

99 7/3 1 1047 37.73 -76.23 TT 6 0-3.5, 3.5-6 

109 8/1 0600 37.73 -76.23 TT 6 0-3.5, 3.5-6 
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Appendix 8. Regional mean water temperature (°C) during the summer TIES 

crui ses in C hesapeake Bay from 1995- 1999. Cruise dates inc lude: Ju ly 23-28, 

1995 ; Jul y 17-22, 1996; Jul y 11-23, 1997; August 6- 12, 1998; and June 26-30, 

1999. MWC Temp = mean water-co lumn temperature; 3-m Temp = temperature at 

3-m depth . For w ithin-yea r regional compari sons, different superscripts indicate 

signifi cant differences (A NOYA P<0.05). SE = standard error. N = number of 

Crui se Region N MWCTemp 3-m Temp 

1995 Upper 11 28 .7 29.2 

l SE 0.2 0. 1 
1995 Mid 16 28.2 29.2 

l SE 0.2 0 .1 

1995 Lower 17 28.5 29.1 

1 SE 0. 1 0.2 

1996 Upper 8 24.6 25.0 

I SE 0.3 0. 1 

1996 Mid 8 25.6 25.8 

1 SE 0.1 0. 1 

1996 Lower 8 25. 1 25.9 

1 SE 0.7 0.5 

1997 Upper 8 24 .7 26. 1 

1 SE 0.7 0.2 

1997 M id 12 25.4 26. 1 

1 SE 0.2 0.1 

1997 Lower 17 25 .0 25.7 

l SE 0.4 0.4 

1998 Upper 8 26.7a 27.0ll 

1 SE 0. 1 0. 1 

1998 Mid 9 26.5a 27.0ll 

1 SE 0.1 0. 1 

1998 Lower 18 25.6b 26.2b 

1 SE 0 .1 0.2 

1999 Upper 8 24. 1 a 24.93 

1 SE 0.5 0.2 

1999 Mid 9 23.5a 24.4ab 

1 SE 0.2 0. 1 

1999 Lower 15 22.6b 23 .8b 

l SE 0.2 0.2 
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Appendix 9. Regional mean salinity (ppt) during the summer TIES cruises in 

Chesapeake Bay from 1995-1999. Cruise dates include: July 23-28, 1995 ; July 17-

22, 1996; Ju ly 11-23, 1997; August 6-12, 1998; and June 26-30, 1999. MWC Salin 

= mean water-column salinity; 3-m Salin = salinity at 3-m depth. For within-year 

regional comparisons, different superscripts indicate significant differences 

(ANOV A P<0.05). SE = standard error. N = number of stations. 

Cruise Region N MWC Salin 3-m Salin 

1995 Upper 1 I 9.9c 9.4C 

1 SE 1.3 1.3 

1995 Mid 16 15.8b 14.5b 

1 SE 0.3 0.2 

1995 Lower 17 21.9a 20.6a 

1 SE 0.7 0.7 

1996 Upper 8 5.f 4.2c 

1 SE 1.3 1.0 

1996 Mid 8 }0.8b 10.4b 

I SE 0.2 0.2 

1996 Lower 8 18.3a 17.2a 

I SE 1.8 1.5 

1997 Upper 8 9.] C 7.0c 

I SE 1.6 1.3 

1997 Mid 12 }3.4b J2.6b 

1 SE 0.3 0.2 

1997 Lower 17 22.l " 20.3a 

1 SE 1.0 1.2 

1998 Upper 8 8.3c 7.7c 

1 SE 1.4 1.3 

1998 Mid 9 13.i 12.9b 

I SE 0.4 0.4 

1998 Lower 18 20.73 19.4a 

1 SE 0.8 0.7 

1999 Upper 8 11.6c 10.6c 

1 SE 1.6 1.4 

1999 Mid 9 16.5b 15 .5b 

1 SE 0.4 0.3 

1999 Lower 15 22.3
3 20.0a 

1 SE 0.9 0.8 
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Appendix 10. Regional mean dissolved oxygen (DO) (mg/L) during the summer TIES 

cruises in Chesapeake Bay from 1995-1999. Cruise dates include: July 23-28, 1995 ; 

July 17-22, 1996; July 11-23, 1997; August 6-12, 1998; and .lune 26-30, 1999. MWC 

DO = mean water-column DO; 3-m DO = DO at 3-m depth; BP DO = DO below the 

pycnocline. For within-year regional comparisons, different superscripts indicate 

significant differences (ANOV A P<0.05). SE = standard en-or. N = number of 

stations. 

Cruise Region N MWCDO 3-mDO BPDO 

1995 Upper 11 6.7ab 7.5 5_5ab 

1 SE 0.4 0.5 0.7 

1995 Mid 16 5.7b 7.6 3.9b 

1 SE 0.4 0.2 0.6 

1995 Lower 17 6.9a 7.4 6.2a 

1 SE 0.1 0.1 0.2 

1996 Upper 8 5.9c 7.2b 4.4b 

I SE 
0.4 0.3 0.8 

1996 Mid 8 8. 1 b 8.6b 7.5a 

I SE 0.4 0.5 0.4 

1996 Lower 8 9.6a 10.8a 8.23 

I SE 0.5 0.6 0.5 

1997 Upper 8 4.5 6.7 3.2 

1 SE 0.6 0.5 0.9 

1997 Mid 12 5.9
3 7_5ab 4.1 

1 SE 0.2 0.1 0.6 

1997 Lower 17 6.2a 7.6a 4.9 

1 SE 0.2 0.1 0.3 

1998 Upper 8 5.4 5.8 5.1 a 

1 SE 0.4 0.5 0.5 

1998 Mid 9 5.0 5.9 3.6b 

1 SE 0.3 0.2 0.6 

1998 Lower 18 5.4 5.9 4.8 8 

1 SE 0.1 0.1 0.2 

1999 Upper 8 4.9b 5.5b 3.5b 

1 SE 0.5 0.4 0.8 

1999 Mid 9 5_9ab 6.0ab 5.63 

1 SE 0.1 0.1 0.3 

1999 Lower 15 6.53 6.7
3 6.4a 

l SE 0.2 0.3 0.3 
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Appendi x 11. Regional mean fluorescence (relati ve fluorescence uni ts), representing 

chlorophyll a bi omass, during the summer TIES crui ses in Chesapeake Bay fro m 1995-

1999. Crui se dates include: Jul y 23-28, 1995; July 17-22, 1996; Jul y 11 -23, 1997; 

August 6-12, 1998 ; and June 26-30, 1999. MWC F = mean water-co lumn F; 3-m F = 
Fat 3-m depth; AP F = F above the pycnocline. For w ithin-year regional compari sons, 

diffe rent superscripts indicate significant d ifferences (ANOVA P<0.05). SE = 

standard erro r. N = number of stati ons. 

Crui se Region N MWCF 3-m F APF 

1995 Upper 11 2.0" 2.4" 2.3a 

I SE 0.3 0.4 0.3 

1995 Mid 16 I. I b 1.4b 1.3b 

1 SE 0. 1 0. 1 0. 1 

1995 Lower 17 J. 2b 1.2b J. 2b 

1 SE 0. 1 0. 1 0. 1 

1996 Upper 8 I. I 1. 5 1.3 

l SE 0.2 0.4 0.3 

1996 Mid 8 1.2 1.5 1.4 

I SE 0. 1 0. 1 0. 1 

1996 Lower 8 1.5 1.7 1.6 

1 SE 0.2 0.2 0.2 

1997 Upper 8 0. 7 l.O 0.9 

l SE 0.1 0. 1 0. 1 

1997 Mid 12 0.6 0.7 0.7 

l SE 0. 1 0. 1 0.1 

1997 Lower 17 0.6 0.7 0.7 

l SE 0. 1 0. 1 0. 1 

1998 Upper 8 1.0" 1.3" I.t1 

I SE 0.3 0.5 0.4 

1998 Mid 9 o.5"b 0.6"b 0.6ab 

1 SE 0.03 0.03 0.03 

1998 Lower 18 0.5b 0.5b 0.5b 

I SE 0.03 0.04 0.04 

1999 Upper 8 0.6 0.8" 0.7" 

l SE 0. 1 0. 1 0. 1 

1999 M id 9 0.6 0.6b 0.6"b 

I SE 0.03 0.05 0.04 

1999 Lower 15 0.6 0.4b 0.4b 

I SE 0. 1 0.02 0.02 
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