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ABSTRACT: Abundance of juvenile Atlantic menhaden Brevoortia tyrannus, plankton abundance, and 
physical data were collected concurrently along longitudinal transects in 2 estuarine creeks in North 
Carolina and 2 estuarine creeks in Virgina, USA, from March to August 1983. Menhaden abundance 
was positively correlated with abundance of microflagellates, diatoms, chlorophyll a, and to a limited 
extent dinoflagellates and cyanobacteria. Menhaden showed a distributional preference for larger 
(generally > 3 pm in length) phytoplankton cells independent of phytoplankton taxa. Dinoflagellate 
blooms, whlch were usually composed of large cells (> 16 fim in length) and had some of the highest 
chlorophyll a concentrations observed, were not always positively correlated with menhaden abun- 
dance. Some dinoflagellata taxa appeared to repel menhaden, whereas blooms of Prorocentrum sp. 
were always positively correlated with the distribution of the fish. Menhaden distribution appeared to 
respond to gradients of phytoplankton cells of sufficient size to be filtered by the fish, suggesting a 
chemosensory preference for plant rather than detrital particles and a foraging strategy patterned by the 
efficiency of their gill raker feeding structure. 

INTRODUCTION 

The time and space scales of patch size and turnover 
rate for phytoplankton and phytoplanktivorous fish can 
differ by an order of magnitude (Walsh et al. 1978, 
Walsh 1982). As a result, knowledge of the types of 
ecosystem-level correlations developed between phy- 
toplankton and zooplankton (Beers & Stewart 1971, 
Taniguchi 1973) is lacking for phytoplankton and phy- 
toplanktivorous fish because of the difficulty in making 
the necessary concurrent measurements (Bainbridge 
1963, Oviatt et al. 1971, Miller & Dunn 1980). Thus, 
most ecosystem-level inferences for phytoplanktivor- 
ous fish are based on organism-level observations such 
as grazing rate experiments (Durbin & Durbin 1975, 
Drenner et al. 1984, Drenner et al. 1987). 

Because of their phytoplanktivorous feeding habits, 
juvenile Atlantic menhaden Brevoortia tyrannus (La- 
trobe) appear to be an ideal subject for modelling the 
distribution behavior of phytoplanktivorous fish in rela- 
tion to phytoplankton gradients. Atlantic menhaden 
undergo a series of ontogenetic feeding changes du- 
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ring larvae to juvenile and juvenile to adult transitions. 
The larvae, which are omnivorous planktivores (June & 
Carlson 1971, Govoni et al. 1983), undergo morphologi- 
cal changes in body form and feeding structure as they 
metamorphose into juveniles (June & Carlson 1971). 
The juveniles are obligate filter-feeders and feed pre- 
dominantly upon phytoplankton-sized prey (Friedland 
et al. 1984). As they grow, concomitant changes in their 
feeding structure result in a gradual shift towards 
including more zooplankton-sized prey (Durbin & Dur- 
bin 1975). 

Within-habitat distribution patterns of menhaden 
have been studied in relation to physical and plankton- 
related gradients. Correlation between menhaden 
abundance and physical gradients of salinity and tem- 
perature has not been established despite extensive 
testing in the field (Massmann et al. 1954, Turner & 
Johnson 1973). On the other hand, plankton-related 
gradients, such as  turbidity and chlorophyll a concen- 
tration, have been significantly correlated with the 
distribution of menhaden (Kemmerer et al. 1974, Kem- 
merer 1980). However, these correlations are not con- 
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sistent across studies since Wilkins & Lewls (1971) 
found no correlation between juvenile abundance and 
turbidity. The hypothesis that menhaden distribution is 
controlled by the distribution of their food has persisted 
for many years (June & Chamberlin 1959, Weinstein 
1979), but has remained untested for lack of detailed 
observations of menbaden distribution and  gradients of 
potential food, and of laboratory experiments to test 
food preference. 

The goal of this investigation was to identify physical 
and  plankton-related factors correlated with menha- 
den  abundance. Since juvenile menhaden are obligate 
filter-feeders, we assumed their distribution reflected 
feeding preferences. We recognize this field study is 
not a complete test of the hypothesis described above, 
and  that other approaches, such as laboratory experi- 
ments with controlled test factors, may b e  necessary. 

MATERIALS AND METHODS 

Relative abundance of menhaden, physical data, and 
plankton abundance were collected along longitudinal 
transects (fixed station series) in 4 estuarine creeks. 
Bath and Hancock Creeks, located in North Carolina, 
USA (Fig. l A ,  B), were sampled about twice a month 
from March to August 1983. Grays and Machodoc 
Creeks, located in Virginia, USA (Fig. l C ,  D),  were 
sampled about monthly from April to July 1983. These 
4 creeks are relatively similar in length, with Machodoc 
Creek being 11.2km; Grays Creek. 8 .8km;  Bath 
Creek, 8.4 km; and Hancock Creek, 7.8 km. The creeks 
vary markedly in width, as reflected by surface area, 
with Bath Creek estimated to be  386ha, Machodoc 
Creek 301 ha, Hancock Creek 179 ha,  and Grays 78 ha. 
Greatest recorded depths were found in Grays Creek, 

Fig 1 , Study sites with station designations. (A) Hancock Creek, North Carolina (B) Bath Creek, North Carolina (C) Grays Creek, 
Virg1ni.a. (D) Machodoc Creek, V~rginia 
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with some sections as deep as 7.6 m at mean low water. 
The largest continuous section of relatively deep water 
was in the lower portion of Bath Creek, which had 
depths ranging from 2.5 to 3.5 m over a 3.6 km d~stance.  
For the most part, depths ranged 1 to 2 m  in these 
creeks. The North Carolina estuarine creeks are not 
markedly affected by lunar tides, but are subject to 
irregular w~nd-driven tidal fluctuations. The 2 Virginia 
estuarine creeks are subject to typical lunar tidal fluc- 
tuations. 

Juvenile menhaden were sampled at each station 
with a single 5min surface-trawl haul. Sampling sta- 
tions were spaced at 1.5 to 2km intervals over the 
portion of the creeks accessible to sampling with our 
trawl. The hauls began at pre-designated stations 
(Fig. 1) and proceeded downstream for ca 500m as 
measured with flow meters. The surface trawl, measur- 
ing 6.7 m wide, 0.9m deep at the mouth, and 6.1 m 
long, was constructed of 6 mm bar-length multifilament 
knotted nylon netting. The net was towed between 2 
outboard motor boats. In a companson of techniques 
for estimating the abundance of juvenile menhaden, 
Turner (1973) found the surface-trawl provided the 
most precise estimate of menhaden catch-per-unit- 
effort (CPUE) in creek habitats. 

Physical data and plankton samples were collected at 
the beginning of each trawl station (Fig. l ) .  Secchi 
depth was recorded to the nearest cm. Water samples 
for other physical and plankton measurements were 
collected at a depth of 0.75m with a pump sampler. 
Temperature was measured with a glass thermometer 
and salinity was determined with an Endeco refracto- 
meter (model 102). Replicate 10.0ml water samples 
were filtered through Whatman GF/F glass fiber filters 
at gentle pressure (< 3.0 psi; 2 X 103 Pa) for chlorophyll 
a analysis. Filters were immediately preserved in a 
solution of dimethylsulfoxide, acetone and water at a 
ratio of 45:45:10 with diethylamine added to 0.1 %. 
Chlorophyll a concentration, uncorrected for phaeopig- 
ment, was determined by fluorometry (D'ELia et  al. 
1986). A water sample for seston particle counts was 
collected and preserved in glutaraldehyde to a final 
concentrations of 0.6 %. 

Plankton were identified and counted via epifluo- 
rescent microscopy. Two staining techniques were 

Table 1. Size classificat~on 

used to help distinguish different taxa of living cells 
and the origin of detr~tal  particles. Diatoms, dinoflagel- 
lates, niicroflagellates, cyanobacteria, free-living bac- 
teria and detntus were stained with proflavine hem- 
isulfate and prepared for viewing with epifluorescent 
microscopy according to the methods of Haas (1982). A 
second stain, the brightener Calcafluor White M2R, 
was used to differentiate subgroups of detrital particles. 
Calcafluor has binding specificity for B1-4 linked poly- 
sacchai-ide polymers (Hughes & McCully 1975), which 
allowed optical differentiation of polyniers such as 
cellulose, chitin, and lignin (hereafter referred to as 
cellulosic detritus) from proteins, lipids, and nucleic 
acids. Glutaraldehyde-fixed water samples stained 
with Calcafluor at a final concentration of 0.08 O/O were 
incubated at room temperature for 24 h ,  then prepared 
and viewed with the same methods used for the pro- 
flavine preparations (Haas 1982). 

Phytoplankton cells were devided into 5 size classes 
for enumeration (Table 1 ) .  The longest axis of the cell 
body, excluding appendages such as flagella, was 
measured to the nearest ,pm Free bacteria, smaller than 
the smallest phytoplankton, were counted separately. 
Detrital particles are irregular in shape, so it was not 
possible to assign them to size classes. Detrital counts 
were based on particle equivalents of 4 X 8pn1 as 
partitioned with an ocular grid. 

Pearson product-moment correlations were com- 
puted between catches and the various physical and 
plankton variables. Correlation coefficients were calcu- 
lated for each sampling date and for pooled sampling 
dates for each variable. The pooled correlation was 
based on standard normal deviates of a transect mean 
(or Z-scores which equals a transect observation minus 
the transect mean divided by the transect standard 
deviation), and is taken to represent the correlation 
between relative CPUE and other variables. 

RESULTS 

Transects were made under a variety of condihons in 
the creeks. Ranges of physical measurements, plankton 
counts, and menhaden CPUE over the entire study are 
presented in Table 2. Salinity and temperature ranges 

of phytoplankton cells 

S ~ z e  class Diameter (range,  &m) 

1 2- 3 
2 4- 7 
3 8-15 
4 16-3 1 
5 32-63 

Taxonomic examples 
p p  p 

Cyanobacteria, microflagellates 
Centric diatoms, microflagellates 
Pennate d~a toms ,  microflagellates 
Dinoflagellates, cha~n-forming diatoms 
Dinoflagellates, cha~n-forming diatoms 
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Table 2. Study range and mean transect range of juvenile menhaden Brevoortia tyrannus catch, phytoplankton counts, and 
physical variables. CV- coefficient of variation 

Variable 
All observations 

Minimum  maximum 
Transect ranges 

Mean CV ( O h )  R 

Salinity ( % o )  
Temperature ('C) 
Secchi depth (cm) 
Chlorophyll a (pg 1) 
Diatoms (10hml-l) 
Dinoflagellate (103 ml-') 
Microflagellate (lo3 ml-') 
Cyanobacteria ( lo3 ml-l) 
Bacterial (106 ml-') 
Cellulose (10"l-l) 
Detritus (103 ml-l) 
Size 1 (103 rnl-') 
Size 2 (lo3 ml-l) 
Size 3 ( lo3 ml-') 
Size 4 (lo3 ml-') 
Size 5 ( lo3 rnl-') 
Total ( lo3 ml-l) 
Catch (103 tow-') 

reflect the seasonal changes in temperature and flow 
rates from spring into summer. Minimum secchi values 
were encountered during high flow events and plank- 
ton blooms, as were minima and maxima of chlorophyll 
a, respectively. The taxonomic phytoplankton count 
categories ranges are similar to their corresponding 
size class counts. For example, blooms of cyanobacteria 
were most often scored as size class 1 phytoplankton, 
hence the observed similarity in their ranges of abun- 
dance. Menhaden CPUE were integrated values for all 
size fish. Modes of fish fork length size freqency ranged 
from 30mm, for spring and early summer transects, to 
60mm, for middle to late summer transects. 

Since the aim of the study was to test the response of 
juvenile menhaden to within-transect environmental 
gradients, the range of data in a particular transect is 
more important than the range over all transects. Gen- 
erally, the physical factors had small gradients within a 
transect, whereas menhaden CPUE and phytoplankton 
were often concentrated at  a few stations, thus creating 
strong gradients (reflected in coefficients of variation of 
transect ranges; Table 2). 

The correlation between menhaden CPUE and 
physical factors were weak compared to the correlation 
with chlorophyll a. Correlation between CPUE and 
station number, where positive correlation indicated 
high catch associated with the station at the mouth of 
the creek and negative correlation indicated high catch 
associated with the station at the head of the creek, was 
significant in 11 of 24 transects, but with almost equal 
numbers of positive and negative correlations (Table 
3). The pooled correlation coefficient, normalized by 

each transect, was non-significant. Correlation 
between CPUE and station number is the least amen- 
able to the assumption of equivalence between creeks 
and must be examined in greater detail. There are 
sufficient samples from Hancock and Bath Creeks for 
examination of between-creek differences. In compar- 
ing Hancock and Bath Creeks we notice that Hancock 
Creek has fringing marsh vegetation through most of 
its course whereas in Bath Creek most of the marsh was 
at the creek-head. Menhaden are positively and nega- 
tively correlated with station in Hancock in approxi- 
mately equal numbers of sampling dates and the 
pooled correlation coefficient was non-significant 
(0.103, n = 54, p < 30.25). In contrast, most of the 
correlation coefficients between menhaden and station 
number were negative in Bath Creek suggesting a 
tendency for menhaden to congregate at the head of 
the creek (further supported by the pooled correlation 
coefficient = -0.443, n = 48, p < 0.01). The physical 
factors of salinity, temperature, and secchi depth 
showed no distinct positive or negative correlation 
trends with menhaden CPUE. In contrast, the correla- 
tion between CPUE and chlorophyll a was positive and 
significant in 9 transects versus only 1 negative and 
significant transect. In addition, the pooled correlation 
coefficient between chlorophyll a and catch was statis- 
tically significant. 

Correlation between menhaden CPUE and various 
cell and particle counts revealed positive correlation 
with phytoplankton categories. Correlation between 
CPUE and diatom and microflagellate counts were 
positive and significant in 7 and 9 transects respec- 
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Table 3. Correlation coefficients between ~uveni le  menhaden BI-evoortra tyrannus catch-per-unlt-effort (CPUE) and sta 
number, salinity, temperature, secchi depth,  and chlorophyll a for ~ndivldual transects Creeks Hancock (H) ,  Bath (B) ,  Machc 

(M), and Grays (G). Coefflclents wlth asterisks are significant at p i 0  05 ( n  = 6) 

Date 
(1 983) 

Creek 

Mar 4 H 
Mar 7 B 
Mar 28 H 
h4ar 30 B 
Apr 7 M 
Apr 26 B 
Apr 27 G 
Apr 28 M 
Apr 29 H 
lMay 13 H 
May 18 B 
May 25 M 
May 27 H 
Jun  2 B 
Jun  13 H 
Jun 14 B 
Jun 27 G 
Jun  28 M 
Jun 30 B 
Jul 1 H 
Jul 25 H 
Jul 26 B 
Jul 28 M 
Aug 3 H 
Significant positlve correlatlons 

Significant negative correlatlons 

Normallzed pooled correlation 

n 

CPUE X 

Statlon 
CPUE X 

Salinltv 
CPUE X 

Temp 
CPUE x 
S e c c h ~  

CPUE X 

Chl a 

tively, whereas no significant negative correlations 
were observed (Table 4 ) .  In addition, the pooled posi- 
tive correlation coefficient for these 2 categories was 
significant. The remaining 2 phytoplankton count 
categories, dinoflagellate and cyanobacteria, had low 
numbers of positively correlated transects. The pooled 
correlation coefficient between CPUE and these groups 
was not statistically significant. There were no trends in 
correlation between CPUE and bacteria, cellulosic 
detritus, or detritus. It was suggested above that 
menhaden showed no preference for any particular 
portion of Hancock Creek but did tend to congregate in 
the headwaters of Bath Creek. Though marsh vegeta- 
tion was concentrated at  the head of Bath Creek the 
pattern of correlation between menhaden and plankton 
for this creek is consistent with patterns observed over 
the whole study. For example, menhaden were poorly 
correlated with cellulose detritus in Bath Creek (pooled 
correlation coefficient = 0.113, n = 48, p < 0.25) and 
strongly correlated with microflagellates (pooled corre- 
lation coefficient = 0.552, n - 48, p < 0.001). Bath 
Creek tended to flush at a slower rate than Hancock 
Creek, thus the conditions related to increased phyto- 

plankton production tended to occur further upstream. 
Further comment on factors controlling creek plankton 
production, such as nutrient supply and mixing, is 
beyond the scope of this paper. 

There was a higher positive correlation between 
CPUE and counts of mid-size phytoplankton than with 
counts of the smallest or largest phytoplankton size 
categories. Positive correlation between CPUE and size 
class 1 phytoplankton was statistically significant in 
5 transects, but the pooled correlation coefficient was 
non-significant (Table 5). Correlation between CPUE 
and size class 2, 3 and 4 counts were statistically signifi- 
cant and positive in many of the transects and all of the 
pooled correlation coefficients. Neither positive or 
negative trends emerge from the limited data for slze 
class 5 phytoplankton. The correlation between catch 
and size class 2 to 4 plankton is reflected in the correla- 
tion of CPUE and total cell counts. 

Menhaden tended to distribute with concentrations 
of larger available phytoplankton regardless of where 
in the transect the highest total biomass concentrations 
occurred. During spring transects, for example the 
transects of April 26 and 29, diatoms and larger micro- 
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Table 4. Correlation coefficients between juvenile menhaden Brevoortia tyrannus catch-per-unit-effort (CPUE) and cell-particle 
counts. Creeks: Hancock (H), Bath (B), Machodoc (M), and Grays (G). Coefficients with asterisks are significant at p <  0.05 ( n  = 6); 

nd: insufficient data available to calculate coefficient 

Date Creek CPUE x CPUE X CPUE X CPUE X CPUE X CPUE X CPUE X 

(1983) Diatoms Dinoflag. Microflag. Cyanobac. Bacteria Cellulose Detritus 

Mar 4 H - 0.102 nd 0.040 nd 0.439 - 0.237 0.713 
Mar 7 B - 0.385 - 0.166 - 0.336 nd 0.118 - 0.419 0.126 
Mar 28 H 0.647 nd 0.295 nd 0.750 - 0.783' 0.895' 
Mar 30 B - 0.359 nd - 0.188 nd - 0.188 0.542 - 0.107 
Apr 7 M - 0.450 - 0.352 - 0.233 nd 0.035 - 0.195 - 0.696 
Apr 26 B 0.923 ' nd 0.982 ' nd 0.863' 0.583 - 0.694 
Apr 27 G - 0.620 nd - 0.57 6 nd - 0.991 ' - 0.134 - 0.822 ' 
Apr 28 M 0.578 nd 0.563 nd 0.424 - 0.368 0.009 
Apr 29 H 0.989' - 0.393 0.938' nd 0.559 0.667 0.701 
May 13 H 0.003' 0.985' 0.692 nd 0.991 ' 0.785' - 0.497 
May 18 B - 0.434 nd 0.889' nd 0.137 - 0.355 0.214 
May 25 M - 0.049 - 0.197 0.913' nd - 0.162 - 0.365 - 0.041 
May 27 H 0.446 - 0.452 0.696 nd - 0.417 - 0.423 0.958 ' 
Jun 2 B 0.504 0.729 0.801 ' n d - 0.687 nd - 0.466 
Jun 13 H - 0.329 - 0.260 - 0.764 - 0.301 - 0.698 - 0.601 - 0.500 
Jun 14 B 0.887 ' nd 0.937' 0.838' 0.608 0.287 0.962' 
Jun 27 G - 0.568 - 0.722 0.763' nd - 0.785' 0.953' 0.694 ' 
Jun 28 M 0.783' 0.012 0.317 0.150 - 0.177 0.700 - 0.572 
Jun 30 B 0.948' - 0.351 0.995' 0.283 0.297 0.262 -0.117 
JuI 1 H 0.314 0.351 0.367 - 0.659 - 0.607 - 0.318 0.962' 
Jul 25 H 0.894 ' - 0.21 1 - 0.326 - 0.378 0.423 - 0.524 - 0.439 
Jul 26 B 0.964 ' 0.416 0.332 - 0.489 -0.119 - 0.108 0.908' 
Jul 28 M - 0.178 - 0.218 0.756 ' nd - 0.290 0.094 - 0.792' 
Aug 3 H - 0.208 - 0.142 0.256 0.893' - 0.072 0.845' - 0.497 

Significant positive 
7 1 1 2 3 correlations ! 

Significant negative 
correlations 0 0 1 0 ! 1 ! 

Normalized pooled 
correlation 0.217' - 0.058 0.381 ' 0.036 0.016 0.078 0.065 

n 144 96 144 4 8 144 138 144 

flagellates dominated the plankton communities 
(Fig. 2 ) .  In both cases CPUE was highly correlated with 
chlorophyll a and those plankton size categories found 
in higher abundance. However, as the year progressed, 
the plankton communities changed and included more 
size class 1 phytoplankton which tended to influence 
the distribution of total cell counts and chlorophyll a. 
The highest total cell counts and chlorophyll a concen- 
trations were not always where the highest concen- 
trations of size 2 to 4 phytoplankton occurred. This 1s 
illustrated in 2 transects collected later in the year 
(June 30 and July 26). Menhaden were distributed with 
the gradients created by the larger size class phyto- 
plankton regardless of where the highest total biomass 
concentration was (Fig. 3) .  These high concentrations 
of biomass or chlorophyll a were often size class 1 
cyanobacteria, for example the July 26 transect. 

Correlation between CPUE and dinoflagellate 
abundance was generally inconsistent, but we did 

observe patterns of positive and negative correlation 
with specific taxa. Dinoflagellates, when they did occur 
in bloom concentrations, were typically large cells (size 
class 4 and 5) and associated with high chlorophyll a 
levels. Dinoflagellates of the genus Porocentrum were 
always positively correlated with menhaden CPUE as 
illustrated by the transects of June 13 and July 1 
(Fig.4). But other dinoflagellate taxa, for example 
assemblages of Glenodinium sp. and Gyrodinium sp. 
on June 25 and Glenodinium sp. and Peridinium sp. on 
July 25, were not correlated with menhaden CPUE 
despite the high chlorophyll a concentrations and large 
cell size associated with these blooms (Fig. 5). 

DISCUSSION 

The distribution of juvenile menhaden appeared to 
respond to the distribution of phytoplankton. Within 
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Table 5 Correlation coefficients between juvenlle lnenhaden Brevoorha t!idnnus catch-per-unlt-effort (CPUE) and phytoplank- 
ton classltied by slze Size 1 through 5 represents correlations with size class 1 through 5 phytoplankton, total represents total 
phytoplankton Creeks Hencock (H) .  Bath (B) Machodoc (M) ,  and Grays (G)  Coefficients with asterisks are significant at p<O 05 

( n  = 6) nd insufticient data available to calculate coefficient 

Date Creek CPUE X CPUE X CPUE X CPUE X CPUE X CPUE X 

(1983) Size 1 Slze 2 Size 3 Size 4 Size 5 Total 
- 

Mar 4 H 0 306 0 072 -0 110 nd nd 0.135 
Mar 7 B nd -0 385 -0 281 nd nd -0.365 
Mar 28 H -0 305 0.679 0 323 -0 343 nd 0.307 
Mar 30 B -0.382 -0.130 -0.343 nd nd -0.217 
Apr 7 M -0 333 -0.126 -0.273 0.352 nd -0.279 
Apr 26 B -0.038 0.907 ' 0.963' 0.481 nd 0.981 ' 
Apr 27 G -0.349 -0.770' -0 557 -0.077 n d -0.781 ' 
Apr 28 M 0.119 0.530 0 287 0.664 n d 0.586 
Apr 29 H 0.935' 0.940' 0 997' 0.526 -0.406 0.959' 
May 13 H 0.509 0.328 0 646 0.991 ' nd 0.720 
May 18 B 0.200 -0.353 0.512 -0.172 nd -0.344 
May 25 M 0.858' 0.731 0.874' 0.828' nd 0 864 ' 
May 27 H -0.360 0.592 0.141 0.698 0.050 0.579 
Jun 2 B 0.845' 0.626 0.658 0.899' nd 0 698 
Jun 13 H -0.336 -0.759' -0 240 -0.297 -0.381 -0 444 
Jun 14 B 0.873' 0.884' 0.546 0.885' nd 0 879' 
Jun 27 G 0.628 -0 077 0 321 0.509 nd 0 316 
Jun  28 M 0.056 0.706 0.681 0 341 nd 0.863' 
Jun 30 B 0.280 0 997' 0.863' 0 970' nd 0 353 
Jul 1 H -0.627 0 265 0 284 0 650 0 447 -0.574 
Jul 25 H -0.245 0 062 0.350 -0 211 -0 604 -0.183 
Jul 26 B -0 494 0 737 -0.317 0.888 nd -0.479 
Jul 28 M nd 0.748 0 191 0.061 0.249 0.689 
Aug 3 H 0 893' 0.906' -0 209 0.123 0.869' 0.894' 

Significant positive correlations 5 5 4 6 1 6 

Significant negative correlations 0 2 0 0 0 1 

Normalized pooled correlations 0 138 0 338' 0.263' 0.335' 0.032 0.257 ' 

n 132 144 144 126 42 144 

obvious limitations imposed by physical and 
physiologic boundaries of the creek habitat (Jander 
1975), menhaden appeared to orient in relation to the 
distribution of filterable phytoplankton food. In this 
context, filterable food was viewed as phytoplankton 
particles of sufficient size and concentration to repre- 
sent a net energy gain to the menhaden in an optlmal 
foraging context (Pyke et al. 1977). For example, 
smaller sized phytoplankton may form an attractive 
food patch if they are in higher concentratlons than 
neighboring patches of larger phytoplankton cells. 
Besides the effect of phytoplankton concentration and 
cell size, there also appeared to be some taxa-specific 
avoidance of some phytoplankton by the menhaden 
which affected the patterns of distribution we ob- 
served. 

The high correlation between menhaden abundance 
and phytoplankton particles and the lack of correlation 
with detrital particles suggested that chemical cues of 
odor and taste associated with phytoplankton con- 
trolled the distributional behavior of the fish. Sensory 
perception of the odor and taste of a food patch by 

menhaden was probably via extracellular exudates and 
surface structures of phytoplankton cells. There is 
strong evidence that predatory fish (Mackie 1975, 
Olsen et al. 1986) and herbivorous copepods (Poulet & 

Ouellet 1982, George 1983, Van Alstyne 1986) begin 
feeding search behavior in response to amino acids in 
the water column. The production of extracellular 
exudates by phytoplankton communities is usually 
associated with the mature stages of a bloom (Chrost & 

Faust 1983, Lancelot 1983) and include dissolved 
amino acids in quantities proportional to growth and 
biomass (Laane 1983). It is likely that phytoplankton at  
the study sites created chemical gradients the menha- 
den used to guide their food search behavior. In addi- 
tion to the chemical cues from dissolved organics, the 
outer covering of phytoplankton cells, such as mus- 
cilagenous microfibrils, proteinaceous pellicles, thecae 
and periplasts (Sournia 1982), could also supply chemi- 
cal cues that could be  sensed by menhaden gustatory 
receptors (Friedland 1985). 

Menhaden distribution appeared to be influenced by 
the cell size frequency of the plankton community. We 
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2] CAT 
SIZE 1 A + 

1 2 3 4 5 6 

STATION 

Fig. 2. Menhaden CPUE (CAT) versus size 1 to 4 (SIZE) and 
total (TOT) phytoplankton counts in 2 creek transects. All 
measurements are expressed as their Z-score for the transect. 
Upper: April 26, 1983, Bath Creek. Lower. Apnl 29,  1983, 

Hancock Creek 

V) 

can hypothesize 2 modalities by which menhaden 
determined the size of phytoplankton food. First, 
menhaden may have the ability to make short-term 
judgments on the rate of satiation relative to filtration 
effort. Menhaden attempting to filter small cells would 
not ingest large amounts of food relative to foraging 
effort expended, which may in turn trigger food search 
behavior. Second, menhaden may have a mechano- 
receptive sense of gustation. Menhaden have appropri- 
ately positioned taste buds and display patterns of 
behavior that suggest they can sense particles in the 
water before beginning feeding behavior (Friedland 
1985). These receptors may have the ability to differen- 
tiate particle size as well as particle concentration. 

The inconsistent correlation between menhaden 
abundance and cyanobacteria concentrations may not 
be  due solely to the low efficiency at which these sized 
phytoplankton are filtered by menhaden (Friedland et 
al. 1984), but instead may represent taxa-specific 
avoidance behavior by the menhaden. Cyanobacteria 
are often associated with the production of toxic (Car- 
michael & Gorham 1977, Taylor 1980) and hypoxic or 
anoxic conditions where they bloom (Fogg 1969). Just 
as chemical sensory cues could have mediated the 
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Fig. 3. Menhaden CPUE (CAT) versus size 1 to 4 (SIZE) and 
total (TOT) phytoplankton counts in 2 creek transects. All 
measurements are expressed as their Z-score for the transect. 
Upper: June 30, 1983, Bath Creek. Lower: J d y  26, 1983, Batch 

Creek 

attraction of menhaden to phytoplankton foods, they 
may have also elicited avoidance behavior by the 
menhaden to potentially noxious conhtions created by 
some taxa of cyanobacteria. 

Specific taxa of dinoflagellates, which were of ideal 
size and concentration for menhaden to feed upon, 
were either avoided by the menhaden or themselves 
avoided predation. The only dinoflagellate taxa with 
which the menhaden were consistently distributed 
were members of the genus Prorocentrum. Other dino- 
flagellate taxa, which were poorly correlated with 
menhaden abundance, may have produced chemical 
cues that elicited avoidance behavior by the menhaden 
(Ukeles & Sweeny 1969, Mahoney & Steimle 1979, 
White 1980, 1981, Horstman 1981). Alternatively, 
because dinoflagellates are highly mobile, it is possible 
they avoided grazing by menhaden by completing a 
vertical migration in a time frame shorter than the food 
search times of the fish (Blasco 1978, Horstmann 1980, 
Tyler & Seliger 1981). 

Though our observations were not dynamic they do 
add to our understanding of menhaden chemo-orienta- 
tion. We would assert that menhaden employ 
klinokinesic chemo-orientation, where the intensity of 
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STATION 

Fig.4. Menhaden CPUE (CAT) versus microflagellate 
(MICRO) and dinoflagellate (DINO) phytoplankton counts 
and chlorophyll a (CHL a) measurements in 2 creek transects. 
All measurements are expressed as their Z-score for the tran- 
sect. Upper: June 13, 1983 Hancock Creek. Lower: July 1, 

1983, Hancock Creek 

the chemical stimulus modulates the turning rate and 
angular velocity of locomotion (Fraenkel & Gunn 1961), 
to locate food patches. This assertion is based upon the 
repeated pattern of Linearity between menhaden and 
phytoplankton abundance (Fig. l ) ,  which we are inter- 
preting as a direct stimuli-response relationship. Addi- 
tionally, menhaden swimming habits would dictate this 
type of kinesis over others since they are unlikely to 
stop swimming during daylight hours. But, we also 
agree with Bell & Tobin (1982) that simple classification 
does not facilitate cross-phyletic comparisons and does 
not define the actual mechanism at work. They pro- 
posed a chemo-orientation classification scheme which 
is useful as a framework for understanding orientation 
mechanisms with menhaden. By their definition, a 
chemo-orientation is functionally defined by (1) the 
sensory information available, (2) the sensory informa- 
tion processing, (3) motor output responses, and (4) the 
nature of the guidance system. Chemical sensory infor- 
mation correlated with phytoplankton is abundant in 
the water column (item 1) and menhaden are capable 
of both taste and smell (item 2). But, menhaden food 
search patterns are not known and would require 

STATION 

Fig.5. Menhaden CPUE (CAT) versus microflagellate 
(MICRO) and dinoflagellate (DINO) phytoplankton counw 
and chlorophyll a (CHL a )  measurements in 2 creek transects 
M1 measurements are expressed as their 2-score for the tran- 
sect. Upper: June 25, 1983 Machodoc Creek. Lower: July 25, 

1983, Hancock Creek 

further research, especially in relation to plankton gra- 
dients (item 3). Finally, the nature of the guidance 
system in menhaden will be a synthesis of existing 
information and proposed research described above 
(item 4). 

Distribution patterns of menhaden revealed the 
patch choice aspect of the species' optimal foraging 
strategy. Menhaden appeared to select food patches to 
maximize phytoplankton biomass consumption based 
upon criteria of prey size and concentration in the same 
manner other predators select larger and more concen- 
trated prey patches (Werner & Mittelbach 1981 
Belovsky 1986). Combining the 2 selection criteria sug- 
gests that the motivating force for patch choice selec- 
tion was the availability of filterable biomass, with 
filtration efficiency being analogous to handling time 01 
higher predators. Mechanisms by which menhaden 
further adjusted their diet through patch choice would 
reflect attractiveness and edibility of food items and 
reveal how hunger and sensory modalities interact to 
create observed food preferences (Nicotri 1980). Fm 
example, if the correlation is stronger between menha- 
den abundance and microflagellates versus diatoms, it 
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may in part be because of higher plasma volumes for 
equivalent sized cells for microflagellates (Strathmann 
1967). 

The role of menhaden in pelagic food webs has been 
difficult to assess due to the problems of estimating 
their grazing impact on the plankton community. Since 
menhaden occur in large numbers and have the ability 
to filter large amounts of water it has been suggested 
they may have an important effect on energy flow and 
nutrient regeneration (McHugh 1967, Oviatt et  al. 
1971). In addition to their potential effect on patterns of 
primary production, menhaden are recognized as an 
important fcrage species for secondary and tertiary 
predators (Oviatt 1977). In the limited geographic con- 
text of Narragansett Bay, the impact of menhaden 
grazing on primary production was considered minimal 
(Kremer & Nixon 1978). However, because these work- 
ers only considered large adult menhaden, their con- 
clusions are not directly applicable to estimating the 
potential grazing impact in other parts of their range. 
The correlation between menhaden abundance and 
gradients of preferred food confers a level of predicta- 
bility to menhaden distribution and residence. With 
synoptic characterization of phytoplankton, for exam- 
ple by remote sensing, in situ menhaden abundance 
measurements could be expanded to ecosystem-wide 
estimates of residence and grazing. The role of phyto- 
planktivorous fish in estuarine and coastal ecosystems, 
which has been difficult to describe because of the 
differences in time and space scales of patch size and 
turnover rate of phytoplankton and phytoplanktivorous 
fish, may be more accurately defined. 
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