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Introduction

These proceedings document the presentations and discussions which
occurred during GUTSHRP '81, the third Fish Food Habits Studies Workshop,
held 6-8 December 1981 at the Asilamar Conference Center, Pacific Grove,
California. The first GUTSHOP in 1976 and the second GUTSHOP in 1978
were initiated to bring together a diverse group of scientists actively
involved in studizs of food habits. predation, feeding hehavior, compe-
tition, and food web structure in fishes. The general purpose of these
workshops was to achieve some consensus on sampling design and techni-
ques, analysis and statistical procedures, and interpretive tools avail-
able for fish food habits studies. The proceedings of GUTSHOP '76 and
GUTSHOP '78 were oublished in Simenstad and Lipovsky (1977) and Lipov-
sky and Simenstad {1978), respectively.

While the accomplishments of the first two workshops obviously
resolved many of the questions plaguing our studies, the general opinion
of the GUTSHOP '78 participants was that a third workshop would be bene-
ficial and should consider both continued discussion of never-ending
problems, such as statistical analyses, as well as topics that we had not
yet covered, such as the bioenergetics of feeding. Although it took
three years for us to assemble again, the wait was rewarded by a highly
evolved meeting in which a1l had something nev to discuss and the infu-
sion of new scientists broadened our perspectives. The decision to hold
GUTSHOP '81 in Caifornia resulted from a survey of the participants at
the end of GUTSHOP '78, which suggested that many Califernia scientists
who were fnvolved in fish food habits studies were not able to contribute
to the workshops held in the Pacific Northwest. Greg Cailliet was asked
to act as co-chairman to accomplish efficient workshop arrangements and
to ensure contact with California scientists who were not yet familiar
with the workshops. The Asilomar Conference Center in Pacific Grove was
chosen because it was close to the Moss Landing Marine Laboratories,
Greg's institution, and because of its superb location, accommodations,
and facilities. The only disadvantage was that we all spent tog much



time sequestered in darkened rooms attending to the science of fish guts
and did not have enough opportunities to spend some time outside enjoying
the balmy weather by the beautiful seashore.

We arranged GUTSHOP '81 around five topics:

1. Methodology and Statistical Analysis

II. Bioenergetics of Fish Feeding

I11. Competition and Resource Partitioning

1V¥. Feeding Behavior of Fishes and Prey

V. Fish Feeding as a Structuring Force on Prey
Comrunities

These topics reflected a major evolution in the workshop from methodol-
ogical and analytical to interpretive concerns. We felt that the first
two workshops had brought us to the point that, although we would want
to continue to update ourselves on new inovations in methods and sta-
tistics, we could start addressing the reason that most of us were con-
ducting fish feod habits studjes, i.e. to test hypotheses regarding eco-
Togical concepts invelving predation or feeding behavior and to delve
into the role of feeding ecology in the population dynamics of exploited
fish populations. Thus, we continued two topics from the previous work-
shops--methodology and statistical analysis, and competition and resource
partitioning--with some change in approach, and added the three new top-
ics which were new to the workshop and reflect more modern ecological
subjects of study.

In probably cne of the most critical phases of a successful work-
shop or symposium, we then selected our session leaders who would be re-
sponsible for choesing and inviting the participants in their sessions,
conducting the session presentations and discussions, and arranging man-
uscript preparation and review, We cannot stress enough how critical
the role of the session leaders was and how much credit for GUTSHOP ‘Bl
should go to our six session leaders. Based upon the past participants
in the GUTSHOPs and those who had requested the two pubiished proceedings,
the call for papers and announcement was circulated and, as you will read
in these proceedings, GUTSHOP '81 took form, not unlike a benevolent
sphinx once again arising to pose the Tatest riddles in fish feeding
ecology.

Participation in GUTSHOP 'B1 was, as usual, the most rewarding as-
pect of the workshaops. From 49 participants in GUTSHOP '76 and 65 in
GUTSHOP '78, the participants in GUTSHOP '8B1 increased to 107 registered
scientists from even further reaches of North America and from Europe.
Given the shift in session topics, there also was a notable change in
the composition of the participants from those involved in the technical
aspects of fish food habits studies to those designing and conducting
experiments to test ecological hypotheses, This also produced a change
in the general level and style of discussions, from specific guestions
and responses of clarification to more theoretical, often esoteric ex-
changes about the wmechanisms and processes which determines why fish eat
what they do.

As co-chairpersons, we have partitioned our involvements and re-
sponsibilities in arranging and conducting GUTSHOP '81 and assembling
the proceedings between us. Greg Cailliet was principally respensible
for planning the program and format of the workshop, organizing the ses-
sion Teaders, scheduling the Asilomar Conference Center and #ts facili-
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ties, and for conducting the workshop; Charles Simenstad was principally
responsible for compiling the manuscripts, organizing the proceedings,
and interactinc with Washington Sea Grant through the printing of this
volume. Given the mutuality of our contributions, we determined the or-
der of the editorship by the flip af a coin.

The Summary and Recommendations provides our synopsis of GUTSHOP
81's accomplishments, the riddles we left unaddressed, and when, where,
and in what form the benevolent GUTSHOP sphinx may rise again.
Gregar Cailliet
Charies Simenstad
July 1982
GUTSHOP Proceedings Publications

Simenstad, C.A., and S.J. Lipovsky {ed.s). 1977. Fish food habits
studies. Proc. First Pac. Northwest Tech. Workshop, 13-15 October
1976, Astoria, Oregon: (Out of print , available only from
Natiomal Technical Information Service, U.S. Department of
Commerce, Springfield, Virginia, 22151, NTIS # PB2B1819/AS).

Lipovsky, S.J., and C.A. Simenstad (ed.s). 1979. Fish food habits
studies. Proc. Second Pac. Northwaest Tech. Workshop, 10-13
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ington. Wash, Sea Grant Prog., WSG-WO-79-1, Univ. Washington,
Seattle, WA. 222 pp.
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Variability of the Weight of Stomach Contents
Of Fish and Its Implications for Food Studies

Micheel Pennington
National Marine Fisherias Service

Ray Bowman
National Marine Fisheries Service

Richard Langton
Maine Department of Marine Resources

[ntroduction

Difficulty in determining the optimal sample size to quantitatively
describe the diet of fish has received attention in recent years. For
example, two workshops on fish food habits studies have included a
number of papers that address the problem of determining sample size
{Simenstad and Lipovsky, 1976; Lipovsky and Simenstad, 1978). In
practice, however, sample sizes are often based on intuition, time
constraints, and tha number of personnel available for collecting and
analyzing the data, especially when a study of fish food and feeding
habits is not the sole objective of the cruise (Langton et al., 1980;
ICES, Demersal Fish Committee, 1980}, The problem with this intuitive
or, at least, nonstatistical approach is ocbvious when designing a sur-
vey to quantitatively evaluate predator-prey interactions and estimate
the daily ration of fish populations for use in multispecies assessment
models. In order to allocate efficiently the available resources, it
is necessary to know approximately the magnitudes and sources of stomach
content variability. The Northeast Fisheries Center has conducted a
large-scale fish feading habits survey for several years as part of the
MARMAP (Marine Resources Monitoring Assessment and Prediction) program.
In this paper, the data for Atlantic cod are analyzed to determine the
sample sizes needed in future surveys to estimate mean stomach contents
at a desired Tevel of precision.

Methods

Beginning 1n 1973 a systematic attempt was made to collect Atlantic

cod stomachs by the Northest Fisheries Center, as part of the MARMAP
program, Quring the period from 1973 through 1976, over 1500 individual
cod stomachs were collected and preserved at sea for quantitative labo-
ratory analysis. Scientists and technicians sampled 100 cod stomachs



from each of three defined geographic areas per cruise. These 100
stomachs were to be taken from 50 young-of-the-year and 50 adult fish.
At each station no more than 10 stomachs were to be callected and
collections were not made at consecutive stations. The only exception
occurred when it appeared that 50 adult or 50 young-of-the-year would
not be taken within a geographic area. For this case, fish were col-
Tected as necessary to obtain the desired sample size.

In the laboratory, preserved stomachs were opened and the contents
emptied onto a fine mesh screen to permit washing without loss of any
food items. The various prey items were sorted, identified and damp
dried on bibuleus paper. The wet weight of each group was then immedi-
ately determiped. Further details of field and laboratory procedures
are reported in Langton et al. (1980).

To estimate the contribution of various factors to the total vari-
ability in stomach content weight, a variance component such as
W ot Yi + Sij + AT..k +E

i k1 ik ¥ Eisk (1)

could be fit to the cod data. In equation (1},

wijk] is the weight of food in the stomach of an individual
fish,

¥ js the general mean stomach contents weight of all
fish of lenght L,

Y, is the effact of the itV year,
i
Sij is the jth seasonal effect within the 1th year,
ﬁTijk includes factors such as .area differences, time of

day, etc.,
and

Eijkl is the deviation from the mean not accounted for by
the other factors, i.,e., the difference in stomach
contents between fish of the same length within the
same tow.

The estimation of the parameters in a model such as (1) for cod is dif-
ficult since the available data are unbalanced with many empty cells.
{For a description of variance component analysis for the unbalanced
case sea, e.g., Searle, 1971.) Furthermore, the distribution of each
variable is skewed to the right, and its variance depends on the length
of the fish,

In this paper crude estimates are made of the magnitude of the vari-
ance components in model (1). The estimates are of sufficient ac-
curacy to provide estimates of the sample sizes required to address
various questions at a desired level of certainty.

Since the sample coefficient of variation (c¢v) appears to be nearly
independent of size class (5 cm groupings, Figure 1}, it is used as a
measure of variability. If two or more fish in the same size class



were caught in the same tow, the sample cv is calculated. The average
of al1 such values {over all length classes) is used to estimate
JVIE)/uL {which is assumed independent of L}. In a similar manner,

other quantities such as aviﬁl+5i/uL are estimated. From these values

rough estimates are made of the relative contribution of each com-
ponent in model (1) to the total stomach content variability,

Results and Discussion

Table 1 gives the estimated cv for particular subsets of the data. In
Table 2 are estimates of the percentage of the total variability due
te individual components. The estimates in Table 2 were derived from
those in Table 1 by assuming the compenents in {1) are uncorrelated.

From the tables it can be seen that the data are quite variable. The
stomach content weight of Atlantic cod from the same ¢ize class, caught
in the same place at the same time has a cv of 1; all other factors
account for approximately 64 percent of the total variability within

a size ¢lass.

SAMPLE SIZE —— (71)

95% CONFIDENCE LIMITS —
{84)
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Figure 1. Mean stomach content weight and coefficient of variation
versus size for Atlantic cod. Size class are five centimeter
groupings: 2 = 6-10 ems, 3 = 11-15 ¢ms, 4 = 16-20 cm, etc,



Table 1. Average over size classes Table 2. Sources of variability

of the coefficient of variation of stomach content for fish of
for varigus levels. the same length.
Lavel Average Source of Percentage of
C.V. variability the total
Within a tow 1.05 Within tow 36
Within a season 1.39 Due to area, time
Within a year 1.54 of day, etc. 27
Total 1.75 Seasanal 14
Yearly 23

Table 1 can be used to estimate sample size requirements. Two typical
sample size problems are:

{i) the sample size needed to estimate a mean within
+ dx100%, with {1-a)x100% certainty

and

{ii) the samplie size needed to detect a difference of at
least + dx100% between two areas (or seasons} in mean
stomach content (1-8)x100% of the time and claim a
diffe~ence exists when none actually does only ax100%
of the time.

The approximate sizes required are (see e.g., Johnson and Leone, 1977):

=
W

= Tuplagl’, for (i),
and
n>?2 [(uo‘/2 + uﬂ]lad]z, for (ii},

where y and u
a/d
tribution, and

g are the percentage points of the standard normal dis-

by 7 d/cv.

The approximations above are based on the fact that for large n, the
sample mean is approximately normally distributed. As long as the re-
sulting n is la~ge enough so that the sample mean of the stomach con-
tent weights has a cv less than .1, the normal approximation should be
adequate (Cochran, 1977). For example, to estimate the mean stomach
contents for a size class during a season within + 10% with 95% cer-
tainty, then at least {using a ¢v = 1.4 from Table 1)

[-1.95/(.1/1.4)]2
= 753

fish should be sampled from the size class, It may be noted that for
n = 753, the cv for the sample mean will be



1.4/v753 = .05.

Or to detect a difference between two areas of at least 25%, 95% of
the time with o = .], then

2[(-1.96 - 1.3)/(.25/1}]2
= 340

fish from the size class should be taken in each area. In the above,
the cv is set equal to 1. From Table 1 the cv of fish from the same
area, 5eason, and size ¢lass is between 1 and 1.4, Figure 2 shows n
as a function of k for the two examples.

1200 To lessen the burden of sampling
' within a size class, length could
perhaps be used as a covariate.
1,000 | But a change in consumption may
N net be consistent for all lengths,
800 I tii) thus some size specific changes
may go undetected. Furthermore,
n 600 L {i} as fndicated by the large vari-
ability in stomach contents from
a single tow, no matter how many
o 'factors' are taken into account,
a relatively extensive sample is
200 |- N“-h___~_ needed either to precisely esti-
mate or to detect differences in
o La1 ] I the quantity of food in fish
A 2 3 stomachs.
d

Figure 2, Sample size (n) as a
function of d for: (i) o = .05,
cv = 1.4; (#i) « = .1, g = .05,
cv = 1.0,

References

Cochran, W. G. 1977. Sampling Techniques. Third edition, John Wiley
and Sons, New York.

Demersal Fish Committee. 1980. Report of the ad hoc working group on
multispecies assessment model testing. International Council for
the Exploration of the Sea, C.M. 1980/G:2.

Johnsen, N. L., and F, C. Leone. 1977. Statistics and Experimental
Design in Engineering and the Physical Sciences. Second edition,
John Wiley and Sons, New York.

Langton, R., B. North, B. Hayden, and R. Bowman. 1980. Fish food
habits studies - sampling procedures and data processing methods
utilized by the Northeast Fisheries Center, Woods Hole Laboratory,
U.5.A., Intermational Council for the Exploration of the Sea,

C.M. 1980/L:61.



Lipowsky, §. J., and C.A. Simenstad (eds.). 1978. Gutshop '78. Fish
food habits studies, 2nd Pacific northwest technical workshop.
Washington Sea Grant, Division of Marine Resources, University
of Washington HG-3G, Seattle, WA 98195. Publication No. WSG-WO-
79-1,

Searle, S. R. 1371. Linear Models. John Wiley and Sons, New York.

Simenstad, C. A., and S. J. Lipovsky {eds.). 1976. Fish food habit
studies. 1st Pacific northwest technical werkshop. Washington
Sea Grant, Division of Marine Resources, University of Washington
HG-30, Seattle, WA 98195. Publication No. WSG-WD-77-2.



Some Statistical Techniques for
Analyzing the Stomach Contents of Fish

Michael E. Crow
Mational Marine Fisheries Service

It is often desirable to accompany statements of differences in the
foraging behavior and stomach contents of fish with statements of
statistical significance. This can be difficult for some of the summary
statistics ocommonly used in stomach content analysis (e.q., Index of
Relative Importance, Pinkas et al., 1971, and species diversity) because
variance estimates are not readily available, Statistical analysis must
be done on the raw data (numbers and weight). The multivariate nature of
thesze data has suggested the need for multivariate statistical analyses
{Crow, 1979a), but the complexity of both the technique and the
assumptions make this extremely cumbersome, A contingency table analysis
is suggested for testing for differences, which avoids the elaborate
procedures and assumptions of the multivariate tests, Unfortunately, the
nunerous prey species found in fish stamachs may require that the data
be pooled to make the analysis manageable and the results
comprehensible, Three criteria for pooling prey species are discussed.

The presence of statistically significant differences in diets does
not always yield an ecologically meaningful interpretation. A method for
inferring the food habits of predators by grouping predators with
similar stomach contents together is presented. Each identifiable group
of predators iz labeled a feeding mode. This group of predators iz  then
analyzed further by ildentifying shared characteristics.

Contingency Table Analysis of Stomach Content Data

Contingency tables (Section 16,4, Sokal and Rohlf, 1969) may be
used to analyze stomach content data, where the data are artanged in a
two-way, R x {, oontingency table, where R is the number of prey
cateqories {(e.q., prey species), and C is the mmber of predator
catégories (e.g., oredator species). Each cell in the table (e.q., the
ijth cell) should contain the total number of prey of the ith prey
category that were found in the stomachs of the jth predator category.



The number of individuals of each prey item is the onl isti
valid measurement that can be entered into the table. ﬁesﬁﬁ;ﬁglﬁ
ﬁrrence cannot be used, as previously explained in Crow (1979a),
cause  the o+ and column sums do not represent any real quantity
whlcthmlates the assumptions of a chi-square test, !
umerous authors have pointed out that the number of each
not be the best indicator of fish food habits, since it mntainspresjerve::{
b1a.ae§ {Lagler, 1956). However, the purpose of this procedure is to test
for dlffeafences in food habits and not necessarily to determine what the
food habits are or to quantify the differences in food habits. As long
ag the biases are oopstant within each prey category, then the
g;ﬁgences in the number of prey should reflect differences in food
Sckal and Rohlf (1969) defined two test statistics, X2 and G:

X2 = ?up ( (i = (XL){XJ)M**2)/( (®1) (xjH)MN) )
and ]
G =2 * sun Xij In{ Xij/{ (Xi)(XjIN )}
1,2

where Xij is the number of prey of the ith prey category eaten by
predators in the jth category, Xi is the total number of prey of the ith
prey category ecaten by all predators, Xj is the total mumber of prey
eaten by predators in the jth predator category, and N is the total
number of prey eaten by all predators. Both 6 and X2 are distributed as
chir~square random variables (R=1)(C-1) degrees of freedom, Only G will
be used in the rest of this paper since it has better additive
properties, and is the preferred statistic (Sokal and Rohlf, 1969). If
the calculated value for G exceeds the critical value of the chi-square
distribution, then there is a statistically significant difference in
the proportions of prey species in the diets of the predators, From this
we c¢an infer & significant difference in the food habits of the
predators. If this is the case then the column sums of G (sums over prey
types) can be examined to determine which predator is most different.
Then the test can be rerun without that predator in the table (see
example in Table 1). This is analogous to a teriori comparisons of
ANCOVA, but I am unaware of any formal development is procedure, In
fact, any hypothesis concerning either the predator or prey categories
can be tested in a manner analogous to the general linear hypothesis
using a log-lirear model (Bishop et al., 1975). However, these
hypotheses appear to introduce more statistical complexity than is
necessary for most applications.

Most statistical textbooks suggest that a chi-squared test is not
valid if the expected oount for any cell is less than five. However,
Cochran (1952) showed that 1f most cells have expected frequencies
greater than five, then a few can have expected frequencies even below
one without invalidating the analysis ({(Lindgren, 1968, Page 326;
Snedecor and Cochran, 1968, Page 235). More recent work has shown that
expected frequencies lower than 0.25 do mot seriously affect the results
(Koehler and Larntz, 1980). Hence, scme expected frequencies less than
five should not be a problem.



Pooling Prey Species into Categories

Statistical analysiz of stomach content data is often complicated
by the presence of a large muwber of prey species with several prey
species present in low numbers, which results in a large nuwber of
degrees of freedom in the model and a amall number in the residual. This
results in a contingency table containing a large rumber of cells with
small expected values. In this situation, a concise, statistically
powerful interpretation of the results mecessitates the pooling of prey
species into broader categories. The goal of pooling is to reduce the
rumber of categories and increase the sample size in the remaining
categories. There are no precise limits on the sample size or number of
categories, but I have used the following gemeral guidelines: a limit of
25 prey categories, at least 10 stomachs per prey category and 100
stomachs per predator category. Three criteria can be used to pool
species: first, necessary pooling; second, intuitive pooling; and third,
statistical pooling. Necessary pooling cocurs where unidentified stamach
contents are present. For example, if there are 5 categories of fish
species and 1 category of unidentified fish, then the 5 fish species may
need to be pooled with unidentified fish hefore analysis with additional
prey can proceed, Alternatively, the unidentified fish can be
fram the analysis. But an analysis containing both species of fish and
unidentified fish would probably be misleading.

Intuitive pooling uses taxonamy and ecology as the basis for
pooling. Different species of the same genus are pooled together when
the disparity among the species is not believed to be associated with
ecological differences that would cause predators to discriminate among
them. FPor example, if 3 species of pelagic copepods are present in the
stomachs, and all 3 have similar behavior compared to other species in
the diet, then these species oould be pooled into a pelaqgic copepod
category. In addition, rare specles can be pooled by habitat into
categories {i.e., pelagic, hard substrate, soft substrate, etc.).

Statistical pooling implies that proocedures for quantitative
pooling be used, In quantitative pooling the investigator formulates a
hypothesis that two or more categories act as a gingle resource and
should be pooled. This hypothesis can then be tested using pairwise
comparisons., A 2x2 contingency table of the presence and absence of two
prey gpecies can be formed giving: the number of stomachs without either
species, the number of staomachs with one but not the other, and the
number of stomachs with both species. If the resulting G statistic is
less than the critical value of a chi-square distibution with one degree
of freedom, then tha predators are taking the prey independently of each
other. This means that the prey may be considered two independent
resources and should not be pooled. If the G statistic is larger than
the critical value, then the prey are either positively or negatively
associated. If the orey are poeitively associated then the cross—product
ratio,

a= (®11){xX22)/(X12)(x21)
will be greater than one. If the prey are negatively associated, the
cross—product ratio will be less than one. The prey may only be pooled

if they are positively agsociated, implying that they are acting as a
single resource,
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Predator Feeding Modes

A fundamental assumption of most parvametric statistical methods is
that the dataarein a normal or miltivariate normal Adistribution. Fven
most nonparametric procedures assume a unimodal distribution. However,
it is highly unlikely that fish have only one mode of feeding and that
that the ocbserved variability in stomach contents represents variability
arcund a mean stomach, It is much more likely that fish have several
modes of feeding, with a wmwean diet for each mode. These modes may
represent broad feeding categories such as pelagic, hard substrate, and
soft substrate, or finer categories such as pelagic fish versus pelagic
zooplankton. These modegs may arise due to seasonal changes in  the
enviromment, choices made by the fish, individual variation in habitat
preference, or morphological variability. However, they do appear to
exist and statistical procedures need to be developed to analyze
multiple feeding modes. Peeding modes can be identified by grouping
together fish with similar stomach contents (i.e,, prey items which are
frequently found together in stomachs probably represent prey that the
predator encounters while foraging in the same feeding mode). Crow
(1979a,b} discussed methods of identifying feeding modes using cluster
analysis and principal component analysis (PCA).

However, quite often neither of these methods are appropriate or
necessary. Clustering methods are multivariate methods and assume a
mayltivariate strocture of the data, which is mot always true for stomach
content data. Although fish often eat multiple prey items, their
stomache do not always contain multiple prey items. Of the data that I
have examined (black rockfish, Sebastes melanops, brown rockfish, S.
auriculatus, copoer rockfish, S. caurinus: from Prince et al., in prep.;
king mackerel, Scomberomorus cavalla, Spanigh mackerel, §. maculatus,
and bluefish, Pomatamus sultatrix: from Saloman amd Naughton,
unpublished data), the majority of the stomachs contained only ome or
two prey items, ard one of the prey items usually dominated the stamach
contents, This iz not multivariate data, and although the application of
maltivariate techniques will usually give correct results, their use is
unnecegsary, Since a classification by the dominant prey item will
produce the same results, The reason for the absence of multiple prey in
fish stomachs may be linked to prey aggregation. If the prey are
aggregated, then a foraging predator will probably fill its stomach on
the first clump of prey it encounters. Quite often the presence of
multiple prey in the stamach may be the result of the incomplete
digestion of a previous meal, rather than the predator taking multiple
prey during a meal.

The only exception o the above generalization I have encountered
has been the kelp greenling (Hexagrammus decagrammus, Prince et al., in
prep.). The kelp greenling appears to be a hard substrate grazer, and
frequently oontains multiple prey items in its stomach., Interestingly,
no multi-species assoclations were fourd in the kelp greenling stomachs,
This may result fram the greenling's tendency to frequently change
foraqing locations on a reef {E. Prince, pers, commun.,), and hence to
randomly sample the hard substrate crganisms.

Once the stomachs have been classified into feeding modes, a Eiori
groupings of predators can be tested for a significant difference in the
selection of feading modes with a chi-squared test for independence, If
the predators are preying an aggregations, then this test oompares the
frequency with which a foraging predator encounters an aggregation of a
certain type of prey. The frequency is dependent on when, where, and how
the predator is foraging (i,e., its feeding mode}., A contingency table
can be oonstructed using R feeding modes and C groups of predators. A
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significant difference in the predators' selection of feeding modes
exists if the resulting G statistic is larger than the critical value
from & chi-square distribution with {R=1}{C~1) degrees of freedom. The
most  significantly different group can be identified by looking at the
column surs of G and eliminating the group with the largest column sum,
ard retesting the remaining groups until a homogeneous group of foragers
is found. This is analogous to the contingency test presented in table
1, replacing prey species with feeding modes, and Xij is now the mumber
of fish in a mode.

Table 1
Example of Contingency Table Analysis of Stomach Content Data

1) Make a table of the nusber of each prey found in each predator

Pradator A Predator B Predator C Ni X2i Gi

Prey 1 254 15 67 336 3,37 3.19
Prey 2 110 2 10 122 9.48 11,40
Prey 3 33 4 13 50 4.96 4.41
Prey 4 88 9 10 107 6.04 6.12
N3 485 30 100 615

X2j 3.63 6.48 13.74 23.85

a3 3.61 6.75 14.77 25.13

3 Predators x 4 prey = 2x3 = 6 degrees of freedom

The critical values for a chi-sguare distribution with 6 degrees of
freedom at the 0.05 and 0.005 levels are 12.6 and 18.6, respectively.
Since the values cf both X2, 23.85, and G, 25.13, are greater than these
critical values, there is a significant difference in the stomach con-
tents of the three species. Predator A daminates the expected values
due to its large sample size (Na=485). Predator C is wery different
from Predator A (G2=14.77}. Prey 2 is the source of the diffewence
(G2=11.4) . Subsequent analysis showed that Predator B was not different
form either Predator A or C (Gab=7.7,GBc=6.77). This lack of difference
could have been due to the small sample sizes involved, particularly in
the be comparison, The ab conparison ia shown below.

Predator A Predator B Total

N 485 30 515
%23 0.42 6.73 7.15
Gj 0.42 7.28 7.70

2 Predators with 4 prey = 3 degrees of freedom
There is no significant difference in the stomach contents of the two

species (i.e., G=7.7, and the critical value of a chi-square distribution
with 3 degrees of freedom at the 0.05 significance level is 7.82).
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Predator Characteristics

The interpretation of feeding modes is dependent on information
known about the individual fish, in addition to their stomach contents.
Several predator characteristies that can be measured to provide this
information include: predator morphology, percent of empty stomachs, qut
volune, number of items in stomach, size of prey, number of species per
stamach, and when, where, and how the fish were caught. Comon
morphological measurements include length, condition factor, mouth gape,
eye size, eye location, gill raker size and number, and fin position.
These predator characteristics can be sumarized for each group of
predators to aid in the interpretation of group differences. Predator
characteristics can alse be summarized for each feeding mode, and
differences tested using appropriate statistical procedures (e.g., a
Kruskal-Wallis test or a contingency table of fish classified by feeding
mode and level of a predator characteristic provide simple tests). This

can be used to determine if different types of predators are
using different feeding modes, and thereby identify guilds of different
types of predators that forage in similar ways. Examples of the use of
predator characteristice are presented in Tables 2 and 3.

Table 2

Testing for Seasonality in Feeding Modes

Feeding
Mode Winter Spring Summer Fall N G
1 2 {(7.3}* & (10,5) 15 {15) 21 {10} 44 16.23
2 18 (8.3} 13 {12) 14 (18) 5 (12) 50 13,08
3 6 7 13 5 i 1.31
4 0 9 12 7 28 5.85
5 1 4 4 1 10 2.21
27 39 58 39 163 38,68

5 modes X 4 seasons = 4x2 = 12 d.f.

The critical values for a chi-square distribution with 12 degrees of
freedom at the €.05 and 0.01 levels are 21.0 and 26.2, respectively.
Since the value of G, 38.68, is greater than these critical values,
there is a strorg seasonal component in the albwndance of feeding modes
in species A, The difference arises from mode @ {Gl=16.23) being
underrepresented in winter and spring and overrepresented in the fall,
ard mode 2 {G2=13.08) being overrepresented in winter and under-
represented in summer and fall,

A separate test of feeding modes 3, 4, and 5 showed no significant differ-
ence in seasonal abundance among these 3 feeding modes (i.e., G=9.8, and
the critical value of a chi-square distribution with & deqrees of freedom
at the 0,05 significance level is 12.6).

* Numbers in parantheses are expected values
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Summary

It appears that most stomach content data are mot true multivariate
data. Despite the presence of the numerous prey species found in
stomachs, individual stomachs often contain few categories of prey and
are usually dominated by one prey category. This makes sophisticated
multivariate analysis unncessary.

The feeding modes of predators can be indentified by grouping
together predators with similar stomach contents. Feeding modes can be
infered from the repeated ocourrence of similar stomach contents.
Different a priori groupings of predators can be examined to see if they
differ in their foraging behavior either by comparing their frequency of
occurance in different feeding modes, or by the numerical abundance of
prey in their stcmachs, Either compariscn can be made in a contingency
table, and any statistical hypothesis can be tested using a log=linear
model. Contingency tables can also be used to aid {n making decisions
concerning the pooling of prey species into broader rrey categories.

After the predator feeding modes have been identified, the
characteristics of the predators using a mode can be examined, and
feeding gquilds of predators can be identified if differences in the
predator characteristics occur between feeding modes. This approach
should aid in making ecological inferences concerning the feeding and
competitive relationships of the various types of predators in a system,

Table 3
Testing for Feeding Modes Varying by Length

Feeding Length (cm)

Mode <17.5 17.5 - 22.5 >22.,5 N G
1 14 17 13 44 0.7
2 2L 20 9 50 2.2
3 17 10 4 3l 5.8
4 1 14 13 28 17.2
5 3 7 0 10 6.2

NJ 56 68 39 163 2.4

5 modes and 3 gizes = 4x2 = 8 d4.f.

The critical value for a chi-square distribution with 8 degrees of freedom
at the 0.05 level is 15.5. Since the value of g, 32.4, is greater than
the critical value, different size fish use different feeding modes,
Feeding mode 4 is the most different {G4=17.2}, and is overrepresented by
large fish.

A separate analysis of feeding modes 1, 2, 3, and 5 showed ne significant
difference with respect to size among these fish (i.e., G=11.68,
d.£.=6, and the critical vlauwe at 0.05 is 12.6).
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Graphical Methods for Fish Stomach Analysis

David A. Levy and Itsuo Yesaki
tniversity of British Columbia

Introduction

Statfstical analysis of predator stomach content data is required for
two basic purposes: hypothesis testing and description. While many
specific hypotheses can be addressed with existing parametric {e.g.
t-test, ANOVA) and non-parametric {e.g. chi-squared, runs test) statis-
tical tests, most stomach content data sets are difficult to describe.

As an adjunct to statistical hypothesis testing, a graphical technique
has been found effeztive for descriptive purposes. Prey types are
ranked according to an Index of Relative [mportance {Pinkas et al.,
19775 Cailliet, 1975) and then arrayed in a trophic spectrum diagram
{Darnell, 1961; Cailliet et al., 1978). When stomach analysis results
are portrayed graphically, trends are easily understandable and easily
communicated.

The objective of this paper is to describe the methodology for graphical
analysis, and show, by way of example, how the technique can be effect-
jvely utilized.

The Graphical Approach

Rather than reiterate procedures commonly used during field, laboratory
and data analyses, we have chosen to focus on specific problems that we
have encountered during our work, and possible solutions to them. Much
?f the Ensuing discussion can be related to the flow chart diagram

Fig. 1).

1} Sample collection: it is important to obtain and preserve subsamples
in an unbiased “ashion if meaningful analyses are to follow.
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COLLECT AND PRESERVE

3

SAMPLE FROM LOCATION
|ILII AT TIME “T“

¥

SORT FISH SPECIES INTO
SIZE CATEGORIES AND
SUBSAMPLE AT RANDOM

!

CHOOSE SUBSAMPLE
FOR ANALYSIS

¥

DISSECT OUT STOMACH,
i IDENTIFY AND COUNT PREY

¥
EXAMINE RESULTS

adequate sample size

CALCULATE IRI

VALUES

analysis complete
h 4

PLOT HISTOGRAMS

*
DRAFT TROPHIC
SPECTRUM DIAGRAM

¥

INTERPRET TRENDS AND
PUBLISH RESULTS

Fig. 1. Flow chart diagram 11lustrating sequence of steps for graphical

2)

3)

analysfs of fish stomach content data.

subsample collection: when a fish specfes {within 4 sample) is
highly variable 1n length or weight, size categories can be arbi-
trarily assigned by the fnvestigator. Subsequently, ontagenetic
shifts in feeding associated with changes in body sfze can be
analyzed.

Subsample choice: a decision must be made at the outset of a study
as to how many samples to consider. This decision should reflect

17



4)

5)

6)

7)

8)

gime and budget constraints. After the subsamples are defined, it
is important to prioritize the collection so that the overall re-
search goals are met. Frequently, fish species of economic or eco-
legical importance are included for amalysis as a high priority.

Laboratory analysis: there are three major departures of our
methods with those commonly used by other investigators. Firstly,
concerning the level of taxonomic detail required for the analysis,
we frequently find it unnecessary to identify prey items down to
the species level. Sorting prey into higher level classes {e.g.
Tnsect larvae, insect adults, fish larvae) can generate an adequate
number of categories far representation in 2 trophic spectrum dia-
gram. Saecondly, when dealing with smatl fish predators (less than
100mm FL}, volumetric data have been estimated visually (to the
closest 53). Lastly, occurrence data are scaled by the total
number of occurrences of all prey classes so that the histograms
plotted in stes 7 are comparable.

Preliminary data examination: the purpose here is to reach a deci-
sion concerning the adequacy of the sample size. As an alterpative
to a statistical procedure, we arbitrarily assume a sample size of
10 individuals (with food in their stomachs) to be adequate. This
assumption can be evaluated at the beginning of a research program
by independently analyzing several subsamples of 10 fish from the
same sample. [f differences are apparent, a sample size greater
than 10 is warranted.

Calculate index of relative importance (IRI) values: these are

calculated across prey categories using average % occurrence,

average % volume, and average ¥ frequency data in the formula
IRI = % pccurrence (% volume + % frequency).

Plot histograms; after all samples have been processed and ali prey
categories defined, histograms showing the numerical data can be
plotted. Some redefinition of prey categories may be necessary at
this step {to reduce the number of categories) so that the data can
be arrayed graphically in a iegible manner.

Draft trophic spectrum diagram: the services of a draftspersen are
required to diagram the prey and predator types. After diagrams
have been drafted, they can be reproduced photographically at
relatively low coest.

Examples of the Graphical Approach

Duri

ng 4 years of research on fish feeding habits in tidal channels

within the Fraser River estuary marshes, we have investigated the

foll
i)

i)

jit)

owing sources of variability:

species variability - descriptions of the food habits of dominant
fish species {Levy et al., 1979).

temporal variability - daily and seasonal differences in juvenile
salmon feeding (Levy et al., 1979).

spatial variability - differences in juvenile salmon feeding
within tidal channels (Levy et al., 1979), between meighbouring
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tidal channels {Levy and Northcote, 1981), and between neighbor-
ing marshes (Levy et al., in prass}.

During 1980 and 1981, field studies were conducted to detect the effects
of intertidal log storage on fish populations in the Fraser estuary.

One component of the study examined the differences in juvenile salmon
feeding in the Point Grey log storage area and the neighbouring Musqueam
Marsh. The results of the study serve as an example of the graphical
approach we have developed. The details of the experimental procedures
are described in a technical report (Levy et al,, in press). Briefly,
the experiment involved releasing groups of fin-clipped, starved

chinook fry simultameously in the log storage area and the marsh for a
short (4-12h) foraging period. On the following low tide, a fraction

of the marked fish were recaptured as the tidal channels dewatered,

and then preserved for stomach analysis in the laboratory. In additicn
to analyzing the stomachs of 10 marked chinook fry from each release
group, wild (unvarked) chinook fry were obtained and included for
comparison of feeding habits.

Results from this experiment showed a clear difference in the feeding
of chinook fry in the log storage area and the marsh, The size of the
histograms, representing % volume. % occurrence and % freguency results
(Fig. 2), indicate the relative importance of the prey types arrayed on
the abscissa. A histogram plot (Fig. 2) can be usefully included as an
appendix of a report. The IRI values calculated from the data {Fig. 2)
are ranked and serve as a basis for a graphical plot (Fig. 3). Thus,
both Fig. 2 and Fig. 3 portray identical results.

Spatial and temporal differences in feeding can be explained in re-
ference to the graphical plot (Fig. 3). Chinook fry recaptured at

the two release sites had markedly different diets, The proportion

of insects (adults, pupae and larvae) was greater in the stomachs of
fish recaptured in the Musqueam Marsh than in the stomachs of fish
recaptured in tke log storage area. Marked chinock fry in the Point
Grey log storage area acquired high propertions of epfbenthic inverte-
brates during all of the releases. In particular, the proportion of

E. confervicolus, Corophium sp., N. mercedis, and fish larvae was
higher in the stomachs of chinocook fry from the log storage area. As

a result of this analysis, we concluded that insect production in Fraser
estuary marshes is very closely linked with the presence of marsh plants.

In this example, the diet of chinook fry was portrayed at different
times in 2 separate locations. This type of analysis can be extended
to graphically portray results for a combination of fish species, loca-
tions, and sampling times. When many fish species are considered, the
results represent a trophic spectrum diagram (Fig. 4). A considerable
amount of information can be effectively represented in a relatively
small space. Here again, it is important to have the raw data access-
ible, either in an appendix or a data repository.

Conclusion
Graphical representation of fish stomach content data is relatively
inexpensive, easily performed and easily understood. Large data sets

can be described and simplified for effective communication, For
management purposes, qualftative data arefrequently sufficfent to
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Trophic spectrum showing rank importance of prey in
stomachs of dominant fish species of a Woodward Island
tidal channel during 1977-78. Diagram not drawn to
scale. Modified from Levy et al. {1979},
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represent the prey organisms that fish acquire in the aquatic environ-
ment. When patterns or differences emerge, meaningful hypotheses can
be formutated and tested during subsequent research.
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Constraints of the Laboratory Environment
On Predator-Prey Systems in Fishes

Larry . La Bolls, Jz.
University of tdaha

Introduction

The performance of fishes ts commonly studied under experimental
conditions by Tsolating behavioral mechanisms that structure their
predator-prey relationships (Iviev 1961; Ware 1972; Werner and Hall
1974; Stein 1977). Many types of methodological bias, however, can
fnfluence results of laboratory predator-prey studtes (Lewis and
Helms 1964; Espinusa and Deacon 1973), The goal of this paper is to
improve the understanding of the frequent disparity between results of
laboratory and field predator-prey studies.

The importance of predator-prey studies in selving real-world problems
is exemplified in the Snake River where harvest of salmon and
steeThead is a major economic¢ consideraton, Predation upon juvenile
anadromous salmonids {smolts) in the Snake River by several
piscivorous fishes ts one factor that has severely reduced chinook
salmon (Oncorhynchus tshawytscha} and steelhead trout {Salmo
gairdneri) poputations of that system (Bennett et aj. 1981].
Smatimouth bass (Micropterus dolomieui) are reported to eat mainly
crayfish (Procambarus spp.} and few smolts, while channel catfish
(lctalurus punctatus) eat mostly smolts and a few crayfish during the
smolt migration (Eennett et al, 198l), 1 designed a Jabaratory
predator-prey study with the objective of determining what mechanisms
governed prey selection by smallmouth bass and channel catfish when
they were offered chinook and steelhead smolts and crayfish, The
disparity between my results and those collected in the Snake River,
however, was considerable. Resolution of this disparity leads to the
objectfves of this paper, which are: 1) briefly assess potential
sources of methodological bias affecting laboratory and field
predator-prey studies in fishes; and 2) analyze possible factors
responsible for the disparity between laboratory and field data on
prey selection by smatTmouth bass and channel catfish in the Snake
River.
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Labaratery Predator-Prey Study

Two smallmouth bass (269 and 455mm) and two channel catfish {530 and
610mn) were collected by trapnet in the Little Goose Pool, Snake
River. Their Jengths approximated the medium and larger-sized

indl viduals of their respective populations. Chinook and steelhead
smolts were taken from stocks at the University of lIdaho, and their
length ranges (70-120mm and 120-360mm, respectively) approximated
those of the downstream smolt migrants in the Snake River. As a
result of a shortage of steelhead smolts, they were only used in the
first experiment with smallmouth bass. Crayfish were collected in the
Palouse River, Idaho, by minnow trap, All predators and prey were
held in separate 665 | circular aquaria prior to experimentation. All
prey species were fed Oregon Moist Pellets® four times daily, and
predators were starved 1-2 days before each experiment.

Prey selection experiments were conducted in a 1,640 1 aquarium with
gravel and angular rubble substrate. Each test of predator
selectivity was one experimental trial. Two and three trials,
respectively were conducted For channel catfish and smallmouth bass.
Two predators of the same species were introduced into the test
aquarium. Prey, which had been measured several hours earlfer {smolts
total length and crayfish carapace length) and allowed to recover from
handling stress, were then added to the test aquarium in various
ratios (Tables 1 and 2}. The test aquarium was maintained 1n total
darkness during prey introduction and for several hours following to
allow for their acclimation to the test environment (Stein and
Magnuson 1976), During the experiments, 1ight intensity varied from
total darkness to midday conditfons approximating the prevailing
photoperiod, Prey in the experiments were fed Oregon Moist Pellets®
four times daily and each experiment was terminated when at least 30
percent of one prey item had been eaten.

Results

Trends of prey selection by smallmouth bass and channel catfish in my
laboratory trials were consistent. Six smolts and no crayfish were
eaten during the first smalimouth bass prey selection trial (Table 1),
Two of the 5 chinook smolts were eaten by smallmouth bass during the
second trial; again no crayfish were selected, Crayfish were both
viulnerable and available to smallmouth bass during the trials since 8
were eaten when crayfish alone were introduced in the third trial,
Channel catfish ate 3 crayfish and no smolts during the first trial
{Table 2). Five crayfish were eaten and no smolts were consumed
during the second trial, Experiment duration ranged from 72 to 168
hours,

Problems in the ‘interpretation of these data stem from several
factors. Sample sizes are very small; since only twe individuals of
each predator species were used in trials, the lack of data on
variation in individual behavior and preference is obvious. Although
my laboratory results are consistent in revealing trends in predation
by smalimouth bass and channel catfish, they differ substantially from
results of prey selection for these predators in the Snake River.

Here the contribution of smolts to the diet of smallmouth bass was
relatively minor; smolts were found in 16 percent of the stomachs
analyzed; smolts contributed more significantly to the diet of channel
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catfish, however, and they occurred in over 30 per:ent of the stomachs
analyzed (Bennett et al, 1981),

Discussion

Based on my tenatative laboratory results, I was unable to isolate
facters influencing predator-prey interactions between smalimouth
bass, channel catfish, chinook and steelhead smolts, and crayfish in
the Snake River,

In the laboratory environment, bias from several potential sources can
change performance of predator and prey from that of their natural
surroundings. An obvious and major problem with laboratory studies
lies in the contrast between the natural environment and the aquarium
(Warren et al. 197%). Aquaria used in laboratory studies are usually
characterized by small size and very low habitat complexity. Agquarium
size alone can affect fish behavior (Andorfer 1980); both foraging
behavior of predators, and escape behavior of prey are 1nfluenced by
restricted space. The natural distribution and availability of prey
may be difficult to simulate in aquaria because of the lack of habitat
heterogeneity.

The level of structural complexity in an environment has a significant
effect on predator-prey interation {(Cooper and Crowder 1979},

Physical structure in the environment (habitat heterogeneity) leads to
spatial patchiness in prey distribution (Werner and Hall 1974) and
affects foraging strategy of predators (MacArthur and Pianka 1966).

The Tevel of structural complexity in the environment affects predator
diet breadth, erergy expenditure per attack on prey, and search and
pursuit componerts of foraging in response to patterns of prey
distribution associated with that particular level of complexity.
Yulneradility of prey often depends on how they use physical structure
in the habitat, and their winerabtlity 1n aquaria (homogeneous
habitat) may not reflect that in the natural environment (Stein 1977
and Gillen et al., 198l1).

The stress on predator and prey due to handling as well as chronic
stress related to their confinement is difficult to contrel and is a
characteristic problem of experiments in aquarium conditions.
Stressed fish are more suceptible to predation than non-stressed
individuals under natural and experimental conditions (Herting and
Witt 1967). A seldom addressed source of bias related to stress deals
with the acclimation of predators and prey to the test aquarium.
Should predator and prey be acclimated simultaneously? If not, which
should be acclimated first? The ramifications of this situation are
obvious and the problem deserves further treatment.

Variation in the behavior of individual predators and prey should be
considered as a potential source of bias. Although this source of bias
is not inherent in the experimental system itself, it should be
considered in the study design. The use of small numbers of predators
in particular could bias results of predator-prey studies conducted in
experimental systems.

Studies of predator-prey systems in the natural environment are also
subject to error., The abundance and distribution of prey

(avatlabflity) is difficult to assess accurately. The effect of
physical habitat structure on the temporal and spatial scope of
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interaction of predator and potential prey is often hard to define.
The situations we observe in the field and try to simulate in the
laboratory may not accurately reflect actual conditions due to
shortcomings in our experimental design and biases in sampling gear.

The performance of predator-prey systems {manifested prey selection)
is dependent upon the interrelaticnships among several variables.
Bias from the previously mentioned sources can influence
relationships between these variables, resulting in changes in system
performance (Figure 1).

Laboratory predator-prey study

Controlled experiments of prey selection by smallmouth bass have been
documented in the 1iterature {Lewis et al. 1961; Lewis and lelms 1964;
Stein 1975; 1977; Stein and Magnuson 1976 and Paragamian 1976), The
selaection of smolts over crayfish by smallmouth bass in my laboratory
experiments is not entirely surprising. Lewis et al. (1961} and Lewis
and Helms (1964) documented prey selection between fish and crayfish
by smallmouth bass in aquaria and ponds. Smallmouth bass selected
fish over crayfish in aquaria, however, they reversed this trend in
the pond environment, selecting crayfish over fish. Smolts in my
Taboratory trials often displayed erratic movements and exhibited
behavioral characteristics muich different from those in holding tanks;
this probably resulted from the combined effects of confinement and
predator presence (Beyerle and Williams 1968). Vulnerability of
smolts was probably increased in the aquarium due to their modified
behavior and inability to escape the predator {Lewis and Helms 1964).

At the approach of a predator, larger crayfish flee before making a
defense stance of chelae display; their vulnerability increases
dramatically with the distance of their flight as they become
exhausted {Stein 1977). Since larger crayfish in my laboratory trials
would never swim more than one meter before chelae display, their
vulnerabjlity in the aguarium was probably lower than that of those in
the natural environment (Stein 1977}. Vulnerability of smaller life
stages of crayfish in my trials was probably reduced or similar to
that of those in the natural environment. Their use of the angular
rubble substrate and corners of the aquarium as cover agree with
?bsggyat1ons by Stein (1975; 1977 and 1979) and Stein and Magnuson
1976},

The relative vulnerabilities of smolts and crayfish were prabably
reversed in the aguarium due to their modified behavioral patterns.
Since smallmouth bass forage optimally (Stein 1977), they may have
switched their prey selection from crayfish to smolts to minimize
thelr cost-bemefit ratio of feeding, which is the premise of optimal
foraging theory (Werner and Hall 1974); and since the predators were
large, they were probably able to easfly handle all sizes of prey
offered in the experimental trials (Wernep 1974), Abundance of prey
was apparently not as important as their relative vulnerabilities
since smolts were selected even when crayfish were twice as abundant
(Ware 1972).

The piscivorous nature of channel catfish has been well documented in

the literature (Bailey and Harrison 1948; Busbee 1968; and Starostka
and Nelson 1974), Busbee (1968) suggested that channel catfish larger
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Figure 1. Conceptual model of relationships between variables
determining performance (manifested prey selection) of a predator-prey
system, demonstrating how relatfonships are affected by changes in
envirohment.

e Relationships between variables affecting predator
preference and prey availability, which are relatively independent of
changes in environment and can be controlled to some degree under
experimental conditions.

—— An indirect relationship between variables determining
system performance, which changes with alteration of envircnment and
cannot be controlled under experimental conditions,

— Direct relationships between variables determining system

performance, which change with alteration of environment and cannot be
controlled under experimental conditions.
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than 40cm should be considered mainly carnivorous, and Bailey and
Harrison {1948) revealed that the utilization of forage fish by
channel catfish was positively correlated with water clarity and
forage fish abundance; no marked preference or selection of specific
fish foods was evident. Channel catfish appear to be opportunistic in
their feeding. It is unclear, however, whether channel catfish are
aggrassive pursuit predators or simply feed on dead and dying fish
from the bottom {Swingle 1950). Bailey and Harrison {1948) observed
parts of forage fish in the stomachs of channel catfish and determined
that they feed mostly at night. Since active pursuit would be
difficult in total darkness, this evidence suggests that one of their
modes of forage fish utilization may be scavenging.

Smolt mortality associated with dams on the Snake River is signficant,
and has been estimated at 15 to 20 percent at each dam. Assuming that
channel catfish are opportunistic feeders, the high smolt mortality
associated with each dam could conceivably provide large numbers of
dead and stressed fish for their consumption. Though I was unable to
analyze the utilization of dead and moribund fish in the laboratory,
my results suggest that channel catfish may not be active pursuit
predators of smolts., It must be remembered, however, that the
foraging behavior of channel catfish may have been influenced by the
aquarium environment, and that no firm statement can be made about
their modes of smoit utilization.

Summary

Smolts were consumed in preference over crayfish by smallmouth bass,
and channel catfish ate crayfish and no smolts in my laboratory
trials. My data are very tentative and conflict with those collected
on smalimouth bass and channel catfish prey selection in the Snake
River. My results were influenced by several types of methodological
bias in the laboratory environment and no geperalizations can be made
about factors governing predatar-prey interactions between smallmouth
bass, channel catfish, chinook and steelhead smolts, and crayfish in
the Snake River.

Methodological bias from several sources can affect the results of
laboratory predator-prey studies, The size of the test environment
and its associated habitat complexity is of primary consideration.
HandYing of predaters and prey should be minimized in controlling
stress factors which can affect their behavior and performance.
Relevant problems of determining prey availability in the field should
be addressed when trying to simuTate these conditions in the
laboratory environment.
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Beyond Guts

The Powers and Pitfalls of Experimentally
Documenting Functional Aspects of

Fish Foraging Behavior

Charles A. Simenstad. Douglas M. Eggers, Robert C. Wissmar.
and Eric C. Volk
University of Washington

Introduction

Most studies of the feeding ecology of fishes usually result in the
rediscovery of fish diets and further documentation of the prey assem-
blages potentially susceptible to predation {Sibert and Kask 1978). It
is at this point that a well designed descriptive approach based upon
divergently contrasting dependent variables usually Tacks the ability to
explain why fish eat what they do. For example, we usually find 2 degree
of "selectivity" or "electivity" in fish diets, where the fish have fed
upon pray which were neither numerically nor spatially prominent. 0Ob-
viously, we need to step beyond the descriptive stomach contents data in
order to adequately explain fish feeding behavior. A desirable solution
to this dilemme is to experimentally or observationally dissect the be-
havioral interactions between the fish and thejr potentfal and actual
prey organisms.

Microcosm studies of the behavioral interactions between fish and
prey have been a major part of our research on the estuarine carrying
capacity for juvenile chum salmon (Omeorhynchus keta) in Hood Canal, a
fjord extension of Puget Sound. Based upon our documentation of the
stomach contents of juvenile chum salmon migrating through Hood Cana?l
and the structure of the epibenthic and neritic zoopinakton assemblages
they encountered, we hypothesized that the growth and residence times
of the juvenile salmon in estuarine and nearshore habitats was deter-
mined by forag‘ng success (Simenstad and Sale 1982}. But, in order to
test this hypothesis we needed to develop a model of prey ingestion,
growth, and behavior based upon composition and standing stock of pre-
ferred prey. Apparent prey selection for large, relatively rare epi-
benthic {harpacticoid copepods, gammarid amphipods) and meritic zoo-
plankters {calanoid copepods) was evident in our descriptive data (Si-
menstad et al. 1980}. Thus, we needed to design laboratory and field
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experiments to eluc-date the causa) mechanisms of the prey selection pro-
cess, particularly o discriminate between passive {encounter rate) and
active (behavioral) selection (Eggers 1982}, which would greatly influ-
ence our ability to make predictions about foraging success under known
prey assemblages.

Research Perspective

Holling (1959) developed a functional components model which allows
the predation process te be experimentally defined on the basis of six
components: 1) search, 2) encounter, 3} pursuit, 4} capture, 5) eating,
and 6) digestion. These can be redefined functionally into three com-
ponents: 1) the rate of encounter {search + encounter), 2) the handling
time (pursuit + capture + eating + digestion), and 3) the capture suc-
cess. The relationship of these components to the rate of ingestion, I,
may be expressed as: 25

L=5m

where & is the rate of prey encounter, § is the capture success, and H

is the handling time. The rate of encounter is dependent upon prey visi-
bility, fish swimming speed, and prey density. Prey visibility varies as
a functfon of the reactive distance {the minimum distance at which the
fish can locate a specific prey), prey size, shape, color and contrast,
and motion; light intensity and turbidity affect the effective prey visi-
bitity. Capture success is determined by prey size and avoidance behav-
ior and fish mouth gape; handling time similarly depends upon prey size
and behavior, fish mouth gape, and fish hunger.

Since about 1970, a number of investigators have studied these com-
ponents by testing hypotheses about aptimal foraging theory {Ware 1972;
Werner 1974; Werner and Hall 1974; Confer and Blades 1975; 0‘Brien et al.
1976; Vinyard and 0'Brien 1976; Durbin 1979; Furnass 1979; 0'Brien 1979;
Gibson 1980; Gardner 1981) and the methodology is well documented. Tao
test the encounter rate model and examine the prey selection process in
multispecies prey assemblages, we designed experiments dimilar to Iviev's
(1961), wherein fish were offered dichotomous prey assemblages under a
spectrum of prey density ratios. We extended this approach by inclusion
of treatments on the estimated visual field and encounter rate. We also
examined the bioenergetic cost, in terms of somatic growth, of fish upon
different prey taxa and ration levels over the normal period of estuarine
residence of the juvenile chum salmon. Acknowledging the many biases in-
herent in quantifying feading behavior via experiments in aquaria, we
extended our controlled experiments to more complex habitats where the
cryptic and behavioral escape responses of the prey and the fish forag-
ing behavior were nct as compromised. These microcosm experiments ex-
panded upon past studies of fish predator-prey interactions (Vince et al.
19765 Virnstein 1977, 1979; Nelson 1979) by examining the effect of dif-
ferentfal foraging success upon the growth and survival of the fish
{Pardue 1973; Cooper and Crowder 1979).

Our ocbjectives were to conduct controlied laboratory and microcosm
experiments to: 1) cocument reactive distance, handling time, and capture
success as a function of fish size, prey taxa and size, and 1ight inten-
sity; 2) test feedirg selectivity by different sizes of fish upon dif-
ferent density ratics of dichotomous prey taxa and size assemblages; 3)
monitor long-term fish growth and survival under differing ration levels
of different prey taxa; and, 4) measure growth of different densities of
fish introduced intc relatively equivalent, structurally complex micro-
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cosm systems representative of shallow sublittoral, estuarine habitats.
The organization of these experiments permits the utilization of results
of each experiment for model development and design of subsequent exper-
iments (Fig. 1). The following describes our methodological approach to
these experiments and the results in terms of our ability to successfully

quantify functional relationships between fish and prey.

EXPERIMENTS
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Organization of laboratory and microcosm experiments to doc-
ument Ffunctional aspects of juvenile chum salmon foraging be-
havior.

Fig., 1.

Methods and Mafterials

All experiments were perfarmed at the University of Washington's
Friday Harbor Laboratories, located on San Juan Island in northern
Puget Sound, between February and May 1981, Juvenile {"button-up") chum
salmon (30-50 rm initial fork Tength) were obtained from two sources:
1) two groups of fish, resulting from the early and late spawning runs
in Hood Canal, were transported from Washington Department of Fisheries's
Hoodsport Hatchery via Fisheries Research Institute's Big Beef Research
Station to Friday Harbor in early February and late March, respectively;
and 2) fish from eggs transported from the Washington Department of Fish-
eries's Nooksack Hatchery and incubated in egg-boxes located in Beverton
Creek, immediately adjacent to the Friday Harbor Laboratories, in early
December 1980 to early March 1981. After transport in freshwater, all
fish were acclimated over 1B-24 hours then introduced directly into full-
strength (32°/.. salinity) seawater. Fish for use in experiments were
maintained in flow-through holding aguaria where water temperatures ran-
ged between 7.6° C and 10.2°C and salinities ranged between 11.0°/.. and
33.4%/,5. Fish in the holding aquaria were fed varying sizes of Oregon
Moist Pellets to excess three times per day. Natural mortality rate in
the holding aquaria was Tow, less than 1% per day. Three separate groups
of juvenile chums allowed us to experimentally test three size intervals:
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1} 35-45 mm fork length (FL); 2) 45-55 mm FL; and, 3) greater than 55 mm
Fl.

Three divergent classes of representative prey of juvenile chums
were used in the experiments: 1) harpacticoid copepods; 2) gammarid
amphipods; and 3} calanoid copepods. Review of the literature on cul-
turing these organisms and some initial attempts at culturing endemic
species at Friday Harbor iilustrated that culturing could not supply
the high numbers of test organisms we required within the short period
of our experiments. We were thus forced to select taxa which could be
routinely obtained in relatively monospecific, high density collections
in the vicinity of Friday Harbor. Tigriopus californicus, a large,
orange-celored harpacticoid copepod, was chosen because of its avail-
ability in high densities in high tidal splash pools; although its
non-cryptic coloration and behavior of swimiing throughout the water
column suggest that they are not adapted to avoid fish predation {(Dethier
1980), they do represent the size range of the epibenthic harpacticoids
naturally consumed by juvenile chum salmen (Sfmenstad et al. 1980).
Tigriopus were pumped from tidal pools using hand or electric bilge
pumps and retained on 350 um mesh sieves., At the laboratory the figrio-
pue were held in shallow, 500 liter tanks and fed commercial hamster
food. The harpacticoids were separated into faur life history stage
categories for the functional com?anents experiments, including: 1)
juveniles (x = 69 um total length?); 2) non-ovigerous adults and later-
stage copepodites (x = 107 vm): 3) mating pairs {x = 137 um}; and 4)
ovigerous females (x = 129 wm).

It o

Parameerg mohri, a large eusrid, was chosen as a representative gam-
marid amphipod due to ts availability in the mid-littoral region of ex-
posed gravel beaches on San Juan Island and its knmown appearance in the
diet of juvenile salmon, Paramoera were collected by washing large guan-
tities of beach gravel through 2.0 mm sieves and sieving the wash water
through 1.0 mm and 0.5 mm sieves. Paramcera were held in the Taboratory
in 10 cm deep water tables and fed hamster food.

Two size classes of calanoid copepods were utilized in the exper-
iments: small calanoids represented by Paeudoealanus spp. (x = 136 m)
and large calanoids represented by Calanus spp. and Epilabidocera longi-
pedata {5 to 15 mm). Paeudocalcnua, primarily P. minutue were sampied
by hand-towing a 0.5-m ringnet equiped with a 225 pm plankton net along
the Friday Harbor Laboratories dock. Almost pure Pgeudosalanus assem-
blages were obtained by sieving these plankton samples through 0.5 mm
sieves and retaining the copepods on a 351 um mesh sieve, When unavail-
able at the dock, Freudocalanua were also collected in the surface wat-
ers of Friday Harbor using a 65 cm bongo net eguipped with 333 pm mesh
netting., Paeuwdoealanus collections were made approximately daily and
were held in aerated 500 liter aquaria until used. Cafanus and Epi-
labidooera were hand-pipetted from the »>500 ym fraction retained from
the initial sieving of the zooplankton sample for Pseudocalanua. These
were held in aerated 5 liter beakers in a water table until use the same
day. When unavailable from the dock, Calanus were collected from deeper
water layers in or adjacent to Friday Harbor using the 65 cm bongo net
equipped with 0.5 mm mesh netting.

]tota1 length is measured from the tip of the rostrum to end of caudal

rami
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Functional Components Experiments(FCE}. Experiments to document
reaction distance and handTing time were conducted in aquaria Jocated in
a Tight-tight tend under controlled light levels (Fig. 2a). Lighting
was provided by two 3-ft fluorescent fixtures set at 45° angles to the
aquarium's water surface; light Tevels were adjusted between 1 and 100
lux (as measured by a Li-core photometer at the mid-depth point in the
center of the aquarium) by varying the number of layers of standard win-
dowscreening placed directly in front of the light fixtures. Two sizes
of aquarium, 27.9 c¢m x 15.6 cm x 7.6 cm (2.7 liters) and 47.6 cm x 57.5
cm x 12.7 cm (34.8 liters) with water 8 to 11 cm deep, were used accord-
ing to the size of fish and prey being tested. In each experiment a ser-
ies of predation events were recorded on color video using an Akai Acti-
video YP-7300U VHS system equipped with a NTSC color camera with a 1.6,
14-84 mm, 6x zoom lens (with macro), Due to the sensitivity to high
humidity and tenperature, the camera was enclosed in a plexiglass case
and was airconditioned by the once-through circulation of air through
the case. Additional modifications were made to the camera case to en-
able remote focus and f-stop adjustment. Vocal documentation of the
experiment was simultaneously added to the vaice track of the video tape
through a microphone instaltled in the tent,

VIDED CAMEINL

FLMAESCEMT - [ wt
L

TENTR
WITH SLAEENE —

a}

GCABLES TO CAMERA

VIDEC MONITOR

_‘/,cou'rnol]]

VIDEC WECORDER

Fig. 2. Experinental apparatus and arrangement used in conduction {a)
and transcribing (b) functional components experiments.
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Each predation event involved the introduction of a single prey via
pipette by the observer into an area of the aquarium out of the fish's
field of vision. The observer then proceeded to describe the behavior
of the fish and prey through the predation event, including: 1) time of
introduction of prey; 2) movement of prey relative to the fish; 3) Joca-
tion of the fish in the water column; 4) time the fish apparently saw
the prey; 5) time of initiation of the strike; 6) pitch angle; 7} com-
pletion and success of the strike; and, 8) subsequent strike sequences
on that prey of the initial strike was unsuccessful. Prey continued to
be introduced until 30 predation events had been recorded or until the
fish reached satiation, as evidenced by sluggish behavior and a loss of
interest in the prey. Each experiment lasted approximately 20 to 30
minutes.

Transcription of the video tapes involved replaying the individual
predation events at normal speed to identify and record the discrete
points in the cycle of events leading to prey capture as reported vocally
by the observer (Fig. 2b). Subsequent multiple playbacks of the event at
slow motion permitted us to identify the location and orientation of the
fish at the time the prey was seen and the location of prey capture or
miss, These positions were drawn on the videa monitor screen and mea-
surements of the reaction angle and reaction distance were made using a
protractor and a ruler scaled to the actual tank dimensions. Handling
time was estimated 2y counting the number of tape frames between the
time of perception and the time of capture of the prey. The actual re-
action distance was calculated as,

measured reaction distance

RD = cosine pitch angle

The cycle of events leading to prey capture and the associated measure-
ments are illustrated and defined in Fig. 3.
Measured Reaction Mstance: distance from the eye
[ sh 3 e of Tesction to the prey
to the point of capture of the prey
Feactiol 1g: looking down on the Fish,
angle from the body sxis to the
prey at the point of resction /

f—"Point af Reattion®
'"";::""-“&‘
o
“Paint o: M“‘
Capture’ |
\“——b‘l

///’,/

I ol o Pl ™,
P o e e e e ol
g
it > it
e ™ -
s al s
= 5 e e

i~ T g e .
o~ s e N A T -
‘“::‘%///// ol ol ol A i S
: the real distance the angle in tha vertical

Actual mﬂ&_‘lm Distance Pitch Angle:
in ¢l dirgnsions betwssn the Fith at dTraction batwsen the horirontal axis

the point of reaction to the prey at the of the fish at the point of reaction
point of capture ard that of the prey at the point of
capture

Fig. 3. Definitions and illustration of the parameters measured by the
functional components experiments,
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Since the smallest ﬁrey were usuyally not visible during replay of
the video tape record, the point of capture had to be inferred from the
pattern of the fish's movement during the predation event and the vocal
narration. After hours of practice we were able to identify distinguish-
able fish movements associated with the initiation and termination of a
predation event. For example, the genera! behavior patterns were as fol-
lows: upon perception of the prey the fish would typically initiate a
sharp right angle turn which resulted in a single or series of tail

beats in the d'rection of the prey and would make another sharp right
angle turn at the point of capturing or missing the prey.

Capture success was alsg measured in separate experiments by record-
ing the percentage of predatfon events initfated that dfd not result in
successful capture. These experiments were run in a 20.3 x 39.4 cm x
17.2 en (13.7 Titer) aguarium under 100 Tux light Tevels. Thirty prey
were introduced into the aquarium holding one fish, which had been held
for 24 hours without food. The sequence of attempted and successful
predation events were recorded on a hand-held casette tape recorder by
an observer over the course of a 20-minute trial. The information was
subsequently transcribed onto an event chart recorder, providing a rec-
ord of the distribution of unsuccessful strikes with time as well as an
estimate of handling time, i.e, the elapsed time between strikes.

Intermediite Microcosm Experiments{IME}. Experiments to test the
rate of prey ingestion and prey selectivity were conducted in 102.9 cm
dia (409 liter) circular aquaria under 100 lux light levels. Five fish
were acclimatec in the aquarium and not fed for 24 hours prior to the
experiment. Density levels of the two prey were determined at an initial
ratio such that the estimated amount consumed by the fish during the
course of the experiment did not change more than 5%. The thoroughly-
mixed prey assemblage was distributed uniformly in the water column at
the initiation of the experiment. Fish were aliowed to feed undisturbed
for 30 minutes, after which the figh were captured and immediately pre-
served in 10% seawater-bufferred formalin. The tank was drained through
a fine-mesh sieve and the remaining zooplanktor were preserved in 50%
isopropyl alcorol. The stomach contents of the preserved fish were sub-
sequently examined and the numbers of the two prey recorded; similarly,
the zooplanktor remaining after the experiments were sorted and counted
and the differrece between that and the initial counts compared to the
estimated number consumed.

Densities of the largest prey type were scaled so that the experi-
ments fell under one of the two following situations:

2% MM or 2% _ Mhas
Hy = T+ aNH Hy TN,

where . is the volume searched (liter sec ]} for the first prey type;
Nos Ho Jre the prey density {number liter~'); e, e2 are the body size
(ng dry weight animal-T}; H], Hp are the mean hand1¥ng times {seconds)
per pursuit; and Sy, 57 are the probability of capture for the first
and second prey types, raspectively. In situations where the first in-
equality above holds, the chum salmon should consume both prey types

as encountered (Charnov 1976). In situations where the second inequality
above holds, the chum saimon should only consume the largest prey type
as encountered to optimize biomass ingested per unit of foraging time,
Experiments included comparisons of two epibenthic prey (e.q. 7i Lopus
vS. Paramoera), two neritic prey (e.q. Paecudoealanus vs. Calanus), and
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epibenthic/neritic prey (e.q. Pigriopus vs. Pseudocalarmus).

Bicenergetic Rationing Experiments{BRE). The effect of prey taxa
and daiTy ratien upon somatic growth and survival were examined by main-
taining juvenile chum salmon under thirteen feeding regimes: three prey
taxa {Tigriopus, Paramoera, Paeudocalanus}, four ration levels {excess,
10%, 5%, 1% of body weight day-!'), and one starvation over a ten week
period. Fish were held in 15 liter aquaria under ambient light and
temperature regimes with flow-through, prefiltered water. In order to
minimize stress on the fish, excess prey were only removed once a week.
The aquaria were also checked daily for mortalities and these fish were
imediately removed and replaced with live fish of jdentical weight.

Individual marking of the small chum was not feasible, thus growth
data were based upon the weekly change in mean wet weight of the fish in
each aquarium. Relative incremental growth was determined for individual
fish, however, by aralysis of daily growth ring patterns of the otoliths
removed from each fish at the end of the experiment. These otoliths were
processed and analyzed using the methads of Brothers et al. {1976), Broth-
ers and McFarland (1979), and Marshall and Parker (1979).

Large Microcosm Experiments{LME). This series of experiments cul-
minated in a Jarge-scale migcrocosm test of epibenthic carrying capacity
wherein the effects of varying fish densities om uniform prey assemblages
was examined in a rmore natural foraging habitat, with sediment, algae and
vascular plants, anc natural light regimes., Two &.6 m dia plastic swim-
ming pools were divided in half to form four 6,500 liter semicircular
habitats. Seawater from the Friday Harbor Laboratories's system suppiied
flow to the habitats such that the volume was replaced one to three times
daily. Outflow Tosses of prey organisms were guantified per unit time
and assumed eguivalent to replacement rates. Sand and eelgrass (Zostern
maring) were transperted from a nearby embayment and distributed uniform-
1y among the four habitats and allowed to stabilize for several weeks.
During that period, large numbers of Tigriopus califormicus were added
equally to each habitat and procedures for quantitatively sampling these
and other prey taxa were developed. By the end of April Tigriopus pop-
ulations of between 127,140 and 294,590 per habitat had been established;
the harpacticoids were not uniformly distributed within the habitats, how-
ever, and tended to congregate along the upper pertions of the sidewalls
and among the diatom mats which were attached to the walls or were float-
ing on the surface. Accordingly, sampling of prey populations was strat-
ified into four microhabitats: 1) upper ?top 10 ¢cm) sidewall; 2) lower
sidewall; 3) sediments' and, 4) water column. Sampling of the water col-
umn was accomplished using a 5 liter Van Dorn water bottle and sampling
of the surfaces was accomplished using an electric bilge pump which vac-
uumed a 63.6 cm? surface area. Five replicate samples were collected
weekly from the initiation of the experiments on 30 April to its termin-
ation on May 29,

Three treatments ?f varying fish densities were used: 20%, 10%, and
5% of body weight day™' ration levels which, given the estimated prey
populations, converted to 5, 10, and 14 fish in each of the habitats,
respectively; the fourth habitat with no fish served as the _control.
The respective fish densities were 0.6, 1.2, and 1.7 fish m2 of bottom
area. At the end of the experiment the habitats were drained and the
fish recaptured, weighted, and preserved in 50% isopropy! alcohol for
subseguent stomach and otolith analyses.
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Results and Discussion

While we have not completed the exhaustive analyses of the data
collected from the described experiments, we can evaluate our results
in terms of our ability to effectively measure the parameters we were
focusing upon. Subsequent papers describing the actual results will
be forthcoming.

A number of mechanical and biogenic "bugs" characterized these ex-
periments as designed, some of which were never overcome and compromise
our results. Hapefully, describing these hindrances will enable future
investigators to circumvent them and improve our ability to experiment-
ally document fish feeding behavior.

Mechanical Bugs. The VHS color video tape system we utilized lim-
ited our ability to conduct experiments through the ranges of light Tev-
els and sizes of fish and prey which we desired to test. Although the
reaction distance of pianktivorous salmonids have been shown to be trun-
cated by Jight ‘intensities below 50 lux (Confer et al. 1978) and they
may be able to feed at 0.2 lux (Eggers 1978), the minimum illumination
level we found “easible was 1 lux, below which depth of field, contrast,
and resolution diminished to the point that the fish's movements could
not be distinguished. As the size of the aquarium had to increase with
the size of fish and prey being tested, and the fishes increased reaction
distance, the increasing field of view required created resolution prob-
lems. Despite the advantage of the zoom lens, maving the camera further
away from the aquarium's surface changed the camera's effective sensitiv-
ity to the illunination in the aguarium. Il1lumination problems might be
reduced by selecting a video system with greater light sensitivity such
as a black and white video camera. The field of view could also be in-
creased by using a wide angle lens. Further sensitivity to low illumin-
ation would require conducting the experiments under infrared (IR} light
conditions and use of IR-sensitive video equipment.

One of the most obvious limitations was the visual sensitivity of
the human observers under low illumination. Below 10 lux, and espec-
ially at 1 Jux, our ability to track small prey was seriously compro-
mised. Trying to visually keep track of a 65 um-long harpacticeid copep-
odite for 30 minutes at 1 Jux required tremendous concentration and cur-
tailed the tota! number of experimenis by one observer per day. One
possible solution to this problem would be to utilize light gathering
or image-enhancing optics to view the experiments. Another approach
would be to couple in another video camera to record the vertical field
during the experiment. Video systems are available which can record twe
signals simultaneously on & split-image format on the tape.

While fluorescent lighting of the type we utilized is inexpensive
to operate and less complicated than incandescent 1ighting, precise con-
tral of light levels is much more problematical. Banks of tilt-adjustable
incandescent tights, regulated by rheostat, would be preferable if the
problem of heat buildup and the proper Tight spectra could be resalved.

Rapidly moving fish and prey were also difficult to follow under
low iTlumination, as visual planktivores can detect prey at speeds 2-3x
faster than can be detected by the human eye (Protasov 1968), This was
a preblem in playback of the video tapes of experiments invelving highly
evasive prey (i.e. calanus). Movements of the fish were blurred consid-
erably at the 30 frames sec-! recording rate. Video equipment with a
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higher recording rate eoulf be preferable if detailed documentation of
fish movement is necessary,

The necessity of maintaining fish in both holding tanks and experi-
mental aquaria under strict control of food is difficult when dealing
with marine or estuarine fishes and the typically unfiltered, flow-
through sea water systems of most marine laboratories. Although we were
unable to assemble a satisfactory prefilter and manifold system which
would supnly enough water flow, the effort to construct and maintain
individual filters for each aguarium was sufficient for us to recommend
& single prefiiter if feasible.

Biogenic Bugs. We observed a number of experimental artifacts im-
posed upon the fish's foraging and the prey's escape behavior, which
were partly avoided by modification of experimental design. The "chamber"
pr "bottle" effect of truncating the reaction field of the fish by con-
ducting the experiments in small aquaria can introduce significant bias
in estimates based upon the water volume searched. This is especially
true for reaction distance measurements made from experiments run in
narrow aquaria, as the frontel reaction distance may be quite different
than a three-dimensjonal reaction field (Confer et al. 1978; Luecke and
0'Brien 1981}. Thus, measurements of reaction angle in sufficiently
large aquaria are critical in order to quantify the absolute visual acq-
ity in all directions. Accordingly, fish striking a prey on the walls
of the aquarium should be excluded from the data set. Some fish also
learned to use the walls and corners of the aquarium to enbance their
capture success and such events were ignored in our transcription of the
experiments.

While the simple envirpnment of the aquarium is not representative
of the natural foraging environment, there are a number of ways to re-
duce associated biases. Contrast may be standardized by shielding the
sides of the aquarium with a neutral, grey-colored material. Moisture
must not be allowed to come into contact with the bottom of the aquarium,
causing & mirror effect which disturbs the fish,

Selection of representative prey can be a critical factor affecting
both the success as well as the relevance of the experiments. While we
had no feasible alternative to the use of Tigriopus, we have recognized
that this species of harpacticoid copepod had minimal morphological or
behavioral adaptations against planktivorous predators. Although ocur
measyrements of reactive distance may not have been compromised, esti-
mates of capture success, the bioenergetic cost of predation, and the
carrying capacity of an epibenthic harpacticoid population based upon
rigricpus may not be relatable to the more cryptic, evasive harpacticoids
upon which juvenile chum salmon normally feed. Similarly, our initial
experiments using large calanoids were conducted with a mixed assemblage
of "large calanoids" selected from the zooplankton collections. After
observing a number of diverse swimming and avoidance behaviors among
this "homogeneous” prey assemblage, and corresponding variation in fish
strike behaviors, we realized that the major species included in our
assemblage (Calmnwe pacifious, C. plumchrue, Kucalanus bungii, Epilabi-
docera longipedata) had distinct morphological and behavioral character-
istics which the f“sh were responding to differently. For example, one
calanoid would avo'd a fish strike by darting laterally 30 ¢m, while
another would evade in a rapid spiralling movement, both of which confused
small or naive fish, This condition was minimized by separating these
species when possible.
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The effect of handling and temperature stress upon the avoidance
capabilities of the prey was also seen to be a major source of bias.
Prey should be handled with as little stress as possible, especially
when collected using zooplankton nets. Use of glass bottle cod ends
and short-duration tows are suggested. In the case of the large, sensi-
tive calanoids, hand dipping may be the only feasible way to avoid stress.
Similarly, separation of these forms from other zooplankton should be
done with a minimum of stress, by hand pipetting instead of sieving if
necessary. Although these precautions are time-consuming and Timit the
number of experiments that can be conducted within a reasomable time of
prey collection, the differences between the results of experiments con-
ducted with viable versus stressed prey are too dramatic to ignore.

Establishment of representative prey assemblages in a structuraliy
complex microcosm is a challenging task which requires long-term equili-
brating and fine-tuning. We encountered problems with: 1)} maintenance
of equivalent water flow and temperature regimes among the replicate
systems; ?) minimizing loss of prey organisms through outflows; 3) con-
trol of epiphytic microalgae blooms; 4? capture of experimental fish
on a regular basis; and 5? systematic sampling of heterogeneous distri-
butions of prey. The ideal experimental design and what can uitimately
be accomplished given your resources require a number of compromises.

We suggest that you seriously consider documenting each of the dependent
and independent variables ard allocate considerable pre-experiment time

ngrfecting these techniques and allowing the microcosm systems to equil-
ibrate.

Summar

Our multifacited experimental approach to documenting functional
aspects of fish foraging behavior exposed a number of constraints which
must be incorporated into the experimental design. Despite these poten-
tial pitfalls, we discovered that the power of such fine-resolution
experimental and manipulative studies to expose causal mechanisms of
fish foraging behavior justifies the effort involved. We were particu-
larly stimulated by the variation in prey avoidance behavior and fish
feeding behavior which we observed and propose that this is a critical
determinant of rapture success. While few investigators have attempted
to quantify the dynamics of zoopltankton escape responses and compensa-
tory behavior of zooplanktivorous fishes (Drenner et al, 1978), such
levels of predator-prey interactions must he examined if we are ever to
explain why fish eat what they do.
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The Lack of Time Limitation in Fish Foraging

Michael E, Crow
LIniversity of Washington

Intrcduction

One cbjective of ecology is to determine the controlling factors in
ecogystem structure and function. BAn important component of this
objective is determining the £factors that control the amount and
composition of the diets of predators. Time has been proposed as a
possible limiting factor. Holling (1959a) showed that the time required
for a predator to pursue, caprure, subdue, consume, and digest a prey
sufficiently to resume searching for addition prey {i.e, handling time}
could limit the amount of food consumed by a predator at high food
densities. Handling time has been used in optimal foraging theory as a
controlling variable for diet ocomposition (Charmov, 1973, 1976, Pearson,
1976). This work has been used to analyze food habits and food
partitioning in ffish {Werner and Hall, 1974; Werner, 1977; Mittlebach,
1981}. This paper points out that handling time limitation may be
incongistent with some of the data present by these papers as well as
work done by other investigators, Handling times are often so small that
fish appear to be able to fill their stomachs in a very small amount of
time. Hence handling time limitations may be inconsequential. In the
abgsence of handling time limitation, other possible contrelling factors
for a predator's diet are examined, The probability of successfully
capturing a given prey item and digestion rate are suggested as
controlling factors, The apparent agreement of some fish foraging data
to the handling time model is discussed, and arguments for the evolution
of short and long handling times are presented.

Foraging Model
The diets of fish are determined by the hierarchical decision model

{Crow, 1979): when to forage, where to forage, how to forage, and which
encountered prey to pursue, The first three decisions allow for a high
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degree of "selectivity® by the fish, independent of handling time, which
is only directly ooncerned with the fourth decision. To evaluate the
importance of handling time a foraging model was constructed (Crow, in
prep}, which cowbines diet quality, diet quantity, and’bicenergetic
demand for food to make the fourth decision subject to a choice of when,
where, and how to forage. The diet quality model is based on the
handling time criteria presented in Charnov (1973, 1976}, the diet
quantity model uses the Holling disec equation (Holling, 1959a), and the
bicenergetics model is a modification of several bioenergetics models
fourd in the literature used to estimate the daily metabolic demand
(e.g, Kitchell et al,, 1977).

The diet quality model specifies that a prey item will be included
in the diet if the benefit—cost ratic of the prey item exceedes the
consunption rate of the predator without that prey in diet, The
consumption rate is net consumption per unit foraging time. The benefit
function is the weight of the prey item times the capture success times
the digestive efficiency, The cost is the handling time, ‘The
benefit-cost ratio will be referred to as profitability in the remainder
of this paper. Hamdling time, h, is the amount of time that elapses from
the time the predator stops searching in order to start pursuing a prey,
until the predator resumes search. Handling time is equal to the average
pursuit time plus the expected capture time, where the average capture
time is adjusted ly the capture success.

The Holling disc equation assumes that the rate of food consumption
is limited at low food densities by the rate at which food is
encountered, and at high food densities by the time required to hardle
encountered food items. The fraction of the total foraging time which is
spent searching for food, FS, can be expressed as FS = 1/{1+R}, where R
is the dimensionless ratio of the time spent handling prey to the time
spent searching for prey. R can be calculated as the product of handling
time per prey and encounter rate {no./time). It can also be expressed as
R = N, where N is the prey density and r is the product of handling
time and encounter rate. The oonsumption rate, C (gw/time), is
proportional to N/{1+rN). A ploct of N/{1+eN) versus R (Figure 1) shows
that consumption Is relatively unaffected by handling time {f R < 0,25,
If R < 0,25, then the consumption rate is so much lower than the
profitability of the highest ranked prey that most encountered prey
items will be taken and the predator will have a broad diet. Thus,
handling time has relatively little effect on either diet quantity or
diet quality, if R < 0.25. Handling time will also be limiting if the
amount of time required to fill the stomach is greater than the
available foraging time. Otherwise the saturation consumption rate will
be ocontrolled by hunger and stomach capacity (i.e. digestive
limitation). Since foraging time equals handling time times 1+1/R, and R
must be greater than 0.25 for handling time to be important, then
multiplying the total handling time by a factor of 5 will give the
maximm foraging time for handling time to be limiting.

The Holling disc equation (Holling, 195%9a), is a handling time
limited model and the Ivlev function (Rashevsky, 1959), is a model of
digestive ocontrol. The Ivlev function was developed for fish populations
and fits Ivlev's data better than the disc equation. This suggests that
the foraging of fish is digestion limited rather than handling time
limited, Three examples will be used to show that handling time is
usually unimportant for fish predators (i.e. R is frequently less than
0.25}),
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Examples of Small R

Werner (1977) and Mittelbach (1981) analyze the diets of bluegill
uging an optimum foraging model based on handling time. Both authors
successfully predict prey size and habitat selection using their model.
However, a close examination of some of their results raises some
question as to the importance of handling time, Table 1 contains some
calculations concerning the amount of time these fish spend handling
their prey, These calculations indicate that bluegill are able to f£ill
their stomachs in 1-15 minutes of handling time. This would require a
foraging interval of no more than 5-75 minutes for handling time to be
important. Because Werner's handling times were measured with 100%
capture success, laboratory hardling times are over—estimates of £field
handling times, where capture success is less than 100% (see below), If
field handling times are smaller than those measured in the laboratory
then R and the foraging interval will be even smaller than the above
estimates making handling time even less important, Either fish spend
very little time foraging or time is not limiting for fish, especially
small fish, This is in agreement with Mittlebach's own findings that the
optimm foraging model did not predict the diet of small bluegill very
well, Mittlebach attributes the lack of agreement betweeh the predicted
and observed diets of smwall bluegill to the lack of difference in the
prey profitability over a broad range of prey sizes. Although this could
also be a contributing factor the possibility exists that handling time
was not limiting bluegill and they were mot attempting to optimize prey
profitability.

The above example shows that bluegill sunfish do not appear to be
handling time limited, Bluegill are amall bodied and should be an  ideal
case for handling time limitation, since as body size increases the food
requirements of fish decrease (i.e. gm food/gm body weight), Under these
conditions digestion time increases, and the relative stomach capacity
of the fish becomes smaller. Thus, the amount that the flsh can eat at
one time decreases relative to fish size, while the handling time
probably remains constant. As the food requirements decreage, the amount
of foraging time required to satiate the predator decreases. Thus, the
likelihood that a predator is handling time limited decreases as the
food reguirements decrease.

I examined this relationship by parameterizing the model for
Pacific Ocean perch (Sebastes alutus) foraging on euphausid shrimp. For
simplicity the pursuit time Is set equal to zero and the capture success
is set at one, The capture time (CT) relationship of Werner (1977) is
used:

Cr = 2.0 * 6.0 * x**2.7

where x is the prey weight expressed as a percentage of the predator's
weight. The factor of 2.0 is included to adjust for the assumed
increased difficulty of capturing euphausids as opposed to Daphnia,
Using this relationship a 31 gm fish eating 0.2 gm prey would have a
handling time of 3.7 seconds. This results in a handling time limited
consumption rate of 0.2 gm/3.7 sec = 0.05 gn/sec or 194.6 gm/hr. A rough
estimate of the metabolic demand of Pacific Ocean Perch is:

C= 0,034 * Wwrp, 72
{Crow, In prep), where C is the digestion limit in gm/day, and W is the

weight of the fish. & 31 gm fish would demand 0.4 gm/day and can meet
this demand in less than 8 seconds of handling prey. This points to the
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possiblity that handling time may be too small to be a significant
factor in determining diet. This conclusion is independent of the
precision of the above calculations since they could be off by an order
of magnitude and still yield the same conclusion. A more detailed
similation model (Crow, in prep), shows that: (1) fish spend less than
10t of their foraging time handling prey (usually the ratlo is less than
1%), hence the amount of food the €£ish eat is never handling time
limited, ({2) handling times are so small that an optimally foraging
predator eats almost everything it encounters and very few prey are
rejected. (In one run of the model, handling times were set at zero with
no perceptible effect on the results).

Another example of the unimportance of handling time comes from the
optimum swimming speed model proposed by wWare {1978). The handling times
provosed by War: only reduce consumption by 2-3 percent. Likewise the
optimum swimmuing speeds predicted by Ware are only increased by 2-3
percent hy eliminating handling times from the ecuation (table 2),
Eliminating handling times has the additional benefit of allowing an
analytic sclution to the problem,

The results fram these calculations suggest that either handling
time is not a critical perameter in the diet of fish, or that fish spend
very little time foraging (on the order of minutes). If we assume that
handling time is not a critical parameter in the diet of fish, then
other limiting factors need to be identified. The most likely candidates
are encounter rate and capture sucoess.,

Enoounter Rate

Eggers (1977) showed that encounter rate for a visual predator is
primarily a function of light intensity, and the size and inherent
contrast of the prey. It is not t0o surprising that prey have attempted
to minimize thelr exposure to predators by evolving small body size, low
inherent contrast, and by spending most of their time in areas of low
light intensity (Hobson and Chess, 1976; O'Brien, 1979). Since most
foraging takes place under poor lighting conditions encounter rates
should be low. Futhermore, Bggers (1977) has shown that at low light
intensities and low values of inherent ocontrast prey size has very
little effect on encounter rate. This leaves inherent contrast as the
primary difference in the encounter rates of various prey species.
However, this should not lead to any differences in the relative
encounter rates between predator species. Thus encounter rate affects
diet quantity much more than diet quality, and differences between
predators should not be controlled by encounter rates. However, if
encounter rates are low and have a diel cycle then there may be a very
limited time when encounter rates are high encugh to permit foraging,
Thus foraging time may he quite small, permitting handling time to be
limiting.

Capture Success

Capture success appears to be the only part of the predation
process vhere species specific interactions play a significant role. For
example both bluegill and largemouth bass can feed on Daphnia and fish,
However, bluegill are morphologically adapted to feed on ia, and
bass are adapted to eat fish (Werner, 1977). Bluegill have nearly a 100%
capture success o the first strike when attacking ia, but have a
much move difficult time attacking fish. Conversely, bass are very
efficient at capturing fish, but must often take multiple strikes at a
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Daphnia. Although capture success has rarely been measured, Griffiths
(1980) cites veforences to capture success rates of 30-40% and Salt
{1967} has speculated that capture success in nature may be as low as
10%, and cbvious.y can vary greatly depending on how well a predator is
matched to a prey item, This points to capture success as the primary
determinate of species differences in diet quantity and quality.

The reason handling time is freguently used in food habit work is
due to the success that some investigators have achieved using handling
time as a means of predicting diet (e.g., Werner, 1977, and Mittelbach,
1981), But how can a handling time model successfully predict diet if
diet is independent of handling time? The key to understanding this
paradox is to understand the relationship between handling time and
capture success in the laboratory and in the field. Wermer measured
handling time :n the laboratory where capture success was 100% and
handling time was allowed to increase to large values (e.g. Wermer
recorded handling times of over 20 minutes, with pursuit times of over
cne minute, and up to 6 strikes before capture). It is highly unlikely
that handling times would reach these levels in field situations where
the prey can escape. It seems likely that laboratory handling times are
inversely related to capture success in the field. Werner was able to
make successful predictions using handling time because his model was
insensitive t0 whether he was using capture success or the inverse of
handling time. Werner ranked prey according to profitability, P, where
P = w/h, w is the prey weight, and h is hardling time, Alternatively the
prey can be ranked according to vulnerability, V, where V = E*S, E is
the encounter rate with a given prey (wolume searched/time}, and CS is
the capture success (no. capture/no. attacked). If C8 is inversely
proportional to h, and E is directly proportional o w, then V is
directly proportional to P. Alternatively, for small prey, h and E are
size independent, (5 is proportional to w, and V is still directly
propertional to P, Pastorck (1981) shows this relationship for Chacborus
larvae and points out that the dilet of Chacborus can be adequately
described with either a differential wvulnerabIlity model using capture
success or a profitability model using handling time. Pastorok also
noted that Chaocborus consumption in the field 4id not appear to be
handling time limited, as Chacborus appeared to take prey as
encountered, Hence a prey vunerabllity model may adequately explain most
demonstrations of handling time if capture success is taken into
account,

Handling Time

Handling time tends to be unimportant in the above examples because
it is 80 amall. 'The reason why handling time is so small for fish is
that their prey are often relatively small, There are several reasons
why this should e the case. First, a small prey cannot put up much of a
fight and therafore cannot damage the predator. Second, a predator is
usually exposed ‘© its predators while it is handling prey. Attacking
small prey with small handling times may minimize a predator's exposure
to predation. Pearson (1976) discusses a handling time minization
strategy of predators in which an optimally foraqing predator would
attempt to minimize handling time rather than maximize energy intake if
its wulnerability to predators increases during the handling of prey. A
handling time minimization strategy would not lead to a selection for
smaller handling times. However, if wvulnerability is alsc a function of
individual handling times (i.e. 3 separate 10 sec handling times may
offer less predator exposure than one 30 sec handling time} then small
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handling times will be selected. Third, small prey are more abundant
than large prey {Cushing, 1%75), and a predator has a more abundant food
resource by choosing small prey, In a similar manner less specialization
is necessary to capture snall prey and the predator is able to feed on a
much broader spectrum of prey species by attacking small prey. These
three explanation: may be classified as risk minimization. A predator
selects =amall prey to minimize the risk of being injured, being eaten,
and of not being able to find food.

Large handling times are found in ambush predators, predators of
sessile organisms, and parasites. However, in each of these cases the
predator has minimized its risk through other mechanisms. Sit and wait
predators {e.g. -urbot, pike, trumpetfish, praying mantis), disrupt the
prey comnunity when they attack a prey item, Often the largest component
of the handling time is the time until the prey resume normal activity
around the area where the predator is hiding (i.e. return time), Even
though this is part of the handling time, the sit and wait predator is
not exposing itself to predation during this time, or during its search
time, In fact the sit and wait predator has probably reduced its
predation risk through its sit and wait strategy. Futhermore, the
handling times of sit and wait predators are relatively independent of
prey species and of whether or not the prey was captured. Therefore, sit
ard  wajt predators should have constant handling times, ard be
generalized predators, but should be highly selective with respect to
capture success. Capture success is highly dependent on distance from
the predator, which is species and size independent,

Predators of sessile prey (e.g. starfish, snails, and pollenators)
also tend to have large handling times, However, immobile prey are
usually very abundant, and even though the prey are often difficult to
eat (i.e. large handling time), they offer minimal danger to the
predator, Predators of immcbile prey are also relatively immcbile and
have adapted other mechaniams of predator defense (e.g. unpalatable or
protective shells). Here handling times are highly species and size
specific and predators of sessile prey are highly discriminatory.

Parasitoids are a different case because they combine foraging
with reproduction and attempt to minimize the foraging risk for their
offspring. Also because successful foraging (i.e. parasitism) means
successful reproduction, greater risks can be taken while foraging. It
is important to note that the Holling disc equation was originally
developed for purasitoids, extended for predators of sessile organsims
{small mammals eating pupae; Holling 1959b), and the optimal foraging
development was done with a sit and wait predator (praying mantis}
Charnov, 1976).

However, small handling times may also be limiting. Under certain
Cireunstances there is a minimum size of prey below which handling time
is constant, With constant handling time, profitability decreases with
prey size, and a predator may require a longer forage interval to fill
its stomach with very small prey, if the predator handles the prey
individually. For example, large bluegill forage on ia with a
minimm handling time of 1 second, The profitiability of a is so
low, 0.047-0.073 mg/sec (see Table 1), that they require up to 17
minutes of total handling time to f£ill their stomachs, which is large
encough that hardling time oould be limiting. Mittlebach points out the
large bluegill feed on Daphnia due to the large abundance of the
resource, ard the lack of predators. Since large bluegill are not
concerned with mirimizing predator exposure the low profitability is not
a problem., However, smaller bluegill would be subject to large mouth
bass predation in the pelagic environment and remain in the littoral
zone, which permits the high abundance of Daphnia in the deeper water.
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The high abundance of Daphnia, and low abundance of large predators in
the pelagic zone of the lake make up for the low profitability of the
Paphnia and large bluegill become handling time limited.

Summary

Simple calculations of the total handling time indicate that fish
may f£ill their stomachs prior to being limited by handling time as
implied Ly the Holling disc equation, Thus, either foraging is
unaffected by handling time, or the foraging interval is extremely
short. Capture success is identified as the critical parameter
controlling diet, and an inverse relationship between handling time in
laboratory experiments and capture success in the field is proposed as
being responsible for the success that handling time has met in
explaining food habits. The evolution of short handling times is
discussed in terms of risk minimization, and some circumstances where
handling time may be limiting are identified.
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FIGIFE 1
EFFBCT CF HANDLING TTME ON CQONSUMPTION RATE

Consumption rate is proportional to N/(1 + RN) where N is population
density and R is randling time times encoumter rate. A is the relation-
ship with no handling time (R = 0), and B is the relationship with R = 1.
The horizontal axis is R = RN. Note that if R is less than 0.25, the
difference betweer, the two relationships is minimal (i.e. handling time
has no effect}.
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TABLE 1
Sample calculations of total foraging time
using data from Mittelbach (1981}

SIZF OF PREDATOR
30mm 75mm 125mm

PLANKTONIC FREY

size range (mg dry wt) 0.015-0,074 0.041-0.074 0.048-0,074

handling time (sec/prey) 1.06~1,84 1.02 1,02
profitability (mj/sec) 0.014-0.04 0.040-0.073 0.047-0,073
stomach oontents (mg) 1 15 XL}
number of attacks 25-71 68-205 479-1020
total handling time
(sec) 46-75 148-446 488-1040
{min} 1 2.5-7,5 8-17.3
total foraging time {min) 5 15-40 40-90
INSECT PREY
size range (mg dry wt) 0.022-0.446 0.054-1,072 0.054-1,072
handling time (sec/prey) 1,2-9.1 1.0-3.4 1.0-1.7
profitability (mg/sec) 0.02-0.049 0.053-0.30 0.053-0,60
stomach contents (mg} 1 5 30
nunber of attacks 2.2-45 5-92 50555
total handling time
{sec) 20-54 16,592 S0-555
(mdn) < <1.5 1-10
total foraging time (min) <5 <0 <60
Table 2

Cptimum swinming speeds from Ware 1978 (Table 2}

Weight R Speed Speed
(gm) (om/sec) (h=0}
8 .022 27 27.56

73 .025 3 36,98
267 027 42 43,98
669 029 43 49.74
1367 .030 52 54.73
2449 .032 57 59,17
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On K. P. Andersen’s Interpretation of the
Stomach Contents of a Fish

Erik Urain
Danish Institute for Fisheries and Marine Research

[SYNOPSIS]

Or. Ursin reviewed for the participants of GUTSHOP *81 his involve-
ment with the implementation of a model developed by K.P. Andersen to
interpret the stomach contents of fish in relation to prey abundance.
This model was developed to relate prey abundance to utilization and to
incorporate this information into species interaction assessment models
used in fisheries management in the North Sea. Since many participants
are gathering stomach contents data and estimates of prey abundance else-
where in the world, Dr. Ursin thought 1t would be useful to summarize how
he feeld Andersen’s model could be implemented and how useful the result-
ing interpretation would be to fisheries scientists. Several manuscripts
and published references have been praduced describing and utilizing this
model and they are listed below. Since Or. Ursin plans to publish his
application of North Sea fish food habits dataz to Andersen's model in
another journal, it was decided not to include his entire presentation
here in the GUTSROP '81 proceedings. Should one desire a copy of any
of the following references, they can be obtained from the International
Council for the Exploration of the Sea, Copenhagen, Denmark, or from
Dr. Ursin.
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Predator-Prey Studies of the Shortbelly Rockfish
Offshore Sampling Problems

Jamies R. Chess
National Marine Fisheries Service

Investigations of predator-prey relationships that have considered
aspects of prey distribution and availability have, with few exceptions,
been confined to well defined sites or areas where precise sampling
and/or direct observations can be made. Most such studies have been
conducted nearshore, where logistical problems are reduced and where
direct observations are often feasible (e.g. Hobson 1968, 1974: Hahsnn
and Chess 1976; Van Blaricom 1977; and Cailliet et al. 1979). Comparable
investigations have dealt most often with organisms like flatfishes that
live on the sea floor where metheds for collecting benthic predators and
prey species are retatively precise (e.g. Pearcy and Hancock 1978;
Gabriel and Pearcy 1981). When offshore midwater sampling is required,
problems arise which are not encountered in most nearshore or offshore
benthic studies.

The variations in temporal and spatial distribution patterns of
both predators and prey in this large three dimensicnal environment
contribute to inconsistent sampling, especially of the predators.
Furthermore, because of the dynamics of the water column and the patchy
distribution of the plankton and planktivores, the interpretation of
plankton samples that are intended to represent prey availability is
often difficult, i.e. do the samples adequately reflect the actual prey
items available to the predators.

Shortbelly Rackfish

The shortbelly rockfish, Sebastes jordani, is a large unfished
resource in waters off California. During the past several years
however, there has been a growing interest in the development of a
fishery by fishermen and processors (Lenarz 1981).

A major portion of the shortbelly population occurs between lati-
tude 36956' and 37921' (Gunderson and Sample 1980). 1In this area they
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appear to aggregate on the continental shelf and siope near submarine
canyons or steep dropoffs at depths between 128 and 275 meters.

The shortbelly reaches maturity at about 16.5 cm and attains a
maximum size of about 33 cm {Lenarz 1981}, an appropriate-sized forage
species for laryger predators. This species is known to be an impor-
tant ftem in the diet of king salmen off San Francisco {Merkel 1957).

Determining the value of shortbellies as a forage species for
other large predators and understanding the dynamics of its own preda-
tory activities is important before a large shortbelly Ffishery is
established. [t is unusual that the opportunity to study a commercially
valuable species has arisen prior to its exploitation.

Objectives of the Study

Originally, the objectives in studying the trophic relationships
of the shortbelly were to determine: a. its importance as a forage
species, b. die” feeding patterns and prey selectivity, c. seasonal
distribution and prey, d. depth/size relationships, and e. the varia- ,
tions in prey selectivity within various size classes.

A1l but the first, continue to be goals of the study. The
collection of guts from the larger predatory fish from trawl samples
proved unsatisfactory because of regurgitation of gqut contents during
trawl retrieval. 3¢ the role of shortbellies as a forage species is
being considered in another segment of the overall program that samples
these predators from sportfishing boats.

Study Areas

Begirming in the spring of 1979, when shiptime was offered by the
Northwest Alaska Fisheries Center, attempts were made to locate
specific sites where shortbellies aggregated. Our study of diel feed-
ing patterns and prey availability is centered in an area of about
17 square kilometers on the shelf just west of Ascencion submarine
canyon {37900' N, 122027' W). The botiom depths vary betwsen about
120 and 200 meters. OQur collections to determine size/depth distri-
bution patterns and variations in prey selectivity with shortbelly
size and depth are taken in an area less well defined near Pioneer
Canyon (37020' M, 23000' W) where depths vary from about 120 to 275
meters,

Vessels

Twice during the first year of the study we used the NOAA ship
Oregon. This vessel, however, was a trawler and not equipped to tow
plankton nets. 5o no "prey samples" were obtajned. It was well rigged
and manned for trawling operations, though, and valuable data were
gathered on distribution patterns of shortbellies. Also, during the
first year we were able to use the NOAA ship Miller Freeman for 3 days.
This ship had both trawling capabilities and eTaborate acoustical fish
monitoring equipment, in addition to standard cceamographic equipment.
It enabled us to collect oqur first sample series of shortbellies and
their prey. Since the fall of 1980 we have had the use of the NOAA
ship David Starr Jordan on an approximate quarterly schedule. This
ship, a welT-equipped oceanographic vessel, had only limited trawling
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capabilities during the first three cruises. A recent refitting however,
has dramatically increased its trawling capabilities, with improved net
reel, door stanchions, hydroacoustic and navigational equipment,

Collecting Samples

We have determined from hydroacoustic tracings, that nearbottom
daytime aggregations ¢f shortbellies disperse up into the water column
at night. To determine diel feeding patterns, gut samples are needed
from both distribution modes, from periods immediately preceding day-
break and dark. Depth stratified plankton samples are also needed from
midday and midnight periods to determine the diel distribution patterns
of potential prey species.

A three-bridle midwater trawl with 100 ft headrope is used for
collecting shortbellies for gut analysis and an opening/closing Tucker
net with 1 m¢ effective opening is used for plankton collecting.

Sampling Problems

During this investigation the prablems encountered center primarily
around our inability to consistently collect adequate samples of short-
bellies.

Locating shortbelly aggregations. To locate aggregations of
shortbellies, hydroacoustic transects are made, usually in a zigzag or
bathymetric pattern within the study area., Daytime shortbelly aggrega-
tions usually show a characteristic siThouette on sounder paper, being
dense, round-toppecd and extending several to about 30 m from the bottom.
Discrete nighttime aggregations are more difficult to identify. The
shortbellies disperse into the water column, sometimes moving up as far
as the lower portions of the near surface deepscattering layer, where
they mix with other fish species that rise into the water column at
night.

The acoustic resolution is variable with the different quality
sounders on the various vessels, so the interpretation of target
strength and shape and identifying them as shortbellies has often been
a problem. A Simrad scientific sounder EK400 with high resolution has
recently been installed aboard the Jordan and in the future should help
us locate and identify fish aggregations. Scanning sonar helps con-
siderably in locating fish aggregations but has been available to us
only twice, once abtoard the Miller Freeman and again aboard a chartered
fishing vessel {Colintino Rose 11).

Setting the trawl. If no acoustic targets are found prior to the
sampling period, "Llind" traw)l sets are usually made at locations near
where fish were previously found, As it has turned out, we have been
Just as successful in obtaining samples during these blind sets as
when setting on accustic targets. Reasons for missing targets have
been one or a combination of the following: delays in setting due to
deck gear problems, navigational limitations in returning to the target
pasition, or fish movements and drift due to currents or wind.

With the recertly installed plotter aboard the Jordan, our ability
to return to specific targets has been greatly improved. The plotter
is coupled with the Laran C navigational system and plots the track of
the ship on paper. allowing return to any previously marked position,
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The deck gear problems associated with trawl set delays have largely
been solved by the recent installation of a split net reel, moving the
net reel aft and constructing door stanchions.

Monitoring the trawl. Estimates of the trawl fishing depths were
tnitially made by noting the presence or absence of benthic organisms,
Adjustments to the trawl warp length were made in attempting to place
the net just off the bottom. The warp length/depth ratios that devel-
oped were later modified by use of a time/depth recorder. But not
until we were adle to use a shipboard net monitoring system, with an
acoustic 1ink with the ship, were we able to observe the actual posi-
tion of the trawl in relation to the bottom, surface and fish targets.
This Furuno 200 net sonde has allowed us to more effectively fish the
trawl and with a single exception {when about 25,000 1bs of short-
bellies were collected during a 12 minute period}, to monitor fish
entering the trawl and thus Timit trawling time in order to avoid
unreasonably large samples. [t also provides the opportunity to
position the trawl, by varying warp length or ship speed to the depth
of targets which are detected by the shipboard sounder.

Experience level of personnel. Another impartant factor contri-
buting to our sample collecting Yimitations involves the lack of trawl-
ing experience of our biologists and technicians. Aboard the Oregon
(a NOAA trawler) and the Colintino Rase 11 (a chartered fishing vessel)
we usvally had no problem catching shartbellies. Both of these ships
were rigged and manned for fishing with experienced captains directing
fishing operations. Aboard the Jordan, an oceanographic vessel, the
¢cruise Teader has that responsibility, and in our case, the cruise
leaders have been relatively inexperienced, and have had difficulty
in catching fish. Experience comes slowly when one fishes only 5 or
6 weeks per year. The problems considered in this report might seem
naive to an experienced fisherman; however they have frustrated our
field efforts s gnificantly.

Conclusions

Most oceanographic vessels are poorly rigged for trawling opera-
tions. The specialized gear requirements for these operations are
often incompatible with the ship destgn and refitting may be impracti-
cal as well as costly. The electronic equipment used in finding fish
and monitoring trawls is costly and affording state-of-the-art instru-
mentation is out of the question for many scientific programs. However,
to consistently collect fishes near bottom or in midwater with a trawl,
a vessel that is properly designed and equipped for that purpose is
required.

Perhaps equally important as the vessel and rigging is the presence
of experienced personnel. In the shortbelly investigation, the presence
of a qualified fisherman, hired to direct operations and to train the
scientific participants early in the program, would surely have improved
our successes and saved a great deal of valuable ship time,

The experiences gathered by all concerned with this shortbelly

study as well as the recent modifications and equipment additions to
the Jordan however, have improved our fishing successes.
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Session I Discussion
Methodology and Statistical Analysis

Michast E. Crow, Discussion Leader

Questions Following Langton Presentation:

Feller asked hov much change would occur in the necessary sample size if
acceptable significance levels were changed. Langton responded that this
information, while not in his presentation, could easily be worked dut
and be provided to those individuals who are interested. Breitburg
ingquired whether the adequate sample sizes resulting from this study
were influenced by the decision not to Jump major groups of prey, which
would give rare prey species as much influence as common ones. Langton
responded that the prey importance was measured by its mean weight in
the stomach contents and that this should prevent this from becoming a
problem. Simenstad asked whether the source of variability was mostly
from fish of different size classes or from fish in different tows or
from other sources. Langton replied that variabiliiy was among indi-
viduals, and especially among size classes of fishes. Chapman asked
whether the tight requirements for the coefficient of variation were
related to the kind of question being asked and Langton concurred that
the level of significance required by some guestions might differ from
those for other questions. Cailliet asked whether the examples given
were randomly picked or chosen to make a point. Langton replied that
they attempted to choose examples representative of most species studied.
M. Crow inguired whether they had included empty stomachs. Langton
responded that they did, but Cohen inserted that the number of empty
stomachs in this study was very low and that this should not influence
the conclusions, M. Crow then suggested that by estimating the percent
of empty stomachs they might be able to figure out a way to use smaller
sample sizes. But Langton pointed that it would be a difficult type of
decision to make on shipboard. They get an estimate of the number of
empty stomachs by going through all samples later in the laboratory and
this was considered part of the variability.
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Questions Following The First Crow Presentation:

Eggers made a comment on the X2 test, suggesting that the expected values
have to be greater than five so that the normal approximations of the
multinomial tmplicit in the X, increases the power of the test thus
requiring Eoo]ing of prey or predator categories to ensure that the
expected X< value is greater than five, Larson questioned whether ar
not the number of individual prey seen in the pooled stomachs of a
species of fish is the kind of data that goes into a contingency table,
since the total number of prey is not exactly attribute data, M. Crow
replied that classification of things into certain predator-prey
characteristics via a multinomial distribution is appropriate to X2.
Given the wide disparity in the numbers of prey classifications which
different predators consume, Cailliet asked whether you have to have
equal sample size among predators in order to make the X analysis valid.
M. Crow replied that it was not necessary but that a general guideline
was that if you are approaching 25 (prey) characteristics, you should
include 160 or more stomach samples within each predator.

Feller asked why one would want to pool prey categories at all. M. Crow
explained that with extremely high numbers of prey classifications the
contingency table has a proportionalty large number of cells, and degrees
of freedom and is increasingly difficult te interpret. Thus, if you
don't pool, you are always going to end up with mahy prey classifications
with few individuals, your expected values are going to be small, and
your contingency table analysis is going to be confusing and not
statistically palatable.

Questions Following Levy Presentation:

Chapman cautioned that data are often last in reduction to graphical
presentation and it was agreed that an appendix data table should be
utilized in such catses. Ebeling and Levy both discussed the relative
worth of statistical comparisons, which editors typically require, and
graphically explicit differences and it was agreed that, optimally, both
should be provided. Larson reminded everyone that these data can also
be reduced to rank crder data and tested using conventional non-parametric
rank tests. Calliet questioned the cost of such graphical illustration
and how much Levy ircorporated intoc his preposals to cover these costs,
to which Levy replied that in his case the illustration work was per-
formed by a jack-of-all-trades technician and not a costly 11lustration
service,

Questions Following La Bolle Presentation:

Cailliet questicned whether it would ever be possible to construct a
laboratory experiment which takes into account two problematical

aspects: 1) refuge, the spatial heterogeneity of the laboratory
environment; and, 2) the multiple array of prey which fish are usually
accustomed to feeding upon. La Bolle responded that, while it depends
upon the system and scale with which you are working (i.e. much easier
with zooplankton versus complex invertebrate assemblages) it is generally
impossible to simulate natural foraging conditions and all we can really
accomplish is simple tests of important predator-prey interactions.

Chapman asked whether there is any adaptive significance to the long

distance escape movenents of prey fish from predators in the field, to
which La Bolle replied that while larger prey fish which do swim long

64



distances have a refuge in their size. smaller and gravid fish usually
display different tactics, i.e. swim shorter distances and try to hide.

Hunter reguested further explanation on exactly why the experiments were
performed. La Bolle elaborated further on the history of the studies of
predation on juvenile salmonids and his own efforts to elucidate predator-
prey interactions involving juvenile salmonids via prey selection
experiments.

Questions follawing Simenstad Presentation:

Citing the normally high turbidity in most estuarine habitats, Cailliet
questioned whetner the low turbidity conditions in the described experi-
ments representad actual predatar-prey functions. Simenstad suggested
that trying to document reactive distances under both high turbidities
and low 1ight intensities was almost an intractable problem and turbidity
was discarded as an independent variable controfled in their aquaria
experiments; he suggested that the effects of turbidity could be
quantified through controlled micrecosm experiments, wherein sampling

of prey assemblages and stomach contents could be documented over a
spectrum of turbidity levels.

Rowley questioned how one could extend the functional relationships
generated around simplistic aquarium experiments, which did not take into
consideration the blending in of prey into background color or the
reduced escape response capabilities, intc a realistic field experiments.
Simenstad replied that testing the predictions derived from the
simplistic functional components experiments in the more complex
intermediate and large microcosm experiments was intended to elucidate
the influence of just those factors uncontrolled or manifested in the
aquarium experiments. Thus, the maximum reactive distance and capture
Success data acquired in the aquaria would in all likelihood reprasent
the maximum range of these values, which would then be subject to
Timiting factors such as turbidity, background contrast, and habitat
complexity (i.e. macrophytes) in the more realistic microcosm expariments.

Crowder observed that most of the success in the functional components
approach has been achieved through experiments with planktivorous fishes,
and that prey avoidance and prey seeking behaviors of prey and predators,
respectively, become more diverse and complex in structurally-complex
habitats. Simenstad reiterated that, no matter how complex a habitat

or prey assemblage or predator behavior, the only way we're really

going to begin to understand why we find what we do in fish stomachs is
to observationally or experimentally dissect the basic predation process
and document the subtle differences in foraging behavior which veflect
the in sitw conditions. Such basic understanding can then be used to
structure more complex experiments which could test the influence of the
various factors which affect foraging in a structurally-compTlex habitat.

Herbold asked whether it would be possible to dye or otherwise mark prey
with substances which would only be visible to human observers or video
equipment, thus enhancing the visibility of small prey or under Tow
light intensities. Simenstad responded that this technique has been
utilized, via infrared lighting and infrared-sensitive video equipment,
to monitor nocturnal behavior of primates but has not been used in Fish
experiments. This offers a viable, though perhaps castly, means of
circumventing the Yimitations of human observation under natural light
conditions.
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Questions Following the Second M. Crow Presentation:

Adams wondered if., contrary to the accepted convention of the Holling
disc equation, handling time and searching time do not overlap. M. Crow
explained that his asymptotic model assumes that search time is virtually
zero. Crowder noted that if search time is also often near zero {i.e.
planktivores}, taking the ratio of search time to handling time can be

a preblem, M, Crow replied that search time near zero reinforces his
conclusian that handling time is unimportant, as it further reduces the
total foraging time necessary to acquire a given meal. Crowder continued
to describe how in the laboratory handling time is measured as the time
required to get the energy bemefit into the system such that as capture
success declines {assumed to be 100% by M. Crow) the time it takes to
fill the stomach increases dramaticaliy. He further suggested that the
reason Werner's laboratory-derived handling times were so high was that
the prey couldn't avoid predation, while in the natural environment the
fish must allocate time to preparation for capturing the next prey and
accounting for escape responses, thus increasing the time required to
obtain a unit of energy. Subsequent discussion indicated that different
interpretations of handling time will greatly influence the outcome of

M. Crow's model.

Questions Following Ursin Presentation:

Grossman asked about the effect on the modet of violating the model's
second assumption, that change in weight of stomach contents over the
change in time is zero. Ursin suggested that lack of stomach contents
data from 24-hour sampling may produce severe effects in the model but
went on to clarify that the mean stomach contents (weight) over sufficient
24-hours' samples should be a reasonable measure of the average con-
sumption, although considerable variability due to diel foraging perio-
dicity is introduced into the model via this approach.

Chapman asked whether Ursin had actually utilized the model to calculate
year class strength in a fish population, to which Ursin replied that
they as yet have no data set which is sufficient to make year-to-year
comparisans, although they have carried the calculations through the
best years' data.

Breitburg suggested that use of the selectivity index as an estimate of
the amount of food available would result in underestimation as the
preferred items become rarer. Ursin acknowledged that biomass of pre-
ferred prey would be a better index.

Simenstad questioned the feasibility of obtaining sufficient data on
prey availability during the critical period of fishes' life histories
which affect year class strength. Ursin replied that, although that is
a critical assumption which may never be met effectively, this method of
determining year class strength would not be any worse than the other
unsuccessful methods of estimating year class strength. Ursin further
suggested that these methods are damaged more by variance than by bias,
such that the more ways to estimate year class strength the better,

Knechtel observed that, given the model's function between prey abundance
and fish consumption, once you reached fish satiation it would be
impossible to measure prey abundance. Ursin replied that the ability to
estimate available food and the concentration constant depended upon
accumylating data at different feeding levels.
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Disturbed by Ursin's statement that feeding levels of young fish are
always Tess than old fish, Hunter asked if that was an output of the
model or a result of stomach contents anmalyses. Ursin replied that data
from Georges Bank and Baltic Sea fishes tend to show that result and, in
addition, the Von Bertalanffy growth curve or something similar to it
often produces exaggerated growth in yourg fish relative to later ages.

Cailliet suggested that the result observed was a combination of fish
which were starving and didn’t survive and those which grew rapidly and
did survive. Ursin commented that, since we can't know which of the fish
eventually survive, the mean of the population must be used, even though
there is evidence from North Sea fish growth rate data that some groups
{localities) suffer more than others.

General Discussion of Methodology

Given the recent evidence of the carcinogenic effects of formaldehyde,
Rinaldo asked whether anyone had used an acceptable alternative other
than freezing: no one replied affirmatively.

Cailliet illustrated that there are different needs and occasions for
both graphical representation and statistical evaluation. He was,
however, bothered by the lack of incorporation of frequency of occurrence
data in M. Crow's contingency table, even though it isn't statistically
valid, because of the loss of information on the population level,

M. Crow replied to both of Cailliet's comments. He first noted that you
need two things in comparing fish diets--a bottom-line conclusion (i.e.
are they different} and a means of legibly presenting the data--and the
statistical approach he proposed in the contingency table and the
graphical approach presented by Levy fill these respective needs ef-
fectively. M. Crow reiterated that the contingency table is not designed
to assess relative importance, only to test differences; but frequency of
occurrence can be incorporated by identifying feeding modes and con-
structing a predator X feeding mode contingency table and use frepguency
of occurrence asvalues in that case.

Feller demanded a proper definition of “feeding mode," to which M. Crow
explained that that was his term to describe how {strategy, behavior)
fish feed based upon the known 1ife history and ecology of the prey
organisms extracted from the stomach contents. Feller stated, however,
that this was a dangerous approach because of the extreme variability in
the Tocation and behavior of prey over time and space. Chapman further
suggested that fish feeding randomly over a patchy benthos would i1lus-
trate multiple feeding modes despite their uniform feeding behavior due
to their encountering of different prey patches. M. Crow argued that
these prey should still indicate a similar feeding mode, despite the
taxonomic differences in prey as compared to other fish.

Grossman asked if anyone has had success using discriminate function
analysis as a multivariate technique to statistically identify differences
between feeding habits of species, especially given the different cptions
of transforming data to accommodate the basic assumptions of the tech-
nique. M. Crow replied that use of stomach contents data in discrimi-
nate function analysis just constituted too gross a violation of the
assumptions to be of much use; similarly, he found classification tech-
niques such as clustering and principal components analysis to be of
little use in cateqorizing feeding modes. Feller, however, suggested
that discrimainate function analysis can be a useful tool when you're
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searching for associations and don't know what factors are causing the
effects you're observing.

Maule asked M. Crow if a nonparametric test {i.e. Koch) could be utilized
to test significance, to which M. Crow replied that the contingency table
approach is probably superior from the point of simplicity.

M. Crow stated his impression that the experimental methods described

were fraught with complex prablems which made them costly, time-consuming
and contradictory. Simenstad cited a number of questions relating fish
predators and their prey which could only be addressed through identi-
fying the functione] relationships between a prey taxon or size, but not
without a big jump ¥n cost and effort., Irvine thought it was a matter of
further and further refinement in order to get around making inferences.
She suggested that, when considering the behavior of both predator and
prey, any induced change in prey behavior produced predator responses which
as a foundation are not generally applicable.

Chapman commented that the question should concern the problems of
laboratory experiments, not whether or not we should utilize experiments
at all. As an example of an important factor which cannct be approached
in the laboratory, M. Crow cited the effect of schooling ar aggregation
which is not represented by experiments with individual fishes and non-
paichy prey distribtutions. Chapman said that similar arguments, i.e. not
being able to separate relevant factors, could be assessed of field
experiments.

Eggers described hew the studies described by Simenstad were motivated
by the successes and conseguences of earlier feeding behavior work,
citing Hunter's studies on feeding behavior of larval anchovies.

Herbold's interpretation of Simenstad's experiments was that controlled
variables were designed to fit and refine a madel (i.e. Holling disc
equation), which sti11 did not permit hypcthesis testing to produce
clearcut answers. Hunter reminded everyone that the various process
models were important to the conceptualization of a problem but would
seldom themselves be used to determine year class strength or the fate
of fish populations.
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Bioenergetic Significance of Prey Size Preference
By Lake Washington Juvenile Sockeye Salmon

Douglas M. Eggers
University of Washington

Introduction

Prey size preference by planktivorous fish has been hypothesized as a
strategy to increase feeding efficiency (Werner and Hall 1974; Eggers
1982; Mittlebach 1981). Support for this hypothesis rests on compari-
son of experimentally determined diet breadth (Werner and Hall 1974,
Gibson 1980) or field-determined diet breadth (Mittlebach 1981) to the
optimal diet breadth based on a model of prey selection incorporating
size selective rates of prey encounter, prey handling time, prey energy
content, and prey capture success.

The pattern of prey selection observed for Lake Washington juvenile
sockeye salmon (Oncorhynchus nerka; hereafter abbreviated LWJSS) have
been reported elsewhere (Doble and Eggers 1978; Tggers 1982}. There is
a distinct minmimum size threshold for prey occurring in the sockeye
stomachs. This threshold is greater during the summer and fall months
{July - October), when Targe prey items are present. The threshold is
lower during the winter months, when large prey items are either absent
from or very rare in the water column. At times of the year there ap-
pears to be a preference against evasive forms. The threshold for prey
occurrence in the diet is not related to a corresponding threshold in
the length of available prey or differential prey encounter due to dif-
ferential prey visibility ({Eggers 1982). These observations are con-
sistent with the predictions of optimal diet breadth models.

The above cited evidence for the optimal diet breadth hypothesis for
prey preference abserved for LWJSS is largely circumstantial. There
has been no demonstration of the actual increase in foraging efficiency
for the observed strategy of prey preference. The following 15 an at-
tempt to determine the variation in the magnitude of biomass ingested
for the alternative strategies of prey preferences. A model (Eggers
1977) was used to compare amounts of zooplankton prey consumed under
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alternative strategies of prey preferences at the various times of the
year when the relative abundances of large and small prey items were
different.

Methods

The theory of a particualte feeding predator is well developed (Werner
1972, Charnov 13973; Eggers 1977; Obrien 1979). For a prey distribution
that fs fine grained relative to the predator and comsfsts of multiple
prey types, the rate of biomass ingested (Ey) is (cf. Charnov 1973):

ZX . N. S. E

Et=D1111 (1)
T W, T
ot N T

where A = volume searched per unit time (1/sec), Ny = density of the
ith prey type (#/1), Sj = capture success which is the proportion of
pursuits of the ith prey type that are successfully captured, Ej =
biomass of the ith prey type {ugC/animal), Th; = prey handling time
(sec), D is the subset of available prey that are pursued upon encount-
er. The biomass ingested during any feeding perod T is the product of
Ey and T.

Depending upon the sizes and availability of prey (i.e., characterized
by Ny and L) as well as the foraging ability of the predator (i.e.,
characterized by Ay, S, and Thy), Et can be increased by restricting
the set of available prey that are pursued upon encounter (D). The par-
ticular D for which Ey is the greatest fs the optimal dfet breadth.
The optimal diet breaﬁth may be easily computed (cf. Charnov 1973,
1976) by first ranking the set of prey bty the marginal increase in bio-
mass ingested per unit handling time {X; E; S4/Thj); then starting with
the highest ranked prey (f.e., t = 1), prey are progressively added to
the diet breadth D until A; Ey Si/Thy = Et. The optimal diet breadth
consists of all higher rarked prey than that for which the above equal-
ity holds.

Cquation 1 represents the integration of a complex sequence of events
into a single rate. It is also the deterministic representation of a
stochastic process. It 1s useful to dissect the cycle of events into
the stochastic components and consider each individually, Each preda-
tion event can be dissected into a sequence of subevents; search, en-
counter, pursuit, capture, and consumption (Fig. 1). As the sequence
of prey encounters and pursuits continues in time, two quantities of
interest accumulate, energy or biomass ingested (B) and time engaged in
foraging (T).

The random variables of interest in the predation cycle are defined as
follows: Search time is the time from the initiation or resumption of
search to the encounter of a prey type. The search time is the inverse
of the attack or encounter rate (% Ny). If prey are randomly
distributed in the water column the encounter rate has a poisson distri-

butfon with parameter equal to & J«T. N;» and the search time has an
exponential distribution with parameter , whera:
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SEARCH TIME
Tsn

ToT+Tgp

PREY TYPE
ENCOUNTER

B=B+E,

Fig. 1. Schematic representation of the foraging process;
see text for deffnition of parameters.

The particular prev type encountered (I) is the second random variable
of interest. It has & multinomial distributfon where the probability
that a prey contained in D is encountered {P;) is:

Ps 2 ——
1 N
D

Note that if the prey type i is not contained in D then Pj = 0. The
above stochastic representation illustrates an implicit assumptwn that
the predator is able tao effectively ignore the prey not contained in
the diet breadth and that no increase in search time results from the
filtering out of prey not contained in D. Once encounter 1% made, pur-
suit is initiated. ‘Whether or not the pursuit s successful is the
third random variable of interest. The pursuit is either successful or
not and is therefore a Bernoulli trial. The parameter is Sj, the
probability that the ith prey type s successfully captured given that
it is pursued. If the pursuit is successful then the prey is consumed
in some finite period of time T.. Having consumed the prey, the pred-
ator resumes searching. If the pursuit is unsuccessful the predator
immediately resumes searching.
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Note that the pursuit time (Tp) and the consumption time (Te) were
assumed to be constant and not vary with respect to prey type. Most of
the time that planktivorous fish take to consume prey is trvolved in
swallowing the prey. Most of the time taken by the predator to pursue
the prey is involved in swimming the distance from the point of encoun-
ter to the prey. This is the reaction distance and varies among the
prey types. Fish accelerate to maximum pursuit velecity during the ini-
tial part of the pursuit distance. This reduces the disparity between
handling time for smaller, less conspicuous prey compared to larger,
more conspicuous prey. Nevertheless, prey handling time can be expecte
ed to vary with prey size and the assumption of constant handling time
is in theory, inappropriate.

HandTing time (T,) was taken to be Tp + 5§ T.. The assumption that the
predator resumes searching given that the pursuit was unsuccessful is
perhaps an oversimplification because it ignores the possibility that
the same prey may be pursued again after an unsuccessful strike. If
this occurs it would presumably fncrease the capture success while at
the same time increase the pursuit time. The model could be general-
ized to admit multiple pursuits of the same prey, but S54/Thj under the
two altarnative models could be very similar. Thus, comparable predic-
tions of the optimal diet breadth and rate of biomass ingested would
result, The simpler model was assumed in subsequent analysis.

Optimal diet breadth and biomass of prey ingested under alternative
diet breadths based on the above model were compared to those observed
for LWJSS. Deiails of the data based considered were given by Eggers
{1982). Briefly, four periods of the year were considered, including
the November 1974, February 1975, July 1975, and August 1975 sampling
trips. LWJSS fead on six species of limnetic zooplankton. In order of
tncreasing size, these include the small cladocerna Bosmina longi-
rostris, the small cyclapoid copepod Cycleps biscuspidatus, the small
calanotd copepod Diaptomus ashlandi, the intermediate sized cladoceran
Diaphanosoma lechtenbergianum, the large calanoid copepod Epischura
nevadensis, and a class of large cladocerans comprised of several spe-
cies of Daphnia. In the amalysis of prey selection by LWJSS, the size
distribution of individuals within species was also considered. Prey
were grouped by 0.025 mm size classes. Since each prey species consist-
ed of discrete size classes, there was a relatively large number of
prey types or categories considered.

The values of paramters, %j, Si, and Th; were estimated as follows.
The volume searched per unit time { ;) was assumed to be some fraction
of the reactive field volume searched per second. The reactive field
was assumed to be spherical with radius equal to 100 times the total
body length. The radfus of the reactive field was equivalent to the
reactive distance and near the maximum observed for a wide variety of
fish species (Obrien 1979}. The proportion of the reactive field
searched per unit time was taken to be that which yielded a predicted
optimal diet breadth that was closest to the observed diet breadth for
the February sampling trip. The prey community exploited by LWJSS
during February was the simplest since the large prey types were either
absent or very rare in the water column. The estimated fraction of re-
active field secarched per unit time was therefore not confounded with
other variables, princtpally prey, evasive ability as there is rela-
tively little difference in evasive ability of the two small copepods
present during February. The value resulting from this exercise was
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30% of the reactive field searched per second, S{ was taken to be 1.0,
0.7, 0.7, 0.6, 0.5, and 1.0 for the prey species Bosmina, Czclogs,
Diaptomus, Diaphanosoma, Epischura, and Daphnia, respectively. e
capture success was assumed not to depend on prey size within species.,
These values reflect that copepods and Diaphanosoma have the greatest
evasive ability, that the cladocerans Bosmina and Daphnia are not
evasfve and are almest always captured at each pursuft, and that the
larger evasive prey types are somewhat more evasive than the smaller
evasive pray types. The assumed pattern of evasive ability among prey
types is consistent with the results of Drenner et al. (1979) and
Vinyard (1981}, as well as preliminary results of experiments where
evasive neretfc zooplankton were fed to juvenile chum salmon (Oncorhyn-
chus keta) (Stmenstad et al., this volume).

Values of 1.0 second were assumed for pursuit time (T ) and 0.5 seconds
were assumed for consumption time (TCS‘. These were assumed to be con-
stant among all prey types and were very similar to those observed for
bluegill sunfish {Lepomis machrochirus) feeding on zooplarkton (Werner
19?’4()J and Juvenile salmon feeding on zooplankton {Simenstand et al.,
this volume). Handling time (Thy) was equal to Tp + 54 Tg.

Model predictions were also based on ambient conditions of prey density
(Nj) and bfomass per amimal (Ej}. Methods by which Nij and individual
prey body lengths were estimated were reported in Eggers (1982}. Bio-
mass (ug C/animal) were estimated from unpublished relations {stmple
Jinear regression lines) between carbon per animal (ng) and total body
Tength (mm) for Lake Washington zooplankton.

Results

The four sampling periods considered differed greatly in the availabil-
fty of prey. During the two summertime sampling trips the large prey
types, Daphnia and Epischura, were relatively abundant. During the
wintertime samplirg trip only the two small copepods, Cyclops and
Diaptomus, were available. During the November sampling trip large
prey types were available but in densities much lower than during the
July and August sampling trips. The diets cbserved for LWJSS reflect
this availability of prey. However LWJISS are much more selective than
would be expected assuming passive mechanisms that tncrease the rate of
encounter of larger prey types {Eggers 1982).

Optimal diet breadths were computed for each sampling trip based on
ambient conditions and the above assumed parameter vaiues {Table 1).
The diet composition assuming that sockeye are pursuing only prey types
contained in the optimal diet breadth is very simtlar to those observed
for LWISS (Table 1. However, the predicted within-species diet breadth
(f.e., the minimum sized individual of that species pursued upon encoun-
ter} was usually much greater than that observed (Table 1). This may
indicate some nofse in the sockeye's abflity to discriminate the opti-
mal diet; whenever the diet breadth bisected the size distribution of
an individual prey species the smaller size classes of that species
were underrepresented in the sockeye dfet (cf. Eggers 1982).

The implicit hypothesis in optimal foraging theory is that restricting
pursuit to certain “valuable™ prey types greatly increases feeding
efficiency, which is commensurate with fitness (Schoener 1971). To
test this, the bfomass of prey ingested in a one hour feeding period was
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Table 1. Comparison of observed diet to that which is
predicted to maximize biomass intake per unit
foraging time.

Bos- Cy- Diap- Ulaphan- LEpi-
Time _ Oiet composition minga  clops tomus osoma  schura Daphnia

Nov, 1974 Observed % Ly no. 1.0 17.7 30 25.7 50.1 3.4
minimum size - 0.5  0.74 0,79 1.36 0.9
predicted X ty no. K] 0.0 19.5 9.5 45,0 26.1
mintmum size -— -— 1.06 1.1% 1.56 0,99

Feb. 1975 Observed X by no. T 133 79.8 0.7 6.3 T
minimum size - 0.51 0.66 0.89 1.43 ---
Predicted T by no. 0.3 16.9 77.9 0.3 4.6 0.0

minimum si1ze --- 0.84 0.81 1.48 1.47 e
July 1975 Observed % by no. 0.0 1.1 6.8 0.4 1.3 90,0
mi nimum size aen -- D.71 = 1.3 1.2
Predicted ¥ by no. 0.0 0.0 0.0 0.0 B0 92.0
minimum size - -— ——- - 2.13 1,51
Aug. 1975 Opserved % by no, 0.0 a.1 d.1 0.0 1.1 98.7
ninimum size - - - - 1.48 0.9
Predicted % by no. 0.0 0.0 0.0 0.0 4,1  95.9
minimum size = -—— —— - 2.36 1,74

computed for the two contrasting strategies of pursuit, pursuing all
prey as encountered, and pursuing only the optimal diet breadth as en-
countered (Table 2). The stochastic version of the particulate feeding

Table 2. Increase in biomass of prey consumed due to prey
siza preference,

Biomass of prey consumed Increase in bio-
Trip in 1 hour (mg. carbon) mass consumed
Pursuing all prey  Pursuing optima)
as encountered diet breadth
Nov. 1974 5.36 $.10 . 70%
Feb., 1975 3.45 4.48 29%
July 1975 9.21 23.30 153%
Aug. 1975 16.5 27.50 67%

model was used 1o generate the predictions in Table 2. The biomass of
prey consumed in one hour are the average of ten realizations, using
random number generator, of the stochastic process. There is a large
increase in the biomass consumed due to restricting pursuit to the
optimal diet breadth. This was particularly true for the periods of
the year when large prey types were available.
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The reason for the greater divergence of biomass ingested under the two
alternative strategies of prey pursuft during the summer months is
i1lustrated in Fig. 2, The two months, February and August, indicated
the greatest contrast in biomass consumed per unit prey handling time.
Prey were also more abundant in August (Eggers 1982). When all prey
are pursued as encountered there 1is a greater dillution of biomass
intake rate (E¢) due to time spent pursuing small prey types. In
February, the density of those larger prey types was so low that the
search time was high enough so that it was more profitable to spend
that time pursuing smaller mere abundant prey types. In February,
stnce there were relatively fewer prey types not contained in the op-
timal diet breadth, there was a smaller dillution of biomass ingestion
rate due to pursuiz of the suboptimal prey types.

MAX;

mg C sec’

BIOMASS PER TIME

RANKED PREY ASSEMBLAGE

Fig. 2. Marginal increase in biomass ingested per umited
handling time and per unit time for ranked prey
assemblage.
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Discussion

The approach above, where & model was used fo demenstrate that stra-
tegies of prey selection increase foraging efficiency, suffers from
inherent circularity. This is because the value of a key parameter,
the fraction of the reactive field searched out per unit time was un-
known and was estimated by forcing the model to predict observed pat-
terns of prey selection. The fact that model prediction using the
parameter estimated from the February data was consistent with observed
patterns of prey selection in other months lends credibility to the
above exercise, however.

Doble and Eggers {1978) gave estimates of zooplankton {dry weight/day)
by LWJSS. Assuming that roughly one half of the dry weight is carbon,
Doble and Eggers (1978) observed that daily meal ranged from 8.9-20.8,
15,.6-35.6, 0.3-6.3, and 1.8-8.2 during August, October December, and
February, respectively. The data were stratified by fish body length
contributing to the variability in the values of daily meal observed.

LWISS show substantial seasonal differences in diel feeding chronology
(Dobte and Eggers 1978; Eggers 1978). During the summer months feeding
is restricted to a 1-2 hour period durirg the evening crepuscular hours.
During the winter the population appears to be stratified into feeding
and non-feeding segments (Woodey 1972; Doble and Eggers 1978), with the
feeding compaonent appearing to feed continuously during the diurnal
hours.

The predicted amount of zooplanktom consumed in gne hour (Table 2} is
consistent only with the summertime observed daily meal. The model
would significantly overestimte the daily meal during the fall and
winter months.

The inconsistency between the predicted daily meal amd that observed
could be decreased by using a smaller reactive field volume or a small-
er fraction of the reactive field searched out per unit time. Sockeye
occur in low light intenstiy particularly during the fall and winter
(Eggers 1978), justifying to some extent these parameter values. How-
ever, observed patterns of prey selection would be inefficient at the
reduced searching abilfty of LWJSS and the optimal diet breadth would
be Tower than thcse observed.

The model used above also utilized an 1nappropriate assumption, that
prey handling time does not depend on prey size. Larger, more conspicu-
ous prey are pursued at greater distances than smaller, less conspicuous
prey. Due to this, the pursuit time component of prey handling time
tends to be greater for large prey. This reduces the expected biomass
ingested per unif prey handling time. Therefare optimal diet breadth
estimates based on the mode) where handling times are constant tend to
be smaller than those estimated with the more correct model. Reactive
field volume increases with the cube of prey length and handling time
is, at most, proportional to pray length. Becazuse of this, the assump-
tion of constant handling time will not change the relative ranking of
prey types and, therefore, any of the qualitative predictions regarding
the species components of optimal diet breadth.

The above model was patterned after the functional components analysis
first applied by Holling {1965} to praying mantids. The model! gives
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instantaneous rates of prey fingestion. 1t is perhaps impossible to
achieve meaningful predictions of quantities such as growth and daily
meal for a pelagic or limnetic planktivorous fish with this type of mod-
el. To do so, the model must 1integrate over a day or longer time
frame. The functional components model is also very sensitive to ambi-
ent conditions that influence the rate of prey encounter, including
prey density, prey visibility and Tight intensity. There is a one or
more order of magnitude varfation in these quantities in the ambient
environment routinely exploited by LWJSS.

LWJSS show very complicated seasonal and diel patterns of feeding
behavior (Eggers 1978), including depth of occurrence, schooling, dfel
feeding chronology, as well as prey selection. There is.a substantial
instantaneous variation ameng individuals of the population. At times
the population occurs in a wide depth interval, with shallower occur-
ring individuals in schools and the deeper occurring individuals not in
school. The eplimnetic and metalimnetic regions of the water column
where zooplankton are abundant are exploited only by the shallowest oc-
curring individuals of the populatfen. It is conceivable that a con-
tinuous interchange of individuals among depth strata occurs in Lake
Washington, with individuals venturing into regifons of high prey avail-
ability to feed briefly then returning to deeper strata. This would be
impossible to detect with the sampling methods employed in our studfes.
The high rates of pray ingested predicted by the model would then be
more consistent with the scenarioc of brief feeding bouts.

To effectively increase feeding efficiency there fs also an implied
time congtraint on feeding for strategies of prey preference. If the
only constraint on feeding was the amount of time when light intensity
wias great enough for feeding to occur, gut capacity would Timit the
amount of prey consumed even for the most conservative parameter values
that reflect the searching ability of LWJ55. There would be no differ-
ence in the magnitudes of prey consumed under alternative strategies of
prey preference if foraging time were not constrained. Crow (this vol-
ume) makes a similar pofnt. One would expect to observe strategies of
pray preference only in situations where foraging time was constrained.
The obvious constraint is piscivorous predation (cf. Eggers 1978).

The above discussion may appear as rampant speculation. The major is-
sue that cannot be resolved is the gquantitative nature of the searching
ability of Lake Washington juvenile sockeye salmon. This quantity may
be estimated in experiments that measure the temporal aspects of the se-
quence of events in the particulate feeding process {Fig. 1) for various
prey densities and light intensities. However, to do this requires
some technological innovation. To do this one should consider even re-
corders routinely used in animal behavior studies. The event recorder
gives a real time record of the rapidly evolving sequence of events.
The record can then be interfaced with a computer so that the volumi-
nous amounts of data can be reduced and analyzed.
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Nutrient Energy Flux in Midwater Fishes

Bruce H. Robisnn and Thomas G, Bailey
University of California, Santa Barbira

Introduction

Oceanic midwater fishes are notoriously difficult to keep alive in
captivity (Robison, 1973}. The sole exception, a zoarcid--Melanos tigma
pammelas--has been maintained under laboratory conditions for two yaars
in our Tab, but it is atypical of midwater fishes in many respects.
Because of the maintenance problem it has not been possibie to experi-
mentally determine the emergy intake, assimilation, and utilization
patierns of midwater fishes. Such determinations, however, are very
important because midwater fishes are the dominant members of the third
major trophic level in the largest ecasystens on our planet,

In the past., estimates of nutrient energy flux have been based chiefly
on stomach content assays; and have usually been expressed as a daily
ration in terms of the percent of body wet weight ingested per day
(Hopkins and Baird, 1977).

There are some very real problems with this approach, especially that
of stomach content contamination through "net feeding" (Lancraft and
Robison, 1980). We have determined, by placing "bogus" prey items
{e.qg. copepod-sized styrafoam balls and euphausiids dyed with vital
stains) in trawl net cod ends, that an average of 50% of the fish in a
1 hr traw] haul will have ingested material in the cod end. Of that
50%, roughly 25% of the material in their stomachs was ingested there
{Robison and Lancraft, in prep.).

By conducting these experiments on thousands of fish we have determined
contamination indices for the common midwater fish species off southern
California, and have used these indices to correct the overestimates

of ingestion based on stomach contents alone. Comparisons between
species show striking differences in the tevels of contamination
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Our goal in the present study is to quantify nutrient flux through the
third level of oceanic ecosystems. This is a very challenging problem
and we have really only just begun. Presented here are our preliminary
findings and while crude, they do reveal some interesting patterns that
have already aided our understanding of the ecological structure
patterns in pelagic communities.

Qur approach has been to calculate nutrient energy assimilated by
measuring the amount of food ingested through stomach content analyses
corrected for net feeding, and subtracting the nutrient energy egested
in feces. Again, it must be stressed that these are preliminary
results and are relatively crude. Nevertheless, the method is simple,
direct and it provides consistent results that make sense. The values
presented here are not precise in an absolute sense, however as rela-
tive values they are reliable.

We have been aided in this approach because there is a good bedy of
published data on the chemical compesition of most of the prey types
we encounter (e.qg., Childress and Nygaard, 1974). We have reassessed
many of these assays and have developed new microanalytical techniques
for the small sample sizes that are necessary for working analyses of
fish feces.

Methods

Fishes were collected by midwater trawls in the Santa Barbara and

San Nicholas Basins off southern California. Specimens were frozen

at sea on dry ice, and transported to a -20°C freezer in our laboratory
The samples were stored frozen until the chemical analyses were per-
formed. There is no significant difference between the chemical compo-
sition of feces ccllected from fresh fish at sea, and feces obtained
from fish that have been quickly frozen.

Chemical analyses were performed on thawed material obtained in one of
two ways: extrusion by gentle pressure along the ventral surface of
the intact fish; or extrusion by gentle pressure along the rear portion
(distal to the ileo-rectal valve) of the excised fish intestine. The
validity of this approach has been demonstrated in comparisons of
naturally or laboratory produced feces with the rectal portion of
intestinal contents {Montgomery and Gerking, 1980; Bailey and Robertsan,
ms.; Robison and Bailey, 1981). Fecal samples from three to ten fish
were pooled prior to analysis.

Wet welght - dry weight

The pooled fecal samples were placed in pre-weighed aluminum weighing
boats. The boats were reweighed with the sample and then dried in a
60°C oven to constant weight {2-4 days) and again re-weighed. The
difference in weights before and after drying was taken to represent
the water content. Wet weights of samples on which chemical analyses
were run, were calculated from their dry weights using the mean value
for water content.

Chemical analysis

Pooled samples were thawed, transferred to a glass tissue grinder and
homogenized in 2 m1 of distilled water. The volume of the homogenate
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was made up to 10 ml with distilled water and then dispensed immedi-
ately into vessels for the different chemical analyses.

Aliquot dry weight and ash-free dry w&ight. Three 0.5 m1 aliquets of
each homogenate were dispensed into pre-weighed, pre-ashed aluminum
weighing boats and then dried in a 60°C oven to constant weight (2-3
days}. The dried sample was weighed, then placed in a 485°C muffle
furnace gvernight then reweighed. The difference between the weight
before and after combustion in the muffle furnace represents the ash
weight of the sample. The difference between the dry welght and the
ash weight equals the ash-free dry weight. The mean of each triplicate
was taken as the value of each sample,

Protein. Two 0.5 m1 aliquots of each homogenate were analyzed for
protein using a modification of the Lowry method (Merchant et al., 1964)
with bovine serum albumin as the standard. The mean value from each
pair was taken as the protein concentratton of each sample.

Carbohydrate. Two 0.5 m1 aliguots of hemogenate were analyzed for
carbohydrate using the method of Dubois et al. {1956} with glucose as
the standard. The mean value from each pair was taken as the carbo-
hydrate concentration of each sample.

Lipid. Lipid was 2xtracted from two 0.5 m] aliquots of each homogenate
using the method of Bligh and Dyer {1959). The extracts were dried
under either nitrogen or argon in a 30°C water bath and then analyzed
for 1ipid using the charring method of Marsh and Weinstein (1966) with
stearic acid as the standard. The mean value from each pair was taken
as the lipid concentration of each sample.

Chitin. Two 0.5 ml aliquots of each homogenate were analyzed for
chitin using the method adapted from that of Parsons and Strickland
{1968) by Childress and Nygaard (1974)}. Glucosamine-HC) was used as
the standard. The mean value from each pair was taken as the chitin
concentration of each sample.

Carbon, hydrogen, and nitregen. Two 0.1 ml aliguots of each homogenate
were pipetted into pre-weighed, pre-ashed aluminum CHN boats and then
dried to constant weight in a 60°C oven for 24 hours. Dried samples
were stored in a dessicator unti] the analyses were performed. The
dried samples were weighed and then analyzed for carbon, hydrogen, and
nitrogen with a Hewlett-Packard model 185B CHN analyzer or a Perkin-
Eimer model 240B elemental analyzer. Acetanalide and EDTA were used

as standards. The mean values from each pair were taken as the carbon,
hydrogen, and nitrogen concentrations of each sample.

Caloric content. ‘alues for caloric content were calculated using the
folTowing factors: protein, 4.1 Kcal/gram; carbohydrate, 2.5 Kcal/
gram; lipid, 8.0 Kcal/gram. Chitin was assumed to have the same caloric
value as carbohydrate. These conversion factors were used rathér than
the absolute caloric values (e.g., 5.7 Kcal/gram for protein; 4.1 Kcal/
gram for carbohydrate; 8.7 Kcal/gram for lipid) since they more accu-
rately and realistically reflect the energy value of fish feces to
potential consumers (Brett and Groves, 1979).
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Results and Discussion

Table ¥ shows the chemical compgsition of the fecal matter from several
southern California midwater fish species. Table 2 shows how these
values compare with the measured values for other types of particulate
organic detritus. These data have proven very revealing in several
respects.

We have learned that midwater fish feces contribute significantly to
the vertical flux of nutrients in the oceanic water column. They sink
at an average rate of 1 km per day, and they represent a "missing )ink"
in vertical nutrient flux budgets (Robison and Bailey, 1981). Most
calcutations of this flux reveal an anomaly in that there is more
organic matter in the benthos than can be accounted for by the known
mechanisms for getting it there. This situation has led many authors
to propose a hypothetical class of large, nutrient-rich, fast sinking
particles in order to balance the vertical flux budgets (Menzel, 1974:
McCave, 1975; Gordon, 1977, Bishop et at., 1977, 1978; Knauver et al.,
1979). It is now clear that midwater fish feces represent just such a
¢lass of particles and that they account for the bulk of the "missing"
nutrient transport. We estimate that midwater fish feces contribute
about 10% of the annual organic nutrient transport to the bottom of the
Santa Barbara basin off southern California, and comparable amounts in
similar regions (Robison and Bailey, in prep.).

Also, by conducting proximate analyses of midwater fish stomach and
intestine contents we have been able to demonstrate that the wide-
spread myctophid Ceratoscopelus warmingii is capable of herbivory.

We found portions of diatom mats (i.e., Rhizosolenia) in the stomachs
of these fishes and were able to show that they had indeed been diges-
ting this plant material by finding significant levels of silicate,
chiorophyl1l, and phaeaphytin pigments in their intestinal contents.
This is a significant finding because it shows a capacity for herbivory
in a group of fishes that was previously regarded as being exclusively
carnivorous (Robison, ms.).

With regard to nutrient energy assimilation, we will use another
myctophid, Stenobrachius leucopsarus, as an example. OQur corrected
feeding data show that on the average, each 5. leucopsarys consumes
the equivalent of 7 Euphausia pacifica each day. The calaric equiva-
1ent}of this average meal is about 14 calories {Childress and Nygaard,
1974},

The fecal output of 5. leucopsarus is about 3 mg (dry weight) per
day. The fecal matter averages about 3 calories per mg dry weight.
Thus each day, each 5. leucopsarus egests about 9 calories of fecal
matter.

With an intake of 14 cal/day and an output of 9 cal/day, the calculated
assimitation level is 5 cal/day; or an assimilation efficiency of a
Tittle over 35%.

When we apply this approach to different species we find assimilation
patterns consisteat with other known ecological patterns. Ffor example,
we recognize five general guilds for midwater fishes: 1} vertically
migrating zooplan«tivores %e.g., myctophids); 2) non-migrating zoo-
planktivores {e.g., sternoptychids}; 3) stalking predators (e.g.,
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stomiatids); 4) ambush predators (e.g., ceratioids); and 5} pursuit
predators {e.g., evermannellids).

Within these groups we find that relative assimitation efficiency
varies with food scarcity; and that the greater the food availability
the Tower the assimilation efficiency. Within the guild of vertical
migrators, 5. leucopsarus has an assimilation efficiency of about 35%
Triphoturus mexicanus, an ecological counterpart, has an assimilation
efficiency of about 32%4. Among non-migratory zooplanktivores, the
hatchetfish Argyropelecus affinis has an efficiency of about 40% while
a deeper living species, Sternoptyx diaphana has an efficiency of about
42%. The stalking predator Stomias atriventer, a reqular feeder, shows
an efficiency of about 30%. Our data on the two following guilds is
sketchy and the best we can say at present is that ambush predators,
which are intermitient feeders, have relatively high efficiencies;
while pursuit predators, which feed reqularly, have relatively low
efficiencies.

Similar patterns are alsc apparent among fishes which eat different
types of prey. Ichthyococcus and Leuroglossus are fishes which consume
prey with low nutrient densities--gelatinous zooplankton which are 95
to 99% water. Typically these fishes have elongated intestines. The
ratio of intestine length to body length is a reliable index for com-
paring this characteristic. For Ichthyococcus which eats gelatinous
zooplankton almost exclusively, this ratio is 1.5. For Leurogqlossus
which eats a mixed diet of gelatinous and crustacean zooplankters,
the ratio is 0.5. For 5., leucopsarus which consumes chiefly crusta-
ceans, the ratio is 0.28, similation efficiencies appear to run
counter to the dec’line in ratio value. For S. leucopsarus again the
value is about 35% while for Leureglossus it is above . We have
too few data on Ichthyococcus as yet to make a convincing case as
these fishes are relatively rare. For all fishes examined however,
the trend is for higher assimilation efficiencies with greater gut
lengths.

When we compare ecologically equivalent species from oligotrophic
waters in the central gyre of the North Pacific with those from high
productivity waters in the coastal zone, we find higher assimilation
efficiencies where the food supply is Jower.

The same patterns are evident when we compare fishes with different
depth ranges; the deeper the habitat of the species (and thus the lower
the food supply), the greater the assimilation efficiency.

In summary, we find higher assimilation efficiencies when the food
supply is scarcer or of poorer guality.

Some additional, intriguing findings have shown us that there are
extremely high lipid Tevels in the livers of hatchetfishes and very
low 1ipid levels in their feces. We interpret this as a response to
Tower regularity of feeding, because lipids appear to be the most
efficient means of storing nutrient energy.

Also, we find very Tow chitin levels in the feces of Ichthyococcus and

Leuroglossus, a pattern that correlates with their diets of gelatinous
zaaplankton.
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Finally, we see evidence of lower assimilation efficiencies during

seasons of highest productivity for a single species, S. leucopsarus,
in a single area.

khat we have done is measure nutrient intake and output. In conjunc-
tion with studies on respiration, reproduction, and growth, it should
not be too long before we can construct valid energy budgets for the
mdjor midwater fish species. Then with reliable data on their gquan-
titative abundance, we can model energy flux for the third trophic
level of oceanic ecosystems.

Tabie la: MWater content, dry weight {% wet weight}, proximate composition {£ dry weight), C:N ratis [weight
and molar ratios), and caloric content of rectal contents of three species of midwater fishes.
Mumbers {n paranthesds are standard errors of the mean. The two 5. leucopsarys samples here and
in Table 1b represent seasons of high {V79-8) and low ¥7%-8) product¥vity.”
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Table 1b: Quantity of chendcal component and calaries released per defecation.
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Tahle 2. Comparative data on the nutrisnt composition of midwiter Fish feces with published vaiues For
other grganic detritus (as X of dry weight).

SOURLE Protein  Lipld | CWO Ath  C:K
Our data - midwater fist fecal metier 25-43 2-24 13-29 1r-24 4.9
Al'dredge {1979) - zooplankton aggregates 13-17 J-4 5 F2-74 9.4
otrer aggregates 1-19 3-9 9 62-73 10.7
tatal particulates 17-21 3-3 1 BE-63 7
Johannes and Satomi (1966) - shrimp fecsd pellets 8 2.5 13 26

Partigulate cetrftus

Knauer et al. (1979} SO-?Smdepth . . L L L. L. 8.8-11
OB M L e e . 9.9-15

FEO-1050 m " L L e e e 13.29

Bishep et a?. {1977) Wamdepth . . . L L e 1.3-7.9
50m M e e e e 7-4.3

MWia " 1-10

WEm " L e e 9.3-9.8

WIe e 9.4-12.4

WEm e e e 5.8-9.%
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A Comparison of Bioenergetics and Direct Field
Estimates of Cumulative Seasonal Food
Consumption by Largemouth Bass (Micropterus
salmoides)

Philip A. Cochran and James A, Rice
University of Wisconsin, Madison

Introduction

Estimates of food consumption by fishes in nature may be based directly
on stomach contents collected in the field, coupled with information on
gastric evacuatior rates, or food consumpticn may be measured indirectly
using energy budgets derived from taboratery studies. The latter ap-
proach is being used with increasing frequency as laboratory data
accumulate, and the bicenergetics models being constructed have broader
applications than the estimation of food consumption rates (Norstrom et
al., 1976; Kitchell et al., 1977; Kitchell and Breck, 1980}. Elliott
{1979a) recommended that when energy intake is estimated indirectly from
the sum of the ather components of an energy budget, a direct estimate
should also be made so that the adequacy of the indirect method can be
checked. There are few cases, however, where bioenergetics models have
been compared to Independently collected data on food consumption and
growth. Rice and Cochran (MS) have recently made such a comparison
using a bicenergetics model and independent field data for largemouth
bass, Micropterus salmoides. The purpose of this paper is to extend
this comparison to a consideration of cumulative food consumption by
targemouth bass over the 1978 growing season.

The Targemouth bass bicenergetics model (Rice et al., in press) is
similar to those presented by Kitchell et al. (1977) and 8reck and
Kitchell (1979). Briefly, the balanced bass energy budget s summarized
in the following equation:

dB/Bdt = ¢ - { + F + U)

Rs+a * Ropa

Where: B = body weight
d8/Bdt= specific growth rate
C = specific consumption rate
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R = specific rate of standard metabolism plus
S+A . ..
metabolism due to activity

RSDA = apparent specific dynamic action

F = specific egestion rate
U = specific excretion rate

Specific consumption rate, C, is calculated using a function structural-
ly identical to that of Kitchell et al!. (1977) with parameter values
determined for largemouth bass. Maximum specific consumption at any
fixed temperature decreases as weight increases; at any fixed weight it
increases from near zero at 0°C to a maximum at 27.58°C, then falle to
zero at 37.0°C. A proportionality constant, P, ranging from 0.0 to 1.0,
is multiplied by the maximum consumption rate to specify consumption
rates below maximum. At any given temperature and body weight, there-
fore, P is a reflection of prey avallability. In typlcal applications
of this sort of model, consumption rate is estimated by specifying the
thermal regime over an interval, specifying the Initial body weight, and
varying P until the predicted final body weight matches the observed
endpoint. Although the model can also be used to predict growth given
information on food consumption, it Is usually used to estimate Food
consumption from growth since the latter is much easier and less costly
to measure in the field.

The specific rate of standard metabolism plus metabolism due te activity,
RS*A’ decreases as weight increases and increases with temperature and

swimming speed. Specific rates of egestion, F, excretion, U, and appar-
ent specific dynamic action, RSDA' are all constant proportions of

cansurption rate. For an in-depth explanation of these relationships,
refer to Rice et al, {in press).

The field data used Tn this paper were collected by Cocran and Adelman,
1982, who estimated daily ration (% body weight} and mean body weight

of age 111 Targemouth bass on 10 dates in 1278 in Lake Rebecca, Minnesota.
the method of Elliott and Persson (1978) wes used to estimate daily ration
(see Cochran, 1979; Eggers, 1979; and EllTgtt, 19790 for further dis-
cussion of this method), Water temperatures ere collected with recording
thermometers at 3 depth of about 1 m, the approximate depth at which bass
were captured (Cochran, 1980): the thermometors were inoperative during
some intervals,

Rice and Cochran (MS) used the Lake Rebecca water temperature data and
estimates of daily ration as input to the largemouth bass bioenergetics
model and comparec predicted to observed growth. Predicted weights were
within 2 S.E. of the observed mean weights on 7 of 9 sampling dates.
(The first samplirg date was excluded from analysis because mean weight
on that date was known to be overestimated (Cochran and Adelman, in
press).) The close fit of mode! predictions to the observed data was
not greatly affected by variation in assumed mean swimming speed or
simulated bias in input temperature. The use of daily ration estimates
based on mean stomach contents rather than medians, however, produced an
unsatisfactory overestimate of growth, in keeping with Cochran and
Adelman's (in press) conclusion that the use of median stomach contents
pravided a more realistic estimate of the food consumption of individual
bass.
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Methods

The following procedures were used to generate estimates of cumulative
food consumption by largemouth bass from the second to the last sampling
dates (June 5=October 5) of Cochran and Adelman, 1982,

1. Extrapolation of the direct field estimates - the mean body weight
and daily ration estimates of Cochran and Adeiman, 1382 were
linearly interpolated between sampling dates. The product of body
weight and daily ration was obtained for each day and totaled over
the sampling season. This procedure did not involve the
bioenergetics model.

2. Adjustment of P-values using the bicenergetics model - ¥alues of P,
the proporticnality constant used to adjust consumption rate, were
varied until predicted body weights matched observed endpoints over
a} the entire sampling season, b) each of the 8 sampling intervals,
and c) 3 intervals corresponding to apparent changes in prey avail=-
ability (Rice and Cochran, MS). Corresponding estimates of
consumption were calculated and totaled over the sampling season.
This procedure is similar to previous applications (e.g., Kitchell
and Breck, 1980).

3. Use of the bioenergetics model to predict daily ration from weight -
The field estimates of body weight from Cochran and Adelman,
1982 were linearly interpciated between sampling dates, as in
Procedure 1, but used instead as input tc the bioenergetics model to
generate an estimate of daily ration for each date. This was
multiplied by body weight and the resulting estimates of food
consumption were totaled over the sampling season.,

In procedures involving the hioenergetics meodel, mean swimming speed was
set at 5 cm/sec (Rice and Breck, M5), a conversion coefficient of ! gram/
4,184 Kkjoules (Rice et al., in press) was assumed for both bass and their
prey, and missing values from the Lake Rebecca temperature data of
Cochran (1980) were estimated by linear interpolation.

Results and Discussion

One obstacle to the comparison of direct fField estimates of food con-
sumption and those generated using energy budgets is that they are
calculated with respect to different time scales. Direct field methods
are generally applied over 24 hours, yielding "point' estimates on a
seasonal scale, whereas budgeting approaches can only yield mean rates
of food econsumption integrated over periods of time sufficient to detect
significant changes in weight. Ffor this reason it was necessary to
interpolate the daily ration estimates of Cochran and Adelman, 1982,
over the intervals between sampling dates. When this was done using
linear interpolation, the direct estimate of consumption (Procedure 1)
yielded a cemulative consumption estimate of 503 g (Fig. 1), Because
prey availability nay be subject to discontinuous changes, it may be an
oversimplification to assume that daily ration changes in such a simple
continuous fashion. Use of a step function, however, with daily ration
held constant for one-half the intervals preceding and following each
sample date, resulted in a cumulative consumption estimate of 500 g and
an almost identical seasonal trajectory.
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Figure 1. Cumulative food consumption of age Il largemouth bass in
Lake Rebecca. Solid line: Extrapolation from field estimates of
Cochran and Adalman, 1982 (Procedure 1). Dotted line: Bicenergetics
medel predictions (Procedure 3}. For both astimates, body weight was
ITnerly interpolated over intervals betwoen sampling dates.

Cumulative consumption estimates generated with the bicenergetics model
(Figs. 1 and 2) were comparable to the direct field estimate except when
a constant P-value was fit to the endpoints of growth aver the entire
sampling season. Kitchell and Breck (1980), using a bicenergetics model
for sea lamprey |Petromyzon marinus}, fit a constant P-value to the end-
points of growth over an entire season and produced a close fit to
observed intraseasonal growth. In contrast, Rice and Cochran (MS),
using the Lake Rebecca bass data could not produce an adequate fit of
predicted to observed body weight by fitting a constant P, indicating
that intraseasonal changes in prey availability had an effect on
cansumption rates. Use of that constant P-value {0.55) resultad in a
cumulative consurption estimate of 592 g {Fig. 2). Fitting a separate
P-value to each of the 8 sampling intervals yielded an estimate more
comparable to the direct field estimate.

Although closer fits to field data may be obtained using the bioener-
getics approach as P-values are fit to smaller time intervals,
conceptually simpler explanations without much loss of fit may sometimes
be obtained by pcoling some intervals. Rice and Cochran (MS) found that
the P-vaiues fit to the separate intervals fell into three relatively
discrete groups and poaled the intervals accerdingly (P = 0 for May 17-
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Figure 2. Cumulative food consumption estimated with the bioenergetics
madel by fitting a constant P-value to cbserved endpaints of growth
{Procedure 2} over a} the entire sampling season, b} each of the eight
sampling intervals, ¢} three intervals corresponding to apparent
changes in prey availability.

June 22, P = 0,43 for June 22-August 2, and P = 0.77 for August 2-
October 5). The first of these intervals corresponds to the part of the
season preceding tne availability of young-of-year {YOY} bluegills and
bass, while the last interval was a time of high YOY fish abundance, in-
creased mean size o prey, and falling water temperatures. A plot of
cumulative consumpt on using these three intervals and P-values is not
greatly different f-om that using a separate P-value for each sampling
interval (Fig. 2).

The impact of a predator on Tts prey base may be measured in numerical
terms as well as in terms of biomass consumed. Numbers and biomass are
not linearly related through the season 1f growth of individual prey
occurs. S$1Tght differences in the assumed seasonal distribution of food
consumption may not greatly affect estimates of cumulative biomass con-
sumed but may have more marked effects on numerical estimates. Estimated
number of prey consumed, therefore, provides a further criterion for
comparison between arocedures for estimating cumulative food consumption.
Using information on the composition by weight of Lake Rebecca bass
clomach contents (Cochran and Adelman, 1982, coupled with informa-

tlon on seasonal changes in prey size (Cochran unpublished data), it

was possible fo cetimate the cumulative consurpticn of YOY largemouth
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bass and bluegills {Lepomis macrochirus) in terms of numbers and bicmass
(plotted in Figs. 3 and b for Procedures | and 2). Model estimates of
both biomass and numbers agreed fairly well with field estimates. As
expected, however, proportional differences between procedures for
numerical estimates were generally greater than or about equal tc dif-
ferences in biomass, and differences in numerical estimates were
relatively greater for YOY largemouth bass, the faster-growing prey type.
The impact of bass predation on YOY bluegills relative to YOY bass was
much greater whes measured numerically than when measured in terms of
biomass.

Conclusion
Since both the direct and bicenergetics estimates of food consumption
are subject to errer, the general agreement between the two cannot

strictly be considered a validation of the bioenergetics model. The
observed consistency between the two independent methods, however,

300

200

100}

CUMULATIVE FOOD CONSUMPTION (g)

() ] 1 1 |
JUN. JUL. AUG. SEP.

Figure 3. Cumulative biomass of young-of-year largemouth bass and
bluegills consumed by age ||| largemouth bass Tn Lake Rebecca. Solid
line: Extrapolated field estimates (Procedure 1), Dotted line:
Bioenergetics madei predictions (Procedure 3}.
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Figure 5. Cumulative numbers of young-of-year largemouth bass and
bluegills consumed by age ||| largemouth bass in Lake Rebecca. Solid
line: Extrapolated fleld estimates {(Procedure 1). Dotted line:
Bioenergetics model predictions (Procedure 3).

generates confidence in thelr extension to other applications. While
direct fieid methods remain valuable for determining fine-scale {e.g.,
diel or day-to-day} variations in food consumption, long-term informa-
tion can be much more easily obtained using the bioenergetics approach.
In the case of largemouth bass at Lake Rebecca, for example, it is now
evident that information on cumulative food consumption comparable to
that obtained by conducting a series of 24-hour sampling runs could have
been obtained with much less manpower and expense by using the blo-

energetics mode] asd collecting only a series of estimates of mean body
weight.
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In the present study it was possible to use a bicenergetics model for
largemouth bass to identify a seasonal bottleneck in its food resources.
By using the same model and additiconal field data, it would be possible
to evaluate a significant component of the mortality of another species,
the bluegill {Figs. 3 and 4, see alsoc Stewart et al., 1981). The bic-
energetics approach, therefore, can be used to inwestigate a variety of
ecological phenomena, and, unlike some other modeling approaches, it can
be readily integrated with field data to study real situations.
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Growth, Food Consumption, and Conversion Efficiency
Of Juvenile English Sole (Parophrys vetulus)

Mary Yoklavich
Moss Landing Marine Laboratories

Introduction

Pacific coastal embayments and estuaries support seasonal populations of
migratory fishes during thefr early development. Juvenile English sole
(Parophrys vetulus) are the most abundant flatfish occurring in somae of
these shallow, protected areas during early spring and summer months
(Misitans, 1970, Pearcy and Myers, 1974; Ambrose, 1976; Bayer, 1981).
Newly metamorphosed juveniles {18-20 mm, standard Tength), after being
spawned offshore, concentrate in bays and estuaries north of Point Con-
ception. As they approach age class I, juveniles recruit to their adult
habitat and become one of the dominant species of fish in an offshore
benthic assemblage. This change in habitat is accompanied by therma?
and trophic changes,toth f which can influence growth and survival of the
figh,

In ETkhorn STough, California, English sole exhibit dramatic seasonality
in distribution {Anbrose, 1976). Postlarval juveniles enter the sTough
in late February, steadily increase in numbers through April, and are

the most abundant fish caught in the mid- and upper reglons of the sTough
from May through July. This pattern of distribution is reversed by Au-
gust, with the majority of fish congregating at more seaward locations.
In the offshore enviroment of Monterey Bay, English sale are most abun-
dant in summer and fall manths, corresponding to the movement of young
age class I fish from nearby Elkhorn Slough ?unpubTished data}. SimiTar
migrations of this species have been noted by Ketchen (1956} in British
Columbia, Misitane (1970) in HumboTdt Bay, California, and Olson and
Pratt (1973} 1n Yaquina Bay, Oregon. £nglish sole fn Elkhorn Slough can
experience temperatures as high as 18°C, while bottom temperatures in

ad jacent offshore areas average about 12°C (Broenkow, 1977). Determining
fish growth rates and energy requirements over the envirormental range of
temperatures where the populatfon is naturally abundant s essential in
assessing the role the estuary plays in the survival and recruitment of
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juvenile Ffish to the offshore envirpoment,

Although many investigators have qualitatively described the feeding
habits of both juveaile and adult English sole, little quantitative in-
formation on their znergy requirements has been reparted. In general,
this species s characterized as an opportunistic, benthic predator
whose diet is composed primarily of infaunal polychaetes, amphipods, and
whole bivalves (AMmbrose, 1976; Kravitz et al., 1976; Hulberg and Oliver,
1978; Toole, 1980). Daily growth of juveniles has been estimated from
modal analysis of 1sngth frequency distributions (Xendall, 1968) and
from size at age data using fortnightly growth rings an otoliths {Rosen-
berg, 1980). Williams and Caldwell (1978) estimated daily growth and
ration for D-group English sole fed an artificial diet in the laboratory.
The present study dztermined gqrowth, daily ration, and conversfon effi-
tiencles for two age classes of English sole under laboratory conditions
which reflect the temperature regime and type of prey availtable in their
natural enviromment.

Materials and Methods

El1khorn $lough is a shallow coastal embayment centrally located in Mont-
erey Bay, California. Both salinity and temperature are highly variable.
From late February to early October, the months when juvenile English
sole inhabit the slough, salinities range from 30 to 36°/,, and water
temperatures range from 13 to 18°C. In upper areas of the slough, tem-
peratures reach as nigh as 27°C in summer months (Broenkow, 1977)., The
offshore sandflat area of Monterey Bay, with a water depth of about 25
meters, has a more stable bottom salinity and temperature regime, rang-
ing from 33 to 34°/,, and 12 to 14°C, respectively.

English sole were collected in Elkhotn Slough and Monterey Bay using
small otter trawls. O-group fish {less than one year of age) had inftial
wet weights ranging from 4.8 to 21.9 g and standard Tengths from 72 to
114 mm. The most adundant age class of English sole collected offshore,
that of age class I[, had initial wet waights from 58.3 to 101.8 g and
standard lengths from 156 to 188 mm. Ages were determined from otol{ths
fol Towing experimentation.

Three experiments were designed to measure Tndividual daily growth,
ration, and gross conversion efficiencies, O0-group fish were acclimated
to 13.0°C and 17.5°Z, the limiting temperatures of the range encountered
in the slough. Age class II fish were held at 13.0°C, an average off-
shore bottom temperature. Temperatures were controlled to £ 1.0°C. The
experiments proceedad consecutively, beginning with the age class II
fish on 23 May, O-group fish at 13°C on 23 Sept, and O-group fish at
17.5°C on 4 Nov.

The marine polychaete, Nereis virens, was used as food 1n all experi-
ments. Although this species does mot occur naturally in the diet of
English sole, it contains about the same caloric value as other poly-
chaetes and is commercially avatlable. An ad 11bitum ration, (maximum,
unrestricted feeding), estimated to be 10% of the fish's wet body weight,
wvas provided daily and was adjusted each week to reflect fish growth.
With few exceptions, the fish rarely consumed their entire aTlotment of
food., The uneaten portion was removed eight hours Jater, blotted dry,
and reweighed. The amount of food consumed per day was calculated and
recorded to the nearest mg for each fish. Initial and final wet weights
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of fish were taken after fish were starved for 24 h. Feeding began sev-
eral hours later and continued daily for 42 days with age class IL fish
and 28 days with O-group fish. Wet weight of fish was monitored weekly,
although this information was not used in calculating daily growth since
weights varied with the amount of food remaining in the stomach.

To eliminate variability due to water and 1ipid content of the fish and
prey, wet and dry weight ratios and ash and calorfc values were deter-
mined for the vation, for a representative sample of fish prior to ex-
perimentation, and for all fish following the experiments. Samples were
dried at 80°C to a constant wefght and placed in a desiccator for 24 h.
prior to weighing. Further processing included homogenizing and pellet-
izing the samples and combusting in & Parr 1471 semimicro oxygen bomb
calorimeter. Independent estimates of percent ash were made using a
muffle furnace at 500°C for four hours.

Instantaneous relative growth rate {% body weight per day) was calculated
on an fndividual basis over the entire experimental pertod using the for-

mla: g = 1n [we/wi]

where W¢/W; is the ratio of final weight to initial welght., Since the
amount of food consumed by each fish varied from day to day, daily
ration was calculated on an individual basis over the entire experimental
period. Individual gross conversion efficiencies {Kj) were determined by
dividing tota) growth by total ration and multiplying by 100.

Results and Discussion

Growth was positively related to daily ration at both temperatures and
age classes. Mean daily ration was significantly higher at 13°C {t=3.33,
P=.01) than at 17.5°C for O-group fish {Table 1). Ingestion rates aver-
aged 6.55% body weight/day at 13°C, ranging from 4.53 to 8.93%, while at
17.5°C they averaged 4.96%/day and ranged from 2.91 to 7.80%. In general,
maximum ration increases as a function of increasing temperature but de-
c¢lines as the fish's upper thermal tolerance level {s approached, re-
flecting a loss of appetite at relatively high temperatures {Brett, 1979).
No difference in daily ration was determined between age classes at 13°C.
L]
TJable 1. Daily ration, growth rate, and food conversion efficiency of
age groups 0 and [I English sole, Parophrys vetulus, on unresiricted
diets at two temperatures.

Treatment Daily Ration Relative K K
. Growth Rate Converlian Cnnverlion
Efficiency Efficienc
{Temperature/ (% dry body wt) (% body wt (% by dry wt) {2 by ca]{

Age Class per day)
Mean 5S.E, Mean 5S.E. Mean S.E. Mean S.E.
13°C/0-group 6.55 0.31 1.87 0.17 26.76 1,32 34,48 1.18
{n=14}

13°C/age class 11 6.78 0.27 0.84 0.10 12.14 1.05 17.82 0.99
{n= 8}

17.5°C/0-group 4,96 0.36 1.17 0.14 22.40 2.06 32.90 2.10
{n=14)
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Lower daily rations observed for O-group fish at 17.5°C are reflected in
the significantly lower growth rates at this temperature (Table 1 and
Figure 1}. Relative growth at 17.5°C ranged from 0.33 to 1.90% body
weight/day, with a mean of 1.17%; this compares with 0.93 to 3.10% and a
mean of 1,87% at 13°C. Relative growth rates of the age class II fish

at 13°C (X = 0.94%) were considerably lower than those of O-group fish at
the same temperature, although mean daily rations were similar (Figure 2),
Maximum ration and jrowth were not well defined by the present data since
the ration~-growth relationships (Figures 1,2} were clearly linear with no
asymptote being reazhed.

Mean growth rate of O-group fish at 13°C compares favorably with growth
rates estimated from field data. Using modal analysis, an average rela-
tive daily growth rate of 1.60% was calculated for O-group fish collected
by Ambrase {1976) i1 Elkhorn Slough from March through Octoher. A simi-
lar analysis of data from Smith and Nitsos (1969) provides a growth rate
of 1.99%. Although estimates of daily ration in the field are not avail-
able, the agreement between laboratory and field growth indicates that
the presumed "maxinum ration" of O-group fish at 13°C adequately expresses
field ration,

Individual gross conversion efficiencies, derived from daily ration and
growth, generally increased with increasing ration for O-group fish at
13°C (b=3.2, r=.78). An overfeeding effect, i.e. higher rations result-
ing in decreased efficiency {reviewed by Brett, 19?9?, was not apparent

in these data. At 13°C, gross efficiencies ranged from 20.2 to 33.4%

for QO-group fish and averaged 26.8% (based on dry weight). Estimates
based on caloric content were higher, due to the greater calaric content
of the fish compared with prey, Although ingestion and growth were Jower
at 17.5°C, efficiencies were not significantly different than those at
13°C (22.4 vs. 26.8%, respectively). A1l O-group fish were caught near
the mouth of the slough during the months when they were preparing to
migrate offshore. [mposing an oput-of season thermal condition (that is,
17.5°C in October) on this species could result in a decrease in appetite
and subsequently lTower rations and growth rates. Alse, the fish at 17.5°C
were presumably older than those at 13°C, as this final experiment was
initiated on 4 Nov. Increasing size with the approach of migration has
been shown to result in decreased growth 1in juvenile Sebastes diploproa
(Boehlert, 19817.

Conversion efficiencies for 0-group fish at both temperatures compare
favorably with those reported for other species of juvenile flatfishes
held under aptimal experimental conditiens. Chesney and Estevez {1876}
reported a mean of 21.2% (dry wt basis) for age I winter flounder at 10°C,
with no significant difference in efficiency noted at 20°C. Edwards et
at. {1969) estimated an efficiency of 36% (caleric basis) and a 2% rela-
tive daily growth rate for O-group plaice. Williams and Caldwell {1978)
however, reported a much lower maximum conversion efficiency of 10.5%,
established at an optimum temperature of 9.5°C and an 8% ration for O-
group English scle. Both this low efficiency and low growth rate {0.95%
per day at 9.5°C) were attributed to the nutritional inadequacy of the
diet, Oregon Moist Pellets.

Mhile it was apparent that both age classes at 73°C were ingesting the
same relative amoun: of energy, average relative growth of age class II
was less than half chat of the O-group fish, resulting in 2 significantly
lower conversion efriciency. In general, as fish age their energy
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requirements, as well as metabolism and growth, decrease. However, ma-
turity of English sole occurs at 2-3 years for males and 3-4 years for
females (Ketchen, 1956). The age class II fish in the present study are
likely to be in a prespawning condition, which in other species denotes
an accumulation of high energy lipids in body tissue fn anticipation of
large energy outputs in gonadal development and spawning (Shul’man, 1974),
This could account for the retatively high ingestion rates and tower con-
version efficiencies of the older fish. It is expected therefore, that
the body tissue of the oider fish would contain higher amounts of Tipdds
compared with O-group fish. Although proximate analysis of the fishes'
tissues was not performed, caloric content of the fish was determined
both before and after experimentation. Caloric content of fish in all
axperiments increased (Table 2) but age class Il fish increased propor-
tionally to a greater degree than did O-group fish, possibly indicating
the additional storage of high energy Tipids in preparation for spawning.

Table 2. Mean (* S.D.) % water, ash, and caloric values of the poly-
chaete, Nereis virens, and English sole, Parophrys vetulus.

Initial Composition Final Composition
Tissue Water Ash Energy Water Ash Energy
(23 (v¥ow)  (Cal/ (%) (zpM}  {Cal/
AFDH? AFDH?

Nereis virens 77.60 7.82 5233.56
(1.22) {0.45) {104.81)

Degroup fish 77.36 14.48 5608.23 77.86 12.12 6088.88
‘l -}

3°C (1.46) (0.35) (66,93} (1.46) (1.68) {112.28)
D-group fish 77.36 14.48 5608.23 77.06 12,86 6186,52
17.5°¢ (1.46) (0.35) (65.93) (2.25) {1.73) (247.44)
Age 1T fish 79.61 19.11  5562.25 78.40 15,30 6218.38
13°C (v.56) (1.32) {152.74) (2.7} (1.85) (126,78)

The results of the present study are helpful in understanding the feeding
and growth ecology of juvenile English sole fnhabiting the nearshore
Pacific coastal enviromment. Fish tend to move toward an optimal tem-
perature where growth and efficiency are maximized and mortality rates
are Jow. A relationship between growth optima and final thermal prefer-
ences was established by Jobling ?1981). The shallow embayments fre-
quented by juvenile fish tend to be very turbid, possibly lowerfng the
incidence of predatfon. These areas also have a relatively high produc-
tivity, compared with offshore areas; a more dense infaunal prey assem-
blage could potentially yield higher growth rates in the estuaries. How-
ever, Rosenberg (1930) found no significant difference between growth
rates of O-group English sole collected in Yaquina Bay estuary and those
from a nearshore open-coast environment; he suggests that survival, and
not growth is enhanced ir the estuary. From the present data, English
sole appear to be much more efficient at utilizing their resources in
Eikhorn STough in terms of growth than do the older fishes offshore.
Additfonally, these areas could offer optimal thermal conditfons for
growth; as these conditions change seasonally and as thermal preferences
change with growth the fish migrate offshore, Without experimental data
on growth at temperatures lower than 13°C, it is not possible to establish
this species' thermal optima.
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Inferences can be drawn from the experimental evidence regarding the ef-
fect of temperazure on distribution and abundance of juvenile English
sole within the nursery area and also Tatitudinally along the Pacific
coast. Although adults are distributed of fshore from Baja California to
Unimak Island in western Alaska (Hart, 1973), there are few records of
Juveniles using southern California bays as nursery grounds. Fierstine
et al. (1973) report low numbers of juveniles in Morrg Bay, California
in early spring and summer., Temperatures commonly exceed 18°C in these
shallow southern bays. As is shown in the present study, growth of 0-
group fish declines near temperatures approaching 17.5°C, making the
potential for survival and growth at southern Tocations poor. Elkhorn
Slough is the most southern bay reported to be utilized by Fnglish sole
to a large extent,

Limitations on distribution due to thermal tolerance is also supported
by English sole's use of intertidal areas on the rursery grounds. In
northern bays and estuaries, such as Yaquina Bay, Oregon {Bayer, 1981),
Humboldt Bay, California (Toole, 1981), and Puget Sound, Washington
(Kendall, 1966}, postlarval sole are commonly found on intertidal mud-
flats. They do not occur in large numbers, however, in the tidal creeks
of Elkhorn Slough, where temperatures could prohibit their occurrence
throughout the year {Barry, 1982}. Ambrose (1976) has demonstrated
that juveniles are evenly distributed in Jarge numbers throughout the
main channel of the slough from February through April. Large concen-
trations are found at the most inland Tocations from May to July, with
fish migrating seaward from August through October. When comparison is
made between this distribution and a temperature profile during the
same months, it is apparent that, as temperatures approach 17 to 20°C
in Tate summer and early fall, a conincidental migration of juveniles
out of the stough occurs. Beth distribution and length of stay of Eng-
}ish sole in EVkhorn STough could be 1imited by their thermal tolerance
and that, provided sufficient ration, these fish occur most commonly in
areas that the present study indicates would produce higher growth.
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Energetics of the Sablefish, Anoplopoma Fimbria,
Under Laboratory Conditions

Kathleen M. Suliivan
Scripps Institution of Oceanography

Introduction

Laboratory energetics studies can provide important physiological in-
formation not generally obtainable from field studies. The range of
growth, metabolic and excretion rates measured under controlled labora-
tory conditions offers insights into the physiological capabilities of
a marine fish; cne may then better understand the physiological and
ecolegical functions of the fish in its own environment. Energetics
studies of A. fimbria were initiated te learn more about energy alle-
cation of a refatively deep-living fish. A. fimbria has an extremely
broad geographic distribution along the continental slope, occurring
from Baja California, Mexico to the Bering Sea ans westward to Japan.
Its bathymetric distribution also {s broad, extending from surface
waters in the northernmost range to 1550 meters off southern California
(Hart, 1973; Phleger et al., 1970). A. fimbria are exploited commer-
cially throughout their range, and are sold on Canadiam, Japapese and
domestic markets. Because they have no swimbladder, A. fimbria can be
brought to the surface in good physiological condition and maintained
in chilled aquaria for extended periods of time.

Field data have been collected on food relationships and general popu-
lation ecology of A. fimbria off southern Cal{fornia (Conway, 1967;
Phleger et al., 1570}, and off Oregon and Washington (Holmberg and
Jones, 1954 Pruter, 1954). Large numbers of A. fimbria were reared in
large floating pens off British Columbia; this work is summarized by
Kennedy (1974). However, growth, metabolic and excretion rates of indi-
vidual fish have not been determined.

The goal of the present study was to examine the physiological capabili-
ties of A. fimbria collected off southern California and maintained in
chilled aquaria on varying ration levels. A laboratory study of the
energy allocation of starved vs. fed fish can offer insight into the
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effects of lower food supplies that may be associated with greater
depths. The results will be presented in four sections: (1) diurnal
patterns of standard metabolic rates in starved vs. fed A. fimbria,
{2} measurements of ammonia excretion in fed and starved A. fimbria,
{3) respiration rates of A. fimbria with varying body size, and at Jow
oxygen tensions, and (4) growth rates on varying ration size.

Materials and Methods

A. fimbria were vollected by setline in La Jolla Submarine Canyon off
San Diego, California at a depth of 486 meters. Prior to the experi-
ments, Fish were held in the laboratory for three weeks in 2100-liter
tanks containing chilled running-seawater. The running chilled seawater
system exhibited seasonal fluctuations from 6.0°C in the winter to
11.0°C in the summer. A1l tanks were in a darkened enclosure and were
kept covered to minimize disturbances and to eliminate light. A. fimbria
were confined individually by nylon mesh barriers to minimize activity
and jdentify individuals. A1l fish were fed chopped mackerel and squid
prior to the experiments. Three treatment groups were used: (1) high-
ration fish fed 15% of their Wet body weight per week, (2) low-ration
fish fed 7% of their wet body weight per week, and (3) starved fish.
Uneaten food was removed after two hours, dried and weighed for calcu-
lation of ingestion rates. Fish were weighed every two weeks in air, a
process which required about four minutes of handling time. This report
represents preliminary findings of a Targe-scale laboratory experiment
involving 18 fisn (6 per treatment group} lasting 36 weeks. High ration
level was determined by daily feedings of mackerel and squid to estimate
maximum ingestion levels in the laboratory.

Respiration measurements were made in 64.5-1iter chambers equipped with
a circulating pump and a Yellow Springs Instruments Oxygen Electrode.
Chanbers had a built-in filtration system, and a port for extracting
water samples for ammonia determinations. Oxygen electrodes were calj-
brated dajly witn Oz-saturated and Nz-purged seawater. Fish were al-

lowed to acclimate to chambers for 24 hours befare beginning experi-
ments, and jndividual fish were kept in a chamber for seven days, with
six days of experiments following one day of acclimation. The chambers
were either flow-through or closed systems; the appropriate chamber
blanks were run to determine microbial metabolism. Respiration rates
were expressed in milligrams oxygen per kilogram wet weight per hour.
Ammonia determinations from water samples extracted periodically from
chambers were done by spectrophotometric assay {Strickland and Parsons,
1973). Ammonia excretion rates are expressed in milligrams nitrogen per
kilogram wet weight per hour.

Results
Diurnal patterns of oxygen gonsumption in starved and fed A. fimbria.

Oxygen consumption was measured in an open respirometry system for two
A. fimbria, one starved for three weeks, and one fed 15% of its wet
weight per week for three weeks prior to the experiment. Each fish was
acclimated to the respirometry chamber for 24 hours prior to the experi-
ment. The fed fish was fed on the following day, designated day 1.
Dxygen consumption by both fish was monitored on days 1, 2, 4, and 6.
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There was a pronounced diel pattern in respiration rate of the fed fish,
with oxygen consumption being the highest between 2400 and 0100

(Figure 1A). This pattern remained the same throughout the week, but
absolute rates of oxygen consumption decreased on the fourth and sixth
days of feeding (Figure 1A). 1In contrast, the starved fish showed no
diel variation in respiration rate, and its respiration rate was much
lower, about one-third as high as the maximum rates of the fed fish
(Figure 1B). On the fourth and sixth days after feeding, daytime res-
piration rates of the fed fish were comparable to those of the starved
fish,
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Figure 1: A. Diurnal standard metabolic rates for A. fimbria on days
2, 4 and 6 after being fed 15% ration on day 1. Fish weighed 1.4 kg
and had been in “aboratory for 6 weeks. B. Diurnal standard meta-
bolic rates for starved A. fimbria. Fish weighed 1.0% kg and had been

in laboratory & weeks, and starved for 3 weeks.
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Other fish examined followed this same trend, with fed fish having a
30% to 50% difference between day and night respiration rates; however,
peak oxygen consumption rates occurred at times between 1900 and 0300.
Starved fish showed very little change in oxygen consumption rates
throughout the day, or throughout the week after the second week of
starvation. The second week of food deprivation resulted in more
erratic respirat on rates on both diurnal and weekly scales.

Measurements of ammonia excretion in fed and starved A. fimbria.

Ammonia excretion rates of five A. fimbria were monitored over a six-day
period (Figure 2). Three of the fish were starved, and the two re-
maining fish received 7% and 15% of their body weight, respectively.
These fish were fed on the morning of day 1. Water samples were col-
lected initiakly four to six hours after feeding, and every eight to ten
hours afterwards, Water temperature was constant at 10°C.

In fed fish, nitrogen excretion rates remained elevated for up to three

days after feeding, Peak excretion rates of 20 mg N-kg'l-h'1 occurred
12-18 hours after feeding (Figure 2). By the end of the week, excre-
tion rates of fec fish were the same as those for starved fish. Pat-
terns of nitrogen excretion suggest that A. fimbria does not return to
the post-abscrptive state for up to four days after feeding. This
period of elevated ammonia excretion rates corresponds to the period of
elevated oxygen consumption rates following feeding.

Respiration rates of A. fimbria with varying body size and at Tow
oxygen tensions.

Oxygen consumption measured in an open respirometry system at 8.0°C
showed a decrease in the weight specific respiration rate with increase
in body mass (Figure 3). Measurements represent an average 0Oxygen
consumption rate over 3-12 hours for fish in a post-absorptive state
between 0600 and 1800. A1l fish were acclimated to the chamber for

24 hours. The solid Tine {s represented by the equation y = -43x + 1972.4
where y 1s waight specific metabolic rate and x is log {body mass).

The regression co-efficient {r) is -0.73. The size range included
mature (generally fish greater than 1800 grams) and immature individuals.

The allometric equation Em = aMb where E, is rate of oxygen consumption,

a is a proportionality constant and M is body mass, yields a value for
b, the exponent, of 0.81#0.03 (1 5.D.). When the atlometric equation is
" plotted on double logarithmic paper, it yields a straight line with a
slope of b. This b value can be compared to data for different fish
species. Values for freshwater fish and salmonids range from Q.70 to
0.B5 (Brett and Flass, 1973).

Oxygen consumption in closed respiration chamber at 10.0°C for starved
and fed A. fimbria showed a decrease in weight specific respiration rate
with decreasing oxygen tension (Figure 4)}. Starved fish, with already
depressed respiration rates, showed little change in oxygen consumption
rates over a wide range of oxygen tensions. Fed fish showed a sharp de-
crease in respirazion rates with a lowering of oxygen tension to rates
comparable with szarved fish. In these closed chamber experiments,
ammonia was chemically scrubbed from the circulating water, thus the
build-up of toxic waste products did not compound the effects seen in
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the ¢losed system.
the closed experiments.

Fish did not appear stressed at the conclusion of
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Figure 2: Ammonia excretion in milligrams nitrogen per kilogram wet

weight per hour over the course of a week for starved and fed
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Growth rates of A. fimbria on varying ration size.

Growth rates {% wet weight increase per week) were measured in relation
to ration size (% wet weight per week) for laboratory-held A. fimbria in
a five-month growth experiment (Figure 5). Growth rates and ration
levels represent an average value over that five-month period; each
point (Figure 5} represents one fish. The equation fit to the data by
least squares linzar regression was y = 0.19x -0.46, where y = growth
and x = ration (r = 0.91). From this linear relationship between growth
and ration level, the maintenance ration can be interpolated to be 2.5%
of the wet body w2ight per week. Fish used in the experiment had in-
itial weights ranging from 1320 to 1740 grams wet weight. Temperature
during the experimental period was between §.0°c and 10.0°C.

Discussion

The diel pattern in oxygen consumption of laboratory-held A. fimbria
suggests an endoganous rhythm most Tikely associated with feeding. Only
fish that had been fed regularly exhibited this pattern; fish that were
starved two or more weeks did not. Diel fluctuations in oxygen con-
sumption have beeq noted for sockeye salmon {Oncorhynchus nerka) finger-
Tings under laboratory conditions (Brett and ZaTa, 1975). In fed sal-
mon, the metabolic rate reached a maximum at 0800 before the fish were
fed at 0830, Howaver, starved fish showed & diminishing diel fluctua-
tion in metabolic rate with starvation. Starved A. fimbria may be con-
serving energy by employing a different energetics strategy of waiting
for available food.
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Figure 5: Growth (% wet weight increase per week} vs. ration (% wet
wgight per week) for laboratory-held A. fimbria on varying ration
sizes.

Preliminary ultraconic tracking data from one A. fimbria tagged and re-
leased in La Jolla Submarine Canyon suggest that fish in the field may
be most active at night, moving to shallower depths. Although only one
fish was tagged, both the laboratory diurnal patterns in respiration
and these field data would support the hypothesis that A. fimbria is
feading at night, and perhaps migrating to shallower depths to do so.
Since the seawater system used in the laboratory is running, there
exists the possibility that laboratory fish are receiving a chemical
day/night cue from the water source. The experimental chambers were
kept in a dark, erclosed area, and thus, there was no reason to expect
higher respiratior rates at night (i.e., due to pumps turning on, paople
entering the area, etc.). The lower respiration rates for starved fish
are not surprisinc; however, one wonders what the effect of prolonged
starvation {e.g., over a season) would be on strategies of feeding and
energy allocation. Figure 1A shows a lowering in the agbsclute rate of
oxygen consumptior four to six days after feeding, but the range of
respiration rates over 24 hours remains the same.

Nitrogen excretior rates for fed fish showed a prolonged elevation after
feeding. Ammonia production did not return to pre-feeding levels for
three days. Starved fish and fed fish in the post-absarptive state

have rates of ammcnia production that were not significantly different,
Brett and Zala (1575) found that, in fingerling sockeye salmon fed &
ration of 3% of treir body weight per day, nitrogen excretion rates rose
sharply after feecing, reaching a peak in four hours, and declining to
post-absorptive levels in 10 hours. A. fimbria in the Taboratory given
one large meal once a week ingested 10%-15% of its body weight at one

. feeding., Not unexpectedly with a meal that size, nitrogen excretion
remained elevated for three days post feeding. Preliminary feeding
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experiments indicated that A. fimbria showed higher ingestion rates on
a monthly basis with large weekly meals rather than small daily meals.

Respiration rates measured in the laboratory showed a great deal of
variation of routine metabolism. Although all measurements were made
during the day (0600-1800}, diel patterns of activity may vary with size
and with individual fish. Comparisons between immature fish of differ-
ent sizes may not be appropriate if there are ontogenetic changes in
weight specific metabolism {Hoar, 1975). It will be valuable to follow
individual fish over several menths of growth. The duration and magni-
tude of the elevated oxygen consumption after feeding (post-prandial
oxygen consumption} varies with temperature, size and composition of the
meal (Jobling, 1930); A. fimbria is more receptive to a single large
meal, requiring 3-4 days after feeding for oxygen consumption to return
to post-absorptive state. However, bath the diel and post-prandial
changes in oxygen consumption can be eliminated when the fish is sub-
jected to Tow oxygen tension. It should also be noted that fed fish
have a much shorter survival time at oxygen tensions Jower than

1 mg 02 per liter than starved fish {6-10 hours compared to 3-4 days).

A. fimbria are capable of surviving a wide range of external oxygen

tensions. Cnvironmental oxygen tensions encountered by A. fimbria off
southern California range from 0.76 to 0.34 mg 02 per liter at depths

greater than 450 meters (Emory, 1960). Thus, A. fimbria in the field
spend at least part of their time in waters which are colder and less
oxygenated than water used in this aquarium study. A limited number of
respiration measurements made at 6.0°C and the measurements made under
Tow oxygen tension suggest that A. fimbria would have a much lower

standard metabolic rate in situ than in the aquarium,

Laboratory studies of A. fimbria with limited mobility and varying
ration size suggest that the fish is capable of a wide range of growth
rates and significant energy storage for long periocds of starvation.
Growth rates obtained in this study agreed with growth rates obtained
by Kennedy (1974) with pen-reared sablefish; a 1.0-kg fish fed 2% of
its body weight per day gained 0.2% of its wet weight per day. This is
an extremely low growth efficiency compared to cultured fish such as
trout and carp of similar size which may gain 1.1% and 1.3% of wet body
weight per day on the same 2% ratjon (Huisman, 1976).

A. fimbria can physiologically adjust to & wide range of ingestion
Tevels, and this ability may allow them to survive long periods of
starvation in the field, or exploit varying levels of food availability.
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Ontogenetic Changes in Growth and
Their Relationship with
Temperature and Habitat Change

George W. Boohlert
Oregon State University

Growth rate of fishes may act as a sensitive indicator of environmental
conditions. The dependence of growth upon physical and biological
factors, however, may vary with life-history stage. Young stages gen-
eratly tolerate and prefer higher temperatures than adults, both in the
laboratory (Ferquson, 1958; McCauley and Huggins, 1979} and inm the
field {Norris, 1963; Brandt, 1980); thermal optima for growth may Simi-
larly be higher (Jobling, 1981). Movement to colder habitats as fish
grow may be efther gradual or rapid. When a natural temperature gradi-
ent exists (either spatial or temporal) as with depth or season, small
movements may result in a gradual change in thermal environment as
noted for Girella nigricans by MNorris ?1963) or for Alosa pseudoharengus
by Brandt {19807, ere larger differences exist between larval and
adult habitats, however, rapid changes in thermal environment may occur,
as in Sebastes diploproa (Baehlert, 1977, 1978). An energetic approach
to analysis of growth can explain these ontogenetic trends in thermal
relationships,

Two species of the scorpaenid genus Sebastes were considered for compar-
ison of the changes in growth patterns occurring with gradual and rapid
ontogenetic changes in therma] environments. The black rockfish,
Sebastes melanops, gives birth in mid-winter; pelagic larval and juve-
nile stages -0 mm standard length) are captured in winter and spring,
and 40-50 mm benthic juveniles first appear in tidepools, estuaries,

and other inshore waters in June, apparently recruiting throughout sum-
mer months (Laroche and Richardson, 1980; Bayer, 1981). ODuring the
first six months of 1ife, young stages of this species are subjected to
a variety of thermal regimes. MWinter and spring temperatures offshore
are about 14-15°7, whereas summer temperatures in nearshore areas may

be as Tow as 8°C during summer upwelling but as high as 18°C in estua-
rine areas{Huyer, 1977; Gonor and Thum, 1970). Since adults live in
relatively shallow nearshore waters, young may recruit gradually from
the estuarine and nearshore areas they inhabit.
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The splitnose rockfish, Sebastes diplopropa, is characterized by a more
precipitous change in thermal environment. Larvae and prejuveniles are
epipelagic for approximately one year prior to migrating to the benthic
habitat of juveniles and adults at 200-500 m. The Tow, seasonally con-
stant temperatures in the benthic habitat (6-8° C) contrast with the
seasonally variable surface temperatures {13-22°C). The migration,
howaver, occurs during iate May through September, when surface temper-
atures are high (Boehlert, 1977, 1978?. ‘This results in a rapid change
in thermal environment. 1In this papar 1 discuss the differences in
ontogenetic growth response to temperature in these two species and
describe the energetic basis for these changes in S. melanops.

Materiais and Methods

5. diploproa were collected as offshore pelagic prejuveniles fromunder
dr1fting keTp; the range of initial length was 30-55 mm standard Tength
{SL). S. melanops juveniles were collected from estuarine areas using
small fish traps and otter trawls; the range of initial length for this
species was 35 to 92 mm SL. S1nce 5. diploproa migrates to the benthic
habitat during a distinct season, both pEotoper1od and temperature were
manipulated in the growth experiments. Animals were brought to the
Taboratory and maintained under ambient temperature and photoperiod.
After division to the exper1mental qroups, temperature and photoperiod
were changed at 0.5°C and 15 min per day, respectively, unti) reaching
the two photopertods and three temperatures of acclimation (12 Light:

12 Dark, 16L:8D; 10°, , 20°C). The 16 h photoperiod is characteris-
tic of the migratory season, 12 h of non-migratory season. Standard
length was measured at the beginning and end of the experiments {average
53 d) and growth was expressed as a length increment (mm/day). During
the experiments fish were fed to satiation once daily on a mixture of
trout chow, ground squid, and frozen brine shrimp. An average of 26
fish was used for each experiment.

Experiments with 5. melanops wege conducted ugder a constant 8 h photo-
period and at tempzratures of 7 12%, and 1B8°C; in these experiments,
ration (starvation and 25%, 50%, and 100% of maximum ration at each
temperature) was introduced as a variable. Preliminary experiments
determined the approximate level of full ration at each temperature.

The amounts fed in partial ration experiments, which were always fully
consumed, were baszd upon this value and the weight of fish in each
tank. In full ration experiments, fish were given excess food and al-
lowed to feed for ine hour; excess food was removed, dried, and weiched
each day to estimate the amount fed. Acclimation conditions and times
followed those for §. dipioproa. An average of 18 fish were used in
each fed treatment and 10 in starvation treatments. At the start, mid-
point, and end of the 57 d experiments fish were starved 48 h to allow
avacuation of stomach contents, anesthetized, and both length and weight
were measured. Ration levels were modified after the second weighing

to reflect gains or losses of weight in each tank. Growth was ex-
presied as instantaneous relative growth (% body weight per day; Ricker,
1575},

Growth data were analyzed using stepwise multiple regression models.
For S. diploproa, the two models were fit by photoperiod treatment in

the form: G=a+bl,+b,T+ b3T2 + byl T
where G = growth rite (mm SL per day), L = initial length {mm), T =

acclimation temperature (°C), a = constant, and b's = regression
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coefficients. For S. melanops, the equation included ration and was in
the form: G=4a+ blﬂ + sz + b3(10g W)

where 6 = instantaneous relative growth rate (% body weight per day),

R = ration (% body weight per day?, T = temperature (°C}, W = initial
weight, and b's = regression coefficients. A secand model was con-
structed for 5. melanops which considered only those experiments at full
ration to better understand the effects of temperature upon optimum
growth; although weight replaced length as an independent variable, the
patterns of growth are comparable. Inclusion levels for independent
variables in all models was P = 0.10.

Results

For Sebastes diploproa, mean laboratory growth rates were dependent
upon temperature and photoperiod and averaged 0.105, 0.164, and 0.093
nméday at 12L:120 and C.150, 0,211, and 0.096 mm/day at 16L:8D at 10,
157, and 20°C respectively. Comparison of these values, however, is
confounded by the effects of initial length. Simple correlation co-
efficients show that at 16L:8D, length is positively correlated with
growth at 10°C (r=0.78) but negatively correlated at 15° and 20°C (r=
-.99 for bothg; st 12L:12D, length and growth are negatively correlated
at 10% and 15°C (r=-.97 and -.9%, respectively} and no significant cor-
relation is apparent at 20°C (P=.01). The multiple regression models
help to clarify the relationship of growth with temperature and inftial
length; the fit ¢f the models is as follows:

12L:12D G= .1378 - .0112L +.0459T - .0021T2 + .0004LT  N=98 (1)
16L:8D G= -.8090 + .0080L +.1264T - .0033T2 - J0007LT  N=GO (?)

A1l regression coefficients are highly significant; the multiple cor-
retation coefficients (R} are .919 and .933, sugaestina that these
variables explain B84.5 and 87.0% of the variation in growth for 12L:12D
and 16L:8D, respectively. Effects of temperature were similar at both
photoperiods; growth increased to an optimum temperature and then de-
clined, as indicated by the negative value of the coefficient for temper-
ature squared (Figure 1A, B). The temperature of optimum growth in-
creased slightly with length at 120:120 byt clearly decreased at 16L:8D.
Growth showed a clear relationship with initial length at 12L:12D, with
decreasing growth with length at all temperatures (Figure 1B). Zero
values of growth are predicted by the model and were observed in some
experiments at Targer initial lengths. Under 16L:8D, growth was gen-
erally greater as compared to 120:120, but the relationship with initial
length was more complex. At approximately 10.5°C, the model predicts a
nodal point where Fish of all initial lengths show the same arowth rate;
arowth increases with length below this temperature and decreases with
length above it (Figure 1A). At these higher temperatures in 16L:8D
and at all temperatures in 12L:12D, the relationship of arowth rate with
length suggests a temperature-dependent growth asymptote.

General results of the growth and ration experiments for $. melanops are
shown in Table 1. Growth in length in maximum ratfon experiments was
similar to that for S. diploproa, but the growth pattern differed with
respect to temperature, Relative growth was a linear function of ration
at all temperatures (Figure 2). At equivalent rations, arowth was
actually faster at lower temperatures, but when one considers relative
growth as a function of the percentage of maximum ration consumed, the
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Table 1:

Growth of Sebastes melanops in the temperature-ration

experiments.

Tgmg Daily Ration N Growth Relative Growth
{°C {% body wt./day) (mm/day) (% body wt./day)
7 2.41 20 .092 .376
1.01 18 .036 -.016
0.51 17 .032 -.027
0 10 -.006 -.298
12 5.00 19 .260 .993
2.73 18 .135 449
1.48 18 .066 .097
0 10 -.011 -.453
18 6.58 20 .314 1.495
3.83 18 .167 .698
2,10 18 .069 . 154
0 10 -.023 -, 689
1 54 — 7
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Fiqure 1.

frowth of Sebastes

diploproa (mm/day} as a tunctien
of temperature and initial fish
length. VYalues are predicted
from equation (1). A. 161:8D
experiments. B. 12L:12D ex-
periments.
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growth of juvenile Sebastes
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respective growth is significantly less at Tow temperatures {except in
the starvation treatment, where weight Toss, as expected, increases with
increasing temperatures). Graphical estimates of maintenance ration
(where growth is zero) are 0,92, 1.29, and 1.81% body weight per day,
regresenting 38.4, 25.7, and 27.4% of maximum ration at 7, 12°, and
18°C, respectively. Gross conversion efficiencies at maximum rations
were 16.05%, 20.38%, and 20.36% at 7°, 12°, and 18°C. With decreasing
ration, conversicn efficiencies decreased at 7°. At 12° and 18°C, how-
ever, conversion efficiencies were approximately equal at 100% and 50%
maximum ration ard decreased at 25% ration. For the two higher temper-
atures, optimal conversion may therefore be at intermediate rather than
full rations,

The multiple regression models for experiments with 3. melanops are as
follows:
2

G=-1.1118 +.2227 T-.0037 T~ -.0042 TW + .0446 W N=59 {3)
G = -.3221 + .2915 R -.0180 T + .2375 log (W) N=1%6 (4}

The growth model based upon full ration experiments is presented in
equation (3). A1l included variables were significant and explained
85.7% of the variation in growth. Effects of weight in this model are
shown in Figure 3 and are similar to the length effects on $. diploproa.
Again, a nodal point occurs at 10.6°C: above this temperature, relative
arowth is greater for smaller fish and below it s less. Growth con-
tinues to increase with increasing temperature but growth pptima, ap-
parent for 20 g fish at approximately 18.7°C (Figure 3}, were not
appreoached in the experimental temperatures for smaller fish. As com-
pared to 5. diploproa, which shows distinct growth optimal near 15°¢
(Figure 17, the temperatures of optimum growth for 5. melanops juveniles
are much higher.

The growth model of all ration-
temperature experiments is pre-
sented in equation (4)., AIIl re-
gression coefficients were highly
significant and the multiple cor-
relation coefficient (R} suggested
that the variables in this model
exnlain 86.7% of the variance in
growth. Temperature has a nega-
tive effect as shown by the re-
gression coefficient. This would
also be expected from a plot of
the raw data, since over the range
of ration consumed at low tempera-
ture, growth was greater at 7° as

a

ETe N

RELATIVE GROWTH i% BODY WEKGHT DAy ')
pi
=

compared to 12° and 18°C (Figure o

2}. The limitation on ration at //

Tow temperatures, however, results L R B T R R T
in greater relative growth at TEMPERATURE [

higher temperatures when ration is
not limiting (Figure 3). In this Figure 3. Relative growth of

model, relative growth increases juvenile Sebastes melanops as
with increasing weight as compared functions of tempevature and
to the maximum ration model; this initial weight. Values are pre-

may be due to the fact that smaller dicted from equation (2).
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fish show less favorable growth Figure 4. Maintenance ration for
under limiting ration. Juvenile Sebastes melanops as
functions of initial weight and
Setting relative growth equal to temperature. Values are pre-
zero in the model described in dicted from equation (3).
equation (4), one can estimate
maintenance ration as functions of = : e
temperature and weight. The re- - -
sulting values suggest that main- h
tenance ration increases with in-
creasing temperature but also in-
creases with decreasing size
(Figure 4}. The values estimated
from Figure 2 agree with values in
Figure 4 if one us2s the mean
weights for the experiments.
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The patterns of growth as affected
by temperature clearly differ for

Sebastes diploproa and 3. melanops. - . PR
S. dlE1o¥r0a migrates rapidly from ﬁNHMLw;GM?qJH oo
relative 1y warm surface waters

(near 20°C) to the cold benthic

hab1tat of juveniles and adults

(6-8°C). Growth rate under photoperiod conditions characteristic of the
non-migratory season are low for larger fish at all temperatures (Fiaure
1B), whereas under photoperiod conditions characteristic of the migratory
season, growth rate improves for larger fish but only at lTower tempera-
tures {Figure 1A). Thus the ontogenetic change in thermal growth re-
sponse is suited to the change in habitat; larvae and early juveniles
inhabit surface waters while temperatures are high; as temperatures in-
crease the following year, larger fish migrate to the colder benthic
habitat.

Sebastes melanops shaws & more gradual pattern of recruitment; the
peTagic stage ¥s shorter, and movement from inshore juvenile habitats to
the relatively shallow adult habitat may take place over several months.
While this species shows a similar pattern on ontogenetic change in
growth to that in 3. diE1o?roa, it is over a significantly different
temperature range. gt1ma growth was predicted by the model at temper-
atures higher than 18°C (Figure 3), whereas thermal optima for growth

in 5. diplopbroa are nearer 15°C. Even in the young stages, which in-
habTt similar thermal regimes, the effect of temperature upon growth
therefore reflects the thermal regime of the adult habitat.

The antogenetic chinges in thermal optima for growth are clearly re-
lated to the energetics of feeding, as shown by the ration and growth
experiments with S5. melanops. Based upon temperature effects alone, it
is obvious that ration consumed on a daily basis is dependent upon
temperature (Table 1, Figure 2). Evacuation experiments suggest that
temperature affects energy turnover; Boehlert and Yoklavich ?MS) showed
that after 24 h, 54%, 42%, and 29% of a full meal rematn unevacuated at
7°, 12°, and 18°C, respect1ve1y Thus as temperature decreases, the
amount of food wh1th can be consumed is limited by digestion rate,
thereby aiso limiting growth rate. This is apparent in Figure 2, where
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the lTong-term daily consumption increases from02.41% to 6,58% body weight
per day as temperature increases from 7° to 18°C.

The interaction of temperature and size is more complex. Several studies
have found that relative food consumption decreases with increasing

size (Gerald, 1976, Wurtsbaugh and Davis, 1977). In the present study,
however, fish were fed only once each day and there was no evidence

that smaller fish could consume a single meal which was larger as a
percentage of body weight. Since maximum relative rations were equiva-
lent within experiments, the observed size-related changes in growth
with increasing temperature {Figure 3) may be a function of size-
specific differences in maintenance ration (Figure 4}. The decrease in
maintenance ration with increasing size is associated with size-specific
respiration rates. Respiration rates can generally be described by the

power function T=awb, where T= total metabolism, W= weight, and a and b
are fitted parameters (Paloheimo and Dickie, 1966). 1In fishes, values
of b are generally between 0.65 and 0.85 (Glass, 1969). The slope of
the lines relating maintenance ration to size (Figure 4) are -0.81 sug-
gesting the importance of metabolic rate to maintenance costs. The
effects are more clearly understood by considering percentase of total
ration consumed by maintenance costs; the "scope for growth" is the
energy available for growth after maintenance ration and other energetic
costs are considered ?warren and Davis, 1967}, As maintenance ration
increases as a gercentage of total food intake, scope for growth must
decrease. At 7°C, nearly 64% of the total ration for a 1 g fish goes
to maintenance ration as compared to only 23% for a 16 g fish {Table 2).
The difference in maintenance
Table 2: Effects of temperature cost between lower and higher
and fish size on maintenance ration temperatures is significant for
(as a percentage of maximum ration) smaller fish but decreases as size
in juvenile Sebastes melanops. increases (Table 2). Thus the
"scope for growth" decreases as

o 0 o o temperature decreases and the im-
Weight (g) _7° 12- 18 pact 1s much greater for small

fish. This relationship explains

é gg‘g g;'g gg‘; the decrease in optimum tempera-

16 23.5 17‘2 18'9 ture for growth and particularly

the poorer growth of smaller fish
at low temperatures observed for
both species (Figure 1A; Figure 3).

Habitat segregation of different ontogenetic stages is common among
fishes; in many cases this may involve ontogenetic changes in thermal
preference {Ferguson, 1958; McCauley and Huggins, 1979; Brandt, 1980).
Several selective benefits have been ascribed to this phenomenan, in-
cluding increased abundance of appropriate sized food, avoidance of
potential competition with or cannibalism by adult staces, decreased
predatfon pressurz, and the general nursery habitat concept, which en-
compasses all of the above benefits (McHugh, 1967; Weinstein 1979;
Brandt, 1980}. As demonstrated in the experiments with $. melanops, in-
creased environmental temperature allows increased food consumption,
growth rates, and growth efficiency for smaller fish. Thus for certain
species a clear energetic benefit exists for inhabiting warmer environ-
ments during early stages. Availability of appropriate thermal habitat
for larval and juvenile growth may therefore effectively limit the
areas and seasons of successful reproduction.
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Contributions to the Bioenergetics of a Tropical Fish

Thavamani ). Pandian
University of South Carolira and Madurai Kamaraj University

Introduction

This paper summarizes some of our recent publications (Pandian and
Yivekanandan, 1976; Vivekanandan, 1976; Vivekanandan and Pandian, 1977}
as well as the results obtained from more recent research on Lhanna
striatus. C. striatus is a tropical freshwater fish of economic impor-
tance, attaining a maximum body weight of 2 Kg in about 2 years. It is
an obligate air-breather and visits the surface every few minutes.
Experiments designed to prevent air-breathing in different ontogenetic
stages revealed that development of the air-breathing organ {see also
Das, 1927) and the regular surfacing behaviour (Vivekanandan, 1977) are
completed as the fish grows from a fry (7 mg live weight) to fingerling
{750 mg). Individuals weighing less than 100 mg can depend on gill-
breathing alone for quiet sometime; larger individuals (>0.750 g} can
depend on air-breathing or gill-breathing alone for more than 20 hrs.
Hence the 0.75 g fingerling represents 'the critical life stage', at
which breathing from water and air are both obligatory., It is at this
stage, the fingerlings are transported for stocking in ponds. Most of
our experiments were performed on this critical fingerling stage.
Water depth, ration, temperature, feeding frequency and rearing density
are some factors considered as Tmportant to enhance survival of this
critical stage. Standard procedures were followed to estimate food
consumption {C), faeces egested (F) and growth (=conversion P} of the
fish during the experimental period {see Pandian and Vivekanandan,
1976); the data presented here are based on the performance of 3 to 6
individuals reared for a period of 21 to 30 days; for want of space,
standard deviations are not given but can be known from original
publications.
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Results and Discussion

Effect of aquarium depth

The air-breathing habit of C. striatus and the consequent need to sur-
face at more or less regular intervals impose a considerable drain of
energy, which otherwise could have been utilized for fish production,
By rearing the fingerlings (4.5 cm body length) in transparent cylin-
drical aquaria {diameter 6 cm) containing different depths of water,
they were forced to swim varying distances per unit time in order to
exchange atmospheric air. For instance, the fish surfaced once in 46
+ 6.0 sec in a 40 cm water depth, requiring a total period of 10 + 1.7
sec to cover a distance of about 80 cm. Except for the regular inter-
val of about 36 sec resting at the bottom, the fish was observed to
exhibit a sustained swinming activity; besides, the experimental design
permitted long term feeding and growth estimates.

In shallow aquaria coataining 2.5 cm water at 32°C, the fish surfaced
1860 times per day travelling 81 m at a metabolic cost of 114 cal/g
live body weight. By comparison, in 40 cm of water the fish expended
164 cal/g/day on metabolism and swam 1.7 Km in the course of 2612
visits to the su-face (Table 1). In the shallawest aquarium (2.5 cm
H.0 depth), the fish consumed food equivalent to 180 cal/g/day and con-
verted it at a net efficiency (K») of 27%, whereas the fish in the
deepest aquarium (40 cm H,0 depth) consumed as much as 225 cal/g/day
but converted it with a lower efficiency of 16%. Therefore culturing
the Tingerlings in shallow nurseries greatly enhances growth (see
Pandian and Vivekananadan, 1576; Pandian et al., 1976). Supporting
evidences for the energy cost of surfacing have been reported for the
air-breathing catfishes Heteropneustes fossilis (Arunachalam et al.,
1976) and Corydoras aeneus (Kramer and McClure, 1981). In addition,
surfacing activity in the afr-breathing fishes not only costs energy
but also time. C. striatus spends 15% of the time on surfacing and
associated activ-ties {Pandian and Sampath, 1981). Kramer and McClure
(1981) reported that L. aeneus spends 5% of its time on activities
associated with air-breathing.

It is relevant here to point out the evolutionary implication of time
and energy costs of surfacing in aguatic animals. The density of water
is about B840 times that of air, while viscosity is about 50 times as
great, and oxyger is approximately 30 times more concentrated per unit
volume in air than in saturated water (Schmidt-Nielsen, 1979). Hence
the energy cost ¢f aerial respiration ought to be much less than that
of aquatic respiration: For instance, estimates of the metabolic cost
of ventilation in fishes (10-43% of resting metabolic rate} are far
greater than those of man {0.6-3,2%) (Jones and Schwarzfeld, 1974).
However, air-breathing fishes are less common than aquatic respiring
species in most habitats, including tropical freshwaters which fre-
quently become hypoxic, thereby greatly increasing the apparent advan-
tage to air-breathing. Though beneficial for survival in oXygen-
deficient waters, the need for surfacing and associated swimming activ-
ities impose a considerable drain of energy on the obligate air-
breathing fish. Kramer and McClure (1981) explained that timeand ener-
gy costs of surfacing have limited the scope for evolution of air-
breathing among fishes.
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Table 1. Effects of witer depth and temperatura on surfacing frequency and wnargetics of Channa
striatus fingeriing fad ad libitun for a period of 28 days (from Yivaksnamdan and Fandian,

. modified).
Mater surfacing  Swimming Consumotion  Absorption  Metabolism Conversion Conversion
depth {em)/  frequency distance  (caljg/day)  {cal/g/day} (cal/gsday) (caligfday) efficiency
TqFE;r.nm {times/dey) (n/day) LPSRtH
Effect of water depth at 32°C

2.5 1860 &1 160 173 114 4F 27

5.0 1357 161 190 141 129 k-] 1]

16.5 2074 563 212 206 157 2 16

3.0 2er2 | 220 25 218 166 3l 1L

w.0 2612 w721 225 216 164 kL) &

Effect of tespersture at 40 om water depth

17 o k) 218 45 4l % 0.5 1

22 1454 527 m 107 84 13 1z

27 1879 1315 223 230 185 7 13

2 2616 178 228 26 164 3% 16

37 1203 643 203 193 149 27 13

Effect of temperature

As shallow waters in the tropics undergo considerable diurnal and
seasonal temperature cycles (Jhingran, 1975), fingertings of C.
striatus reared in shallow nurseries, as recomnended above, may be
subjected to large variations in temperature. Studies on surfacing
frequency and food utilization in fingerlings reared in cylindrical
aquaria of 40 cm depth were thus conducted at 17, 22, 27, 32 and 37°C.
At 32°C, the fish visited the surface most frequently and swam the
longest distance; it also consumed the greatest ration (225 cal/g/day)
and converted with the maximum efficiency (K» = 16%) at this tempera-
ture (Table 1). Hence, rearing C. striatus ;inger1ings in shallow
waters at the habitat temperatures between 27 and 32°C would appear
optimal {see Vivekanandan and Pandian, 1977). Supporting evidence is
also obtained from a similar study undertaken on the air-breathing
larvivorous fish, Polyacanthus cupanus, which thrives in paddy fields
and adjacent shallow irrigation canals.,

Effect of ration

When growth rate is plotted against ration, one can obtain: (i) main-
tenance ration in which the growth is zero, (i) optimum ration, with
which the fish exhibits the highest efficiency, and {iii) maximum
ration, the highest ration consumed under given experimental conditions.
To optimize feed cost, one requires basfc information on the metabolic
demands of maintenance, growth, swimming, and other activities. While
there are several publications covering the effect of feeding rate on
growth of fish (e.g. Brett et al., 1969), effects of ration on the
swimning activity of a fish was perhaps first reported by Vivekanandan
{1976). Surfacing and swimming activities of C. striatus in 15 cm of
H.0 at 27°C increased from 550 + 26 times and 58 £ 37.7 m per day for

a starving finger ing to 1635 + 137 times and 439 + 38 m per day for
fish fed maximum ration (43.3 mg dry weight, or 220 cal/g/day).
Likewise, swimming speed also increased from 2.4 + Q.70 cm/sec to 5.2

+ 0.11 cm/sec in these individuals. The maintenance energy cost and
the optimum ration were equivalent to 45 cal/g/day (10.5 mg/gq/day) and
125 cal/g/day {25.5 mg/g/day) (Figure 1). Therefore, a reduction in the
ration to about 2/3 of the ad 1ibitum economizes the feed cost.
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Conversion role {mgry/day}

Frating ota (mg/g/day)

Figure 1, Geometric derivation
of various parameters of con-
version rate with accompanying
feeding rate i1 Channa striatus
(0.9 g); for comparison, data
obtained by Pandian and
Vivekanandan (1976} for C.
striatus (.75 4) held in75.5 cm
of water are alse given (closed
circles) (fram Vivekanandan,
1976; modified)

51 and 4 cal/g/day,

Interaction between rearing density
and feeding frequency

In intensive fish culture, frequent
feeding and high stocking density
are often utilized to maximize
production. Feeding frequency is
pasitively related to food con-
sumption and thereby to growth
{e.g. Ponniah, 1978), whereas
stocking density is inversely re-
lated to growth. For C. striatus,
it was considered essential to
identify the optimum feeding fre-
quency and rearing density as wel)
as to understand the interaction
between these two factors.

Five fish densities (1, 2, 4, 8
and 16 individuals/aquarium; 7 1
capacity) were chosen and each was
subjected to 5 different feeding
regimes (twice a day, once a day,
once in 2 days, once in 3 days,
and once in 4 days). Feeding once
2 day was shown to be the optimum
regime for C. striatus fingerling
(Table 2). “At the density of 2
individuals/aquarium, rates of
feeding and conversion amounted to

when fed once in 3 days; these values increase to

248 and 96 cal/g/day in once a day feeding series; further increase in
feeding frequency resulted in decreased food intake and canversian.
The highest gross conversion efficiency {K1) was exhibited by the

series feeding once a day;

the efficiencies ranged from 39 to 33% in

different density groups; the corresponding values are 37 to 30%, 20 to

174, and 8 to 3% for the series fed twice in a day,
On the whole, feeding ad 1ibitum once a

once in 3 days, respectively.

once in 2 days and

day ensures not cnly maximum food intake but also optima efficiency,

Table 2. Feading and conversion rates (cal/g/fday) of Channa striatus 4s functions of rearing density

and faeding fejusncy (from K. Saspath and

. Pandiar, unpublished).

Feading frequency (tima/days)

Dansity
(Mofaquarium} Il 11 172 1/3 14

Feeding rate

1 07 + 41,3 267 + 42.4 9 2 12.2 Bt 4.8 40 ¢ 1.5

2 220 = 46.1 248+ 0.5 99 + 3.7 51+ 3,3 35t 2.3

4 223 9.2 186 + 5.5 1 1.6 51 ¢ 3.2 B =2t

L] 187 + 22.1 172 £ 12.7 44z 2.4 5¢ 21 32

16 173 + 23.4 3t 6.3 T4: 2.5 %115 e 2.2
Conversion rate

1 76.3 £ 16.1 152.5 + 14.4 115« 2.0 4.4+ 1.0 EEERN

2 AE e )4 95.5 + 1.0 Wb 2,3 3.9 0.7 4.5 x4

4 935+ 121 62,1+ 8.8 17,3 ¢ 1,3 210 -4.7+049

8 E8.1 £ 16.3 65,7 = 5.5 15.0 ¢ 2.0 2.8+ 0.1 -6.9 x 0,4

18 2.7 + 121 5.0 24 1.7 ¢ 2.4 1.3 t 0.01 -1.1: 1
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Generally, an increase in density results in decreased food intake and
conversion. When subjected to once a day feeding, individuals converted
the food at 103, 96, 62, 66 and 54 cal/g/day at rearing densities of 1,
2, 4, 8 and 16 individuals/aquarium, respectively. Though there is a
gradual decline in the conversion rate, the decrease becomes stastically
significant only when the density rises beyond 4 individuals/aquarium.
Therefore, 4 individuals may be taken as optimum density; in other words,
to obtain the highest production, 1.8 1of water should be provided per
gram of stocking biomass of €. striatus.

Finally, subjecting the data to two-way analysis of variance showed
that feeding frequency has a highly significant effect on rate and ef-
ficiency of food conversion, whereas the density effects are notstatis-
tically significant (Table 3). This implies that negative effects of
density could be compensated by increasing the feeding fregquency and
the quantitative aspects of such compensation are being currently
studied.,

Table 3. Summary of analysis of variance for the data on conversion
rate as functions of feeding frequency and rearing density of
C. striatus {from K. Sampath and T.J. Pandian, unpublished).

Source of variation sS Df MS
Total 33104.06 24
Between feeding frequencies 30320.9 4 7580,2
Between densities 936.7 i 234.2
Interaction 1846.5 16 115.4
F(1) 4, 16 = 65,69 <P 0.0005
F(1} &4, 16 = 2.029>P 0.05

Interaction between steroid and dosage

Commercial fish farming necessitates the search for new culture tech-
niques to enhance productivity level by decreasing feed cost and shor-
tening production period. It has been observed that when reared in
high densities, C. striatus fingerlings become cannibalistic. The
juveniles (50 g) are Tess vulnerable and easily escape predation.
Apptication of anabolic steroid to enhance the rate and efficiency of
food utitization in animal husbandry has resulted in substantial savings
in the productior cost and time. Therefore, administration of a
steroid to C. striatus fingerling was considered as a possibility to
minimize cannibalism, and possibly predation by others in a polyculture
system. With regard to fish, most studies have been restricted to the
effect of hormene on weight gain (e.qg. Higgs et al., 1977). Few workers
have attempted to relate the growth response of hormone-treated fish to
feeding and conversion efficiency, and those studies available have
reported conflicting results. For example, diet supplementation of
Diethylstilbestrol, a synthetic mimic of estrogen, retards growth of
Ictalurus punctatus (Bulkley, 1972) and Salmo gaidneri (Cheema and
Matty, 1978), while enhancing that of Pleuronectes platessa (Cowey et
al., 1973). Moreover, Mugil auratus receiving as much as 1000 mg
Testosterone/Kg/day fails to dispiay @ positive growth response {Bonnet,
1970}, while Oncorhynchus kisutch registers a significant increase in
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grawth even at a low dose of 10 mg Testosterone/Kg/day (McBride and
Fagerlund, 1976). A critical review of pertinent literature revealed
that none of thz present workers have attempted to experiment with an
array of steroids at a wide range of doses and to fix the optimum for
the suitable hormone.

The required doses of the tested steroids, listed in Table 4, ware pre-
pared using sesame 01l as carrier solution. Volume of the hormone sg-
Tutien injected into C. striatus was maintained constant at 60 uwl for
all the tested doses (incTuding the controls) and was administered
using a 100 y1 sterilized syringe (Scientific Glass Engg., Australia)
on the first day of the feeding experiment. The test individuals were
allowed to feed ad Iibitum on Tive fish Lepidocephalichthys thermalis.
Controls fed at the rate of 77 cal/g/day and converted the food with
23% (Kp) efficiency. From our experiments on hormone-treated L.
striatus, the following facts become apparent: {i) 172 Methyltestos-
terone and Docabolin act as appetite-stimulants and increase the food
intake of treated fish to about 1.5 times the cantrol at almost all
tested doses from 5 to 30 mg/Kg fish. They also enhance food conver-
sion efficiency of the treated fish about 2 times the control, when
administered at dosages between 10 and 30 mg/Kkg. Thus, the accelerated
growth in the treated €. striatus is due to appetite-stimulating and
anabalic properties of these hormones, i.e. the application 174
Methyltestosterone or Docabolin may reduce the production time algne.
{(11) At the tested dose range, Testosterone, Diethylstilbestrol, and
Estroiddo net significantly increase food intake, but enhance the
efficienty alone by about 1.5 to 2 times the contrel, when given at
dose of 20 mg/Kg. The growth acceleration in the treated fish is due
to the anabolic property of the hormone. In other words, the applica-
tion of any one of these hormones reduces the production cost and time.
(ii1) The resporse to a dose as well as a particular steroid is a
species specific feature among fishes. Further work is in progress 1o
identify the route (diet supplementation or injection) and the fre-
quency of administration that ensure the maximum growth of C. striatus
fingerlings at ninimum feed cost.

Table 4. Feeding rate (:al/g/day} and conversion sfficiancy (%) of Chanaa striatus as a function of the
tested hormones. All values represent the mean (250) perforwance of 3-5 individuals {from
AR.C. Nlrmala and T.J. Pandtan, unpublished}.

Fesding rate Conversion efficiency
Dose (mgsKy fish) 5 10 20 Rl 3 1] 20 3
1 Androgenic hormones
1. Tastostarons b 82z 7 n k1) 30 3 -]
{Garman Rewmdies, Ingfa) 2.4 22,1 +2.0 £2.7 1.1 2.2 1.0 tl.1
2. 172 Methyitestotercne 8% 1 92 12 30 a8 35 25
{$1gma, USA) 12.1 2.6 1.7 1.4 +2.0 2.0 2.9 1.6
11 Estrogenic hormones
1. Docabolin 110 2 1B 123 24 2a 44 19
{Orqanon, India) 2.8 2.3 12.8 2.8 #£.7 21.7 +3.5 2.7
4. Diethylstitbestrol 73 .11 80 77 33 47 ] 30
(Sigma, USA} 2.4 2.4 2.8 2.2 2.7 .6 2.4 t1.8
§. Estroid :k] 69 7 32 23 40 45 45
(German Rewadies, |ndja) 22,2 £l.2 2.5 +.9 .4 2.5 2.3 2.8
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Summar

The fingerling stage of the air-breathing fish Channa striatus repre-
sents & 'critical phase', during which both gilT and air-breathing are
obligatory. Using a new experimental design to collect data on sur-
facing frequency and food utilization, it was found that rearing this
critical stage in shallow nurseries at 27-32°C and 2/3 of the ad
libitum ration provided maximum growth at minimal feed cost. In high
density culture, feeding once a day and providing 1.8 1 of water per
gram of stocking fish ensured maximum food intake and growth. Studies
on interaction between feeding frequency and rearing density showed
feeding freguency to be more important; the negative effects of high
density can be compensated by increasing frequency of feeding. Admini-
stration of 10 to 30 mg 172 Methyltestosterone or Docabolin/Kg fish
increased food intéke by 1.5 times and conversion efficiency by about

2 times the control. Fingerlings treated with 20 mg Testosterone,
Estroid or Diethylstilbestrol/Kg fish show 1.5-2.0 times higher conver-
sion efficiency, but took an equal amount of food, as the control. The
first group of steroid thus displays appetite-stimulating and anabolic
properties, while the second exhibits anabolic property alone.

Acknowl edgements

The research work for this paper was performed in my laboratory at
Maduraj Kamaraj University with the financial support received from
the University Grants Commission, Mew Delhi, India; the paper was
prepared during the tenure of a Visiting Professorship at the Belle W.
Baruch Institute for Marine Biology and Coastal Research, University
of South Carolina, Columbia, SC, USA. It is with pleasure I acknow]ledge
the support and encouragements given to me by Prof. F. John Vernberg.
1 wish to thank Dr. Charles Griffiths for helpful suggestions, my
collaborators Ms. K. Sampath and A.R.C. Nirmala for permitting me to
include unpublished data, as well as Ms. Kitty Harper for helping me
to prepare the manuscript.

References

Arunachalam, S., £. Vivekanandan, and T.J. Pandian., 1976, Food intake,
conversion and swimming activity in the air-breathing catfish
Heteropneustes fossilis. Hydrobiologia 51:213-217.

Bonnet, B. 1970. Thyroide et milieu interieur chez Mugil sp. Influ-
ence de la nutrition et de 1'environement. Ph.D. Thesis,
Universitet d'Aix-Marseille.

Brett, J.F., J.E. Shelbourn, and €.T. Shoop. 1969. Growth rate and
body composit:-on of fingerling sockeye salmon Oncorhynchus nerka
in relation to temperature and ration size. J. Fish. Res. Board
Can. 26:2363-2394.

Bulkey, R.¥. 1972. Diethylstilbestrol in catfish feed. Trans. Am.
Fish. Soc. 101:537-539.

Cheema, I.R. and A.J. Matty. 1976. Effects of the anabolic steroids
norethandrolone and dimethazine on muscle protein synthesis and
growth of rainbow trout Salmo gairdneri. J. Endocrinel. 72:11-12,

Cowey, C.B., J.A. Pope, J.W. Adron and A. Blair. 1973, Studies on the
nutrition of marine flatfish. The effect of oral administration
of diethylsti bestrol and cyproheptadine on the growth of Pleuro-
nectes platessa. Mar. Biol. 19:1-6.

130



Das, B.K. 1927. The bionomics of certain air-breathing fishes of
India together with an account of the development of their air-
breathing organs. Phil. Trans. Roy. Soc. London 216B:183-219.

Higgs, D.A., U.H.M. Fagerlund, J.R., McBride, H.M. Dye and E.M.
Donaldson, 1977. Influence of combinations of bovine growth hor-
mone, 17« Methyltestosterone and L-thyroxine on growth of yearling
coho salmon (Oncorhynchus kisutch). Can. J. Zool. 55:1048-1056.

Jhingran, ¥.G. 1975, Fish and fisheries of India. Hindustan
Publishing Corp. DeThi, pp. 954.

Jones. D.R. and T. Schwarzfeld. 1974. The oxygen cost to the metabo-
1ism and efficiency of breathing in trout (Salmo gairdneri),
Respiration Physiol. 21:241-254.

Kramer, D.L. and B. McClure. 1981. The transit cost of aerial respi-
ratfon in the catfish Corydoras aeneus {Callichthyidae). Physiol.
Zool. 54:189-194,

McBride, J.R. and U.H.M. Fagerlund. 1976. Sex sterpids as growth
promoters in the cultivation of juvenile coho salmon (Oncorhgnqggg
kisutch). Proc. World Maricult, Soc. 7:145-161.

Pandian, T.J. and E. Vivekanandan. 1976. Effects of feeding and star-
vation on growth and swimming activity in an abligatory air-
breathing fish. Hydrobiologia 49:33-39.

Pandian, T.J., E. Vivekanandan and R. Easwari. 1976. Effects of food
quality on swimming activity and food utilization in the air-
breathing fish Ophiocephalus striatus. Pol. Arch. Hydrobiol.
23:131-137.

Pandian, T.J. ard K. Sampath. 1981. The peculiar air-breathing
fishes. Science Reporter (in press).

Ponniah, A.G. 1978. Ecophysiological studies on chosen thermocon-
former (Polyacanthus cupanus). Ph.D. Thesis, Madurai Kamaraj
University, Madurai.

Schmidt-Nielsen, K, 1979. Animal physiology: adaptation and environ-
ment. Cambridge University Press, Cambridge pp. 560.

Vivekanandan, E. 1976. Effects of feeding on the swimming activity
and growth of Qphiocephalus striatus. J. Fish, Biol. 8:321-330.

Vivekanandan, L. 1977. Ontogenetic development of surfacing behaviour
in the obligatory air-breathing fish Channa ( = Ophiocephalus)
striatus. Physio). Behaviour 18:559-562.

Vivekanandan, E. and T.J. Pandian. 1977. Surfacing activity and food
utilization in a tropical air-breathing fish exposed to different
temperatures. Hydrobiologia 54:145-1560.

131



Session I1 Discussion
Bioenergetics of Fish Feeding

Questions Fallowing Eggers Presentation:

Citing evidence from Lake Pend Qreille that juvenile kokanee did not
illustrate maximum size-selective predation until they were larger than
40 mm, La Bolle asked fggers if he had encountered anything similar.
Eggers recounted that during the only period of time that juvenile
sockeye are smaller than 40 mm, during the winter period of low prey
availabillty, there was no significant difference between diets of the
0+ and 1+ year fish; they were not able, however, to capture the younger
age class fish unt 1 after they had grown for sometime and may have
missed such an effect.

Questions Following Robison Presentation:

Cailliet commented that it was difficult for him to differentiate between
35¢ and 40% assimilation without knowing, 1) how do you know that the
feces production rate is correct? 2) how much variability is there

among individuals? and 3) is assimilation rate affected by the method

of measurement? Expressing that this was a very preliminary cut at the
problem, Robison explained how they used the one species they have been
able to hold in the laboratory {Melanostigma pammelas) to test experi-
mentally whether or not they are defecating in the trawl {no indication
they are) and to compare fecal matter in the intestines to that of fish
captured in the trawl, with no indicatian of any difference between them.
In terms of volume of fecal output, they have performed detailed diel
sampling to follow a meal through the fish's digestive system and document
jts loss in biomass prior to elimination.

Ebeling asked if other organisms such as invertebrates utilize and

recycle the sinking fish feces, to which Robision cited additional studies
which indicated that the rapid sinking rate and low detectability of

fecal matter would probably prevent midwater invertebrates from picking
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it up. Robison went on to suggest, however, that the luminous bacteria
in the guts of the fishes are probably incorporated into the feces and
as a result the fecal matter probably glows when it is released and may
offer a valuable cue to midwater detritivores.

Questfons Following Cochran Presentation:

Chapman asked if Cochran could differentiate between changes in freguency
distributions due to changes in distribution versus those due to popu-
lation dynamics. Cochran explained that they were working within a
relatively confined system wherein the distribution of the population

was not significantly variable.

Larson asked if the bioenergetic model took into account the growth of
gonads, to which Cochran replied that since the largemouth bass popu-

lation they worked with were nonreproductive, they could leqitimately

ignore that energetic loss,

Ebeling questioned the biological source of the variability of P (pro-
portionality constant) in dafly ration. Cochran suggested that early
in the season it was due to the variable availability of suitably-sized
prey, white later in the season 1t was due to either natural sampling
variability or the temporal and spatial palchiness of preferred prey.

Boshlert asked Cochran how confident he would feel if he was to start
working on laboratory bioenergetics data for another species without
field-based calibration of the daily ration estimates, to which Cochran
suggested that it would be advisable, depending upon the state of the
bicenergetic literature on the species. But he would now feel confident
in going to other lakes and simply documenting temperature and large-
mouth bass growtn rates,

Rice commented further that this is one of the few instances where there
are data available for an independent comparison of prey consumption
derived from a bioenergetic model and it i1lustrates that the model can

be used to narrow down the range, eliminate, or set priorities of testable
hypotheses regarding food consumption.

Since the fish did not seem to be very sensitive to temperature, Chapman
questigoned why the Tong-term changes in daily ration were easier to
predict than short-term changes. Cochran replied that the inability of
the model to predict short-term changes was a function of the differences
in scale in the neasures they were trying to compare, rather than the
model itself,

Interested in the fluctuation in daily ration, Karpov asked about the
sampling methodology relative to sample size. Cochran described the
sampling frequency and sample sizes they utilized, as well as the vari-
ability in daily ration estimates which could be attributed to variable
temperature, prey availability, and sample composition. Karpav commented
further on the inadvisability of transferring bicenergetic data to other
species, considering the drastic differences in digestion rates among
species.

Questions Following Yaklavich Presentation:

Herbold asked abcut the salinity of Elkhorn Slough, which Yoklavich
described as varying between 28% and 36%; her experiments were conducted
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in pcean water,

Observing that there are not as many estuaries in Southern California as
in Morthern California, Chapman asked if the statistics on English sole
occurrence might not affect the results. Yoklavich replied that it was
more a matter of reduced abundance south of Pt. Conception, which might
be partially due tc temperature tolerance factors.

Noting that the results illustrated optimum growth at 139C, Rowley asked
why the juvenile English sole would recruit to Monterey Bay and achieve
maximum growth at that specific temperature. Yoklavich replied that is
as yet unexplained. although Boehlert will be addressing that question
in further studies.

Boehlert noted the variability Yoklavich observed experimentally in
maximum vation and asked if she would assume, given the similar growth
rates observed in the field, that maximum relative rations were equally
variable in the field. In the light of the lack of any field verifi-
cation, Yokiavich agreed that rations probably are highly variable in
the field,

La Bolle asked how English sole activity patterns differed between the
laboratory and the natural environment. Yoklavich did not document
activity rates but replied that the English sole's relatively sedentary
behavior facilitated such laboratory studies as compared to more active
fich. But it was acknowledged that different activity patterns under
simitar consumption rates could affect different growth rates.

Questions Followini Sullivan Presentation:‘

Relative to the one sablefish tracked in the La Jolla submarine canyen,
Cailliet asked if the environwental oxygen tensions at those depths were
low enough to induce the movement. Sullivan described how the fish

moved at night from 500 m to 200 m where the oxygen tension was double
that at the deeper depth. Cailliet also asked if the energetic reserve
the starved sablefish drew upon over eight months originated from the
liver and gonads, to which Sullivan repiied that it appeared to come from
the muscle and bones.

Robison asked whether the activity patterns were correlated with diel
oxygen changes, feeding, heartbeat, or motility., Sullivan replied that
only oxygen tension was correlated. Robison asked if there was any
indication that they were feeding at night; both Sullivan and Cailliet
cited some evidence that this was the case.

Herbold asked Sullivan if varying feeding times or frequencies affected
oxygen cansumption, to which Sullivan replied that the peak oxygen con-
sumption consistently occurred at night, even with starved fish although
it did eccur more erratically.

Observing that nitrogen excretion was back to starvation level after six
days while the oxygen consumption rate was still halfway between maximum
and starvation, Ursin asked if there was a good explanaztion for this
phenomenon. Sullivan explained that starved and fed fish had equal
oxygen consumption rates during the day but that the oxygen consumption
rate in fed fish went up at night, thus changing the 0:N ratio.
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Boehlert asked about the lighting conditions under which the experiments
were conducted, to which Sullivan replied that they were all conducted
under depressed or night light levels,

Feller asked how the respiration measurements were made. Sullivan
described how the fish were held for six days in 65 liter chambers from
which oxygen tension was measured by daily-calibrated ¥SI electrodes;
both flow-through and closed systems were used.

Concerning questions about the reproductive patterns of sablefish in
Southern California, Sullivan had indications of peak reproduction {gonad
development) in August and September, which is considerably earlier than
in northern latitudes. Others (Cailliet) suggested that the southern
California population may not be representative of the other (northern)
poputations, particularly relative to age-specific birth rates and growth.

Questions Following Boehlert's Presentation:

Chapman asked if fish adapt to temperatures or are they forced by temper-
atures to do what they do. Boehlert suggested that often we are observing
fish utilize temperature as an ecological rescurce, i.e. some species

such as Sebastes melanops may need higher temperature to effectively

grow, In situations where reverse thermal regimes exist, i.e. with
Atlantic mehaden, the energetic adaptations may affect different growth
responses,

Crowder asked Boehlert if he had looked at either preference or growth

as a function of the ration provided, citing evidence that as the ration
available is reduced the temperature preference declines and retracts the
optimal temperature for growth. Boehlert illustrated that, compared to
Targer fish, small fish appeared to be at a bioenergetic disadvantage

at reduced ration levels but that was the only effect examined,

Norton asked if there were any data generated on the temperatures of
peak digestive efficiency for different size classes of Ffish. Boehlert
replied that sucn data are not available.

Chess asked if there was any obvious change in distribution of juveniles
during spring upwelling, to which Boehlert replied that juveniles can be
found in tidepools and estvaries under cold water upwelling conditions
but that temperatures are usually quite variable in those habitats or the
fish occurrence is similarly variable.

Asked by Singer if there were any data on changes with diet with age,
Boehlert suggested that there are probably no significant diet changes
which could impact growth.

lLea asked how far offshore Boehlert has found pre-migrating juvenile
Sebastes diplopnoa, to which Boehlert replied that they have found them
as far as they have sampled; other evidence (Hunter, Mitchell, Hubbs}
has suggested thiet they may extend 50 km offshore, particularly in
association with drift kelp.

No questions were recorded after the Pandian paper was read by Bob Feller,
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General Discussion of Energetics

Boehiert introduced the general discussion by describing the new ground
broken by the papers presented in this session, especially considering
the diversity of fish taxa and habitats covered.

La Bolle asked Robison if he had any mechanisms in mind that accounted

for the inverse relationship between assimilation efficiency and prey
quality, to which Robison replied that there were distinct differences

in digestive tract morphology which affected stomach and intestine surface
area and indications, through based upon insufficient data, of longer
retention time. Enzymatic differences and their relationship to assimi-
Jation efficiency of midwater fishes feeding on different prey taxa is
presently being pursued by Rebisen's colieagues.

van Blaricom asked Robison if there was any relationship between degree
of herbivory and length of gut, to which Robison responded affirmatively,
citing the dramatis differences between two species of Ceratoscopelus,
one of which has an intestine at least half again longer than the other.
Van Blaricom also asked if there was any indication of reingestion of
the bioluminescent feces in the fish stomach contents. Robison replied
that although he has not seen any indication of it, there are strong
arguments for this hypothesis from the standpoint of selection of the
bacteria against sinking out of the water column.

Given the digestion efficiencies of 10-20% for freshwater fishes, Rice
asked why Robison's measures of marine midwater efficiencies were so
high. Robison suggested that his values were high but sti1] within the
range documented for marine species. M. Crow wondered why Robison's
assimilation efficiency values were almost half that documented for other
fishes, to which Robison replied that his values (30-40%) fit data
generated for other species of midwater fishes and may represent major
differences in the bioenergetics of fishes in different habitats.

Concerning the energy flux and fecal matter results, Cailliet asked
Robison how confident he was about his sinking rate estimate and why
mucus-net or filter feeders wouldn't be able to catch that material.
Robison felt confident, considering the number of independent measure-
ments they made from different fish species, that the sinking rate values
were real and due primarily to the high density of the fecal material,

Fgoers asked why the fecal material would not be c¢ollected by sediment
traps, Robison explained that the relatively small area sampled by a
sediment trap, corpared to the sparse and patchy distribution of
midwater fishes, appeared to explain why sediment traps would not work.

Feller cautioned that just finding the chlorophyll degradation products
in the myctophid fish stomach contents does not necessarily indicate
that the fish is terbivorous, since the herbivarous copepods consumed by
a fish will contain these digestive by preducts. Robison replied that
he is convinced by the dramatic differences {erder of magnitude) between
the concentrations of these byproducts in the stomach of the one mycto-
phid species and closely related species in the same assemblage. Feller
asked how they micht consume the algae and Robison described the diatoms
{Rhizoselenia) occur in dense mats at densities of 4-5 mats m™" in open
water, increasing in density with depth (data of Alice Aldredge and Mary
Silver; UCSE and UCSC, respectively); they appear to be suspended within
the watermass. Feller also noted that the bioluminesence in the stomach
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contents and feces of the midwater planktivorous fishes may originate
from bioluminescent prey {copepods). Robison acknowledged that prey may
well provide the source of the bioluminescence but that independent
bioluminescent bacteria are also availabie within the water column and
could be consumed indirectly.

Chapman asked what percentage of the myctophid species had the diatoms
in the stomach contents, to which Robison replied that approximately one
third had diators in the stomachs. There was no evidence in support of
net-feeding or other indirect feeding upon the diatoms based upon the
lack of co-occurrence of diatoms in the net collections containing the
myctophids with diatoms in their stomach contents.

Boehlert asked if anyone who had done field-oriented sampiing on stomachs
had any idea how to document the natural variability in rations. Chess
observed that in some schooling rockfish it is possible to identify almost
exactly the time when they start feeding and observe the variation

around this and prey composition. Rowley added to the question by asking
if anyone had ideas on how to get at individual variability in stomach
contents, since a tacit assumption of nearly all diet studies is that the
compesition of a fish's stomach contents is representative of the popu-
lation. Karpov recommended that samples had to be taken over 24 hours
just to sort out temporal feeding variation and then sufficient samples
had to be taken during peak feeding intensity to sufficiently document
individual variability within the population. Simenstad mentioned that
the existing data on daily ration illustrates that although considerable
variability in ration is evident within individual samples, daily ration
estimates generated from 24-hour diel sampling series are usually less
variable and only indicate changes in the time of feeding periodicity as
a result of ligat conditions, tides, etc.

Karpav also brought up the problem of sampling design influencing daily
ration estimation, citing his attempts to assess daily ration of Pacific
mackerel from commercial seine catches over 24 hours where the stomachs
never contained anything more than scales.

Given the high proportion of fish with empty stomachs, Chapman attempted
to determine hos fast individual fish were digesting prey simply by
catching and holding fish individually and collecting their feces over
consecutive time intervals; this worked until he tried Pacific staghorn
sculpins which were feeding on the crab Hemigrapsus and found that after
24 hours they still had as much volume in their stomachs as fish that were
caught and kiiled instantly. La Bolle noted that gut content motility
often stops in fishas which are handled or otherwise stressed. Chapman
replied that, although that may be true of some fish species, it could
hardly be said of staghorn sculpins, which tolerate laboratory manipu-
tations willingly. Sullivan described the use of the variability in
feeding rates and growth rates.

Boehlert suggested that it might be appropriate in any future GUTSHOP
to include a session on the physiology and biochemistry of digestion in
fishes.

Concerning the sample size necessary to measure trophic diversity, M. Crow
suggested that measuring stomach content volume or biomass to abtain a
daily ration estimate will probably require a ot fewer samples and
standard statistical methods for estimating a univariate sample size are
appropriate. Boehlert stated that he was more concerned with the
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variability that there might be on the individual fish level over the
Tonger term, j.e. slow growth characterizing individuals in a population
may be more a function of natural variability in individual growth than
in food availability. Grossman clarified that use of a food preference
or diversity index to ensure that the sample size necessary to tell
what a fish is eating at a given time is adequate but should not
necessarily be used to address what the daily ration is. Boehlert
suggested that while the seasonal variability on a population level is
considerable (i.e. Cochran's presentation}, the individual variability
in growth within the population is seldom addressed. Assuming that,
Larson asked if daily growth increments in otoliths could be used to
back-calculate growth histories as an indication of individual variation,
Boehlert reminded us that you would need to make a number of critical
assumptions concerning common physical factors and would best choose
early juveniles which had a high probability of growing under identical
conditions. Feller asked if fishes didn't always put on daily growth
increments regardless of food intake; Boehlert replied that under
starvation the fish may cease laying down otoligh layers and even
reabsorb calcium carbonate. Ebeling asked why we couldn't just use the
Cochran and Rice medel to determine daily ration from annual growth,
given temperature data. Rice responded by ncting that the model in
question s based on "average" fish, 1n that the fish have integrated
variations in envirormental conditions and consumption over time, and
can't really be used to separate out variation in individual growth,
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OPEN MICROPHONE SESSION

Seven impromptu presentations occurred during an informal session
Monday evening. Following is a 1ist of names of presentors and the sub-
jects of their presentations.

Michael Crcw presented a paper with Eric Prince and David Bennett
summarizing a study on "food partitioning of rocky-shore fishes in Hum-
bolt Bay, California.”

Charles Knechtel discussed "the qualitative sensitivity of some
feeding parameters of an age-structured growth and population model of
walleye pollock, Theragra chalcograma."

Larry Crowder discussed his studies of “predator-prey interactions
in structurally complex habitats."

Mark Hixon summarized some work he has completed since GUTSHOP '78,
entitled, "behavioral mechanisms of competition between Catifornia surf-
perches.”

Marilyn Varela related her work with the Environmental Protection
Agency on "assessment of the ocean disposal option for radioactive
wastes" to the need for good studies an the feeding habits and trophic
interactions among organisms living in potential ocean disposal sites.

Bruce Robison presented some information on the potential of the
underwater deep-sea suit {WASP) to study feeding habits of fishes in aiiw.

In addition to the open microphone session, after the banquet Tuesday

night Jay Field narrated a film on the “trophic studies of Alaskan coast-
al fishes" conducted by he and Rick Rosenthal.

139






Session
Competition and Resource Partitioning

SESSION LEADER
Ralph Larson

PARTICIPANTS
Jeffrey Cross
Larry Crowder
Alfred Ebeling
David Laur

Gary Grossman
Peter Moyle
Bruce Herbaold
Robert Daniels
James Allen




Resource Partitioning in Three
Rocky Intertidal Fish Assemblages

Jeffrey N. Cross
Southern California Cosst:) Water Research Project

This paper is an investigation into the patterns of resource partition-
ing in three assemblages of rocky intertidal fishes. [ will show first
that the functional relationships within the assemblages, ie., patterns
of resource utilization, are similar even though the phylogenetic back-
grounds and number of species in the assemblages are different. Second
I will present evidence that competition for food has played a role in
the organization of the assemblages.

Methods

Fishes were collected by hand at Tow tide from tidepcols treated with
the anesthetic quinaldine. In Washington and southern California,
pools were chosen randomly within vertical strata {upper, mid, and
lower intertidal} from the highest pools occupied by fish to the upper
subtidal. Data were collected throughout the year for 3.5 years in
Washington and 1.0 years in southern California (Cross, 1981, unpubi.
data). In France, all pools from as high as possible to as low as
possible along a t-ansect laid perpendicular to the water were collect-
ed; collections were made during one summer (Gibson, 1972).

Composition of the Assemblages

The assemblages and sources of the data are: Washington (4?° N lat:
Cross, 1981); northern France (48° N lat; Gibson, 1972; Wheeler, 1969);

southern California (33-34° N Tat; Cross, unpubl. data). Of the 12
families of intertidal fish in the three assemblages, two families
(Gobiesocidae and Cottidae) are shared by all three assemblages, and
one family (Blenniidae} is shared by two assemblages (Table 1). Two
genera (Gobiesocidne: Gobiesox; Cottidae: Clinocottus) are shared
between Washington and southen California.
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Table 1. Number of species per family. In parentheses is the number of
species that occur emersed beneath rocks at low tide. Washington data
from Cross (1981); France data from Gibson (1972) and Wheeler {1969);
southern California data from Cross {unpubl.).

Famrily Washington France  California
Gobiesocidae 1(1) 1(1) (1)
Gadidae - 2 -
Sygnathidae - 1(1) -
Kyphosidae - - 1
Labridae - 1 -
Clinidae - - 2
Blenniidae - 2(1) 1
Stichaeidae 4(3) - -
Pholidae 2(1) - -
Gobiidae - 2(1) -
Cottidae 8(1) 1 1
Lyclopteridae 1 - -

While the number of species differs among the assemblages, the propor-
tion of primary residents (species that spend a1l but their Jarval life
in the intertidal) and secondary residents {species that occur in the
intertidal facultatively as adults and/or juveniles, and juveniles of
species that occur subtidally as adults) is similar (Table 2). The
propertion of beneath-rock species {fishes that occur emersed beneath
rocks at Tow tide) is similar between Washington and France, but lower
in southern California (Table 2}.

Table 2. Composition of the intertidal fish assemblages (percent of
species)

Washington France California

Primary residents 56 60 67
Secondary residents 44 40 33
Beneath-raock species 38 40 17

Microhabitat Seperation

Species in each zssemblage occupy different microhabitats (Figure 1).
Each assemblage is comprised of a few microhabitat generalists (19% of
the species in Wzshington and 17% in California) and more microhabitat
specialists. The generalists occur in the widest range of microhabi-
tats, and therefore are more widely distributed and more abundant than
the specialists. A corollary of microhabitat specialization is the
predictable availability of the microhabitat through time. Suchanek
(1979) estimated the Yife span of mussel (Mytilus califarnianus) beds on
the outer Washington coast to be 8-20 years, or about 4-10 generations
of intertidal ficsh.

The number of species in an assemblage is determined in large part by
the presence of absence of particular microhabitats which, ¥n tum, is
determined by a complex of environmental and historical factors. For
example, fucoids and laminarians are dominant structural features in
the intertidal of Washington and France, and several species of fish
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Figure 1. Microhabitat separations among fishes in Washington (top),
France (middle), and southern California (bottom). Data are frequen-
cies of occurrence. Washington data from Cross {1981), France data
from Gibson (1972) and Wheeler {1969), southern California data from
Cross (unpubl.). NA = not available.

regularly inhabit them, In southern California, fucoids are small and
sparse, and lamina~ians rarely are present in the intertidal, conse-
quently the brown algal microhabitat does not exist {Figure 1).

Historical differences between assemblages account for some of the dif-
ferences in microhabitats occupied. For example, there is one Taterally
compressed, water-column species in the France and California assem-
blages, but none in the Washington assemblage (Figure 1). The water-
column species are from families with tropical affinities (Labridae and
Kyphosidae); in fact, the France and southern California assemblages are
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dominated by species with tropical affinities (60% and 83% of the species
respectively) while the Washington agsemblage is dominated by species
with boreal affinities (94%). The abundance of small, laterally com-
pressed fishes on tropical coral reefs compared with boreal rock reefs
may account for the absence of such fishes in the boreal intertidal
fauna.

Food Separations

The general food habit patterns of the fishes are similar in the three
assemblages (Table 3). Most of the fishes are rather generalized in

the foods they consume, although some specializations do exist (Figure
2). Nearly all of the species in each assemblage eat amphipods and
isopods, but only a few species eat molluscs and algae. Dentary spe-
cializations are required to capture and consume molluscs, and digestive
specializations are required to process algae, but relatively unspecial-
ized dentition is required to capture isopods and amphipods.

Table 3. Distribution of feeding types. Datz are percent of species in
feeding categories based on frequency of occurrence of food in the
diets.

Washington France California

Carnivores 69 70 67
Omnivores 31 30 33
Carnivores

Primarily crustaceans 44 10 17

Crustaceans + molluscs +

polyctaetes 25 30 51

Omnivores

Algae E0% of diet 19 20 17

Algae E0% of diet 13 10 17

Behavioral Adaptations

In addition to similarities in how they partition resources, members of
the three assemblages possess similar behavioral adaptations. On flood
tides, several intertidal fishes leave the tidepools and follow the
rising water [Washington: 0ligocottus maculosus (Cross, 1981); France:
Blennius phoiis and Coryphoblennius galerita (Gibson, 1972); California:
Clinocottus analis (Williams, 1957)1, The fish feed on emerging inver-
tebrates during this tidal migration thereby taking advantage of a tem-
porally predictakle increase in food availability ?Cross, 1981).

Homing behavior kas been demonstrated for fish in each assemblage [Wash-
ington: 0. maculesus and Clinocottus globiceps {Green, 1971, 1973);
France: B. phol:s {Gibson, 1967]); California: C. analis (Williams, 1957)
and Hypsoblennius gilberti (Stephens et al., 19707]. Because intertidal
fish move over a restricted home range {Gibson, 1967; Richkus, 1978),
they "know" several pools where they can find shelter at low tide.
Homing is advantageous to fish that stray from their pools to feed at
high tide; it is also advantageous in an environment where unpredictable
changes in habitet suitability can occur over short periods of time.
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Figure 2. Food habit separations among fishes in Washington (top),
France {middle}, and southern Califarnia (bottom). Data are frequen-
cies of occurrence. Washington data from Cross (1981), France data
from Gibson (1972}, southern California data from Cross (unpubl.}.

Most intertidal fish are not territorial outside of the reproductive
season. Threat displays have been observed in laboratory experiments
with stichaeids {J. Jones, pers. comm.), but field and laboratory obser-
vations suggest that most species are not territorial (Stephens et al.,
1970; Cross, 1981).

Evidence for Competition

The similarities in functional organization among the intertidal fish
assemblages suqgest a common organizing mechanism. [ will present
evidence that competition for food has played a significant role in the
organization of rocky intertidal fish assemblages.
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The most convincing demonstrations of competition are controlled experi-
ments in situ (Connell, 1975). The investigator determines the nature

of the TAmiting resource and the potential competitors, and then devises
a series of experiments wherein the abundance of the resources and/or
competitors are altered, and the consequences are monitored. Experiments
such as these work well in systems where the competitors or the resources
are sessile or only slightly mobile (e.g. Paine, 1974; Connell, 1975),
and have been used productively in fish assemblages where individuals

are relatively large and territorial (e.g. Larson, 1980). Intertidal
fish assemblages, on the other hand, are comprised of Targe numbers of

smal} fishes (109 m2 of rocky intertidal in Washington contains 400-500
fish) that are not territorial, but are highly mobile. Consequéntly [
have relied on i1direct methods (natural "experiments" and conformance
to model predictions} that are less conclusive. The evidence for com-
petition comes from the Washington assemblage and consists of habitat
shifts, reductions in niche breadth with increasing species richness,
and complementarity in habitat and food overlap,

In the Washingtoy assemblage, shifts in the vertical distribution of the
three most widely distributed fishes (all habitat generalists) were
observed with changes in the total number of species found at a site
{(Figure 3). At sites where the total number of species was low, the
three habitat generalists were found from the intertidal well down into
the subtidal. As the number of intertidal and subtidal species
increased, the Tower vertical limit of the three generalists advanced
upwards into the intertidal. The addition of suitable microhabitats
orobably allowed the existence of additional species, assuming that the
generalists could have also occupied the additional habjtats. Thus 1
infer that the distributional shifts were due to competitive displace-
ment by more efficient specialists.-
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Figure 3. Lower vertical 1imit of the core species in the Washington
assemblage as a function of the number of species at the site.

Decreasing species numbers were also accompanied by inCreasing micro-

habitat niche breadths but not food niche breadths. Microhabitat and
food niche breadths in the Washington assemblage were measured by:
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where k=1,...,m resources, ¢ is the proportion of resource k utilized by
species i, and f is the proportion of resource k in the environment.

The proportion of each microhabitat in the environment was determined
from all collections combined; prey proportions in the envrionment were
not determined so fk was drapped from the eguation. As the number of

species in the assemblage decreased, microhabitat niche breadth increased
{mean increase = *5%, SD = 33, n = 12) while food niche breadth remained
about the same (mean increase = 8%, SD = 46, n = 9) {Figure 4). The
large microhabitat niche breadth SD was the result of three species whose
niche breadth increased more than 70%. The large food niche breadth SD
was the result of two species whose niche breadth increased by more than
70%; these species were secondary residents and were more abundant on
beaches with fewer species.
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Figure 4. Frequency distribution of microhabitat and food niche breadths
of intertidal fiches in the Washington assemblage from exposed beaches
{16 species) and sheltered beaches (10-12 species).

Overlap in microhazitat and food resource utilization among the fishes
in the Washington assemblage was examined for niche complementarity.
Microhabitat overlap was measured by:

m m
where Sij is the overlap of species i by species j calculated over
k=1,...,nm depth st-ata, qu.k is the number of joint occurences of species

th

i and j in the k™ stratum, qik is the number of occurrences of species

i in the kth stratum, and wik is the relative importance of the kth

stratum to the ith species {determined by the proportion of the total

148



m
density occurring in the ( stratum) such that E]Nik=1.0 (Cross, 1981).
Food overlap was calculated by: k

m m n
_ 2 = 2
“1j'§pikpjk/§pik and Aji'k%pjkpik/); Pik
where Aij fs the overlap of species 1 by species j, pik is the proportion

of resource k=1,...,m utilized by species i. Sfj and Aij are asymmetric,

that is, they give two values for each species pair. In general, there
were few instances of high microhabitat overlap and high food overlap,
and separations between species were greater along the microhabitat
dimension than along the food dimension {Figure 5). Several species
pairs had low overlaps in both dimensions; these consisted mainly of
primary residents that occurred high in the intertidal and ate small
crustaceans, and secondary residents that occurred low in the intertidal
and ate a variety of foods, especially polychaetes and algae.
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Figure 5. Mi¢rohabitat overlap versus food overlap of the intertidal
fishes in the Washington assemblage.

Discussion

The intertidal fish assemblages from Washington, France, and southern
California exhibit a similar functional organization and, I suggest,
have a common organizing mechanism. Whije the number of species varies
among the assemblages, the basic organization consists of a few core
species {primary residents) which, in Washington and California, are the
most abundant and widely distributed species and have the most genera’-
ized diets. They are joined by several micrchabitat and, to a lesser
extent, food specialists (alse primary residents). These two groups
dominate the intertidal fish assemblages in Washington and California
{approximately 80% of the individuals collected]. The remainder of the
assemblage is comprised of secondary residents that tend to be specialized
in ¢ne or more ways. For example, in Washington, one of the secondary
rasidents s a large, solitary ambush predator and two others have the
smallest mouths in the assemblage.
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Microhabftat and food separations among species in the intertidal fish
assemblages could have arisen in sympatry or in allopatry. In sympatry,
competition for food would have resulted in microhabitat separations as
predicted by optimal foraging theory. 1In allopatry, niche differences
among species wou'd have arisen independently and, when the species
became sympatric, the differences would have reduced competition. Since
Tittle is known about the evolutionary histories of intertidal fish
assemblages, I cannot confidently state that competition for food is
responsible for all of the observed niche differences, but the evidence
supports the hypothesis that competition for food is responsible for at
least some of the separations abserved.
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Species Interactions and Community Structure
Of Fishes in Lake Michigan

Larry B. Crowder

tniversity of Wisconsin, Madison

Introduction

The Lake Michigan fish communlty has been subjected to a series of
manipulations {mostly unintentional) over the past half century which
serve as experiments on fish community structure {Smith 1970, Wells

and McLain 1973, Christte 1974), Alewlves (Alosa pseudoharengus}
invaded the lake in 1949, uncontrolled by pradators, which had been
decimated by another exotic species (sea lamprey, Petromyzon marinus).
Native planktivores declined during the increase of alewife and rain-
bow smelt [Osmerus mordax) which was introduced to Lrystal Lake,
Michigan in 1912 and subsequently made its way into Lake Michlgan.
Competition with alewife or rainbow smelt is often assumed to be the
mechanism behind these declines, although predation on eggs and larvae
also may have contributed to the decline of native species (Smith 1970,
Wells and Mcbain 1973). Once sea lamprey populations were reduced by
use of a selective toxicant for ammocetes, piscivores were restocked,
beginning in 1965 {Wells and McLain 1973)., The resuits of this series
of manipulations may be helpful in interpreting observed fish community
dynamlcs and in Inferring mechanisms whlch underlie those changes.

Resource Use and Competition in Adult Fish

Resource partitioning has often been attributed to competition (Schoener
1974}, although predation and other interactions certainly influence
resource use, Habitat partitioning s common in fish communitles (3ale
1979). Food resource partitioning Is probably less common, but it also
occurs in fish communities {(Werner 1979). Most resource partiticning
studies of freshwater fish communities have involved small streams and
lakes In whilch physical structure of the habitat provides a template

for habitat partitioning. In larger-scale pelagic systems, temperature
may provide this template. In addition, temperature drives physiclogi-

cal rates and thus has important consequences for survival and growth
of fishes (Kitchell et al, 1977},
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PROPORTIONAL SIMILARITY
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Figure 1, Daytime proportional similarity in food and thermal habitat
use by Lake Michigan fishes taken in bottom trawls off Grand Haven,
Michigan, Septenber 1977. (Details in Crowder et al. 1981)}.

We have documented that common adult fishes in Lake Hichigan partition
the available thermal habitat In a zone where the thermocline inter-
sects the lake bottom {Brandt et al. 1980). In early September 1977,
alewife, rainbow smelt, spottall shiner (Notropis hudsonius) and trout-
perch {Percopsis omiscomaycus) segregated along temperature gradients.
Host species occupied thermal habitats near their laboratory preferred
temperature. Dietary studies of these fishes showed that food use

was complementary to thermal habitat use (Figure 1, Crowder et al.
1981). Adult alewife and rainbow smelt had similar diets but occupied
different thermal habitats. Young~of=year alewife, spottail shiner and
yellow perch used simflar habitats, but fed on different prey. These
observations are consistent with the idea that competition is Important
in regulating rescurce use in adult fishes.

We repeated this survey in 1979, following the increase of a native
<isco, bloater (Ceregonus hoyi). Bloater increased from 0.3% of the
catch in 1977 to B1.7% of the trawl catch in 1579. Bloaters were the
most abundant species between the 5 C and 16 C isotherms im 1979,

Adult alewife have shifted their thermal distribution from near
preferred 1116 C on 1977 to colder 4=8 C in 1979 (Figure 2, Crowder
and Magnuson ms.). This shift may have been caused by competition for
food or thermal habitat or by predation from salmonid predators. $Since
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GEOMETRIC MEAN CPUE

total catch of alewife was not
J reduced in 1979, and since preda~
tion intensity by salmonids did not
change drastically between 1977 and
ADULT ALEWIFE 1979 (Stewart et al. 1981}, we

pay favor the hypothesis that the
altered thermal distribution of
alewife resulted from competitive
interactions with bloater (Crowder
and Magnuson ms.).

4 Bloaters increased dramatically
! kY in the presence of abundant

\\ 1 @lewives and apparently displaced
'\\\\_‘__;,1‘,,' alewife to a less preferred thermal
g habitat (Crowder and Magmuson ms.).
¢ These observaticns suggest that
TEMPERATURE [C) the interaction leading to the
initial decline of native species
was more complex than simpie
competitive dominance by alewife.
Based on available diet data
{cf. Crowder et al. 1981), compe-
tition is possible at all 1ife
stages if resources become limiting.
Because adult fish segregate based
an thermal habitat, they may aveld direct competition. Young-cf-year
alewife, bloater and rainbow smelt may occupy similar habltats and
consume similar “oods (Crowder, unpublished data). It is possible,
then, that comps:ition is important at this stage,

Flgure 2. Thermal habitat shift
of adult alewife between 1977
and 1979. Fish abundance
(geometric mea+ catch per
unit effort) is plotted vs,

2 [ temperature strata.

Interactions: When and How?

The decline of native fishes during the increase of alewife has often
been attributed to competition, though predation has also been
suggested (Smith 1970, Wells and Mclain 1973). Whatever mechanism we
Propose to explain these declines should also be consistent with more
recent observations, e.g., the bloater increase and the alewife
habitat shift,

tt is possible that predation by alewife and rainbow smelt on eqgs and
larvae of native species contributed to their decline {Crowder 1980) .
0f 21 fish species commen in Lake Michigan prior to the invaslons of
alewife and rainbow smelt, 10 species have pelagic or seml=-pelagic
eggs or larvae (Balon 1975). After the increase of alewife and smelt,
only one of these species, bloater, remained abundant. Pelagic eggs
and larvae are obviously more available than demersal ones to pelagic
predators such as alewife and ralnbow smelt. The eggs of the species
which declined are certainly large enough and energetically profitable
enough to be included in the diets of alewife and smelt, especially

if food were somewhat limited (Crowder 1980) .

Emerald shiner (Notropls atherinoldes) was prabably most affected by
alewlfe predation. Abundant In southern Lake Michigan until about
1960, emerald shiners showed a rapid decline as alewives increased.
A congener, spottail shiner, with similar feeding habits, size,
predators and dis:ribution has not disappeared, but it spawns over
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sand and has small, adhesive, demersal eggs (Balon 1975). Emerald
shiner has not yet recoverad in the open lake.

If alewives were superior competitors during their increase in the
19605, why is that apparently not true in the late 1970s? What
differences in the Lake Michigan system might explain both the apparent
alewife dominance in the 1960s and the increase in native species in
the late 197057

Janssen (1976, 1978) bhas studied extensively the behavior of alewifea
and bloater feeding on zooplankton, Both species exhibit non-selective
gulping (taking multiple prey) and size selective particulate feeding
modes. Alewlves can also filter non-selectively, Janssen {1978)
argued that while alewives may have an advantage due to a broader
feeding repertoire, bleoaters are more efficient at feeding near the
bottom.

We recently quantified the costs and benefits of feeding on various
sizes of prey by alewife and bloater (Crowder and Binkowski ms.). We
derived cost curves (sensu Werner 1977) for particulate feeding alewife
and bloater and for alewife using all three feeding modes {particulate,
gulping, filteriny). Costs are lowest for the largest prey normally
available in the open lake: Mysis relicta. Costs increase dramatically
for small prey. However, if the alewife cost curve is adjusted for
shifts in feeding mode as observed by Janssen (1976), the relatlve
costs of feeding on small prey were much reduced (Figure 3). These
cost curves indicate that young-of-yvear alewives would experience much
lower costs on small prey (<0.3 mg, ~1.7 mm Daphnia).

40 ‘ T " T 'I l L] T T
05 1018 ?.O Clodoceran sice
- B

if prey sizes were skewed toward

small prey as in the mid 1960s

| e (Wwells 1970}, young-of-year alewife
| would have a distinct advantage

30l ( i aver bloater due to their ability to

t filter these prey profitably. This

| could have contributed to the

| decline of native species in the

| 19605 as alewife increased owing

| = to the absence of large piscivores

| (Wells and McLaln 1973). Abundant

| young and adult alewives probably

| reduced the average zooplankton

i size and thus shifted the competi-

} tive balance toward alewife.

|

|

COST (sec mg™")

Subsequent to the stocking of
predatory salmonids, which probably
consume a substantial portion of the
001 040 10 100 1000 annual alewife production (Stewart
PREY WEIGHT (mg} et al. 1981), alewife populations
figure 3. Cost=-benefit curves have declined, zooplankton sizes
for 5 g young-of-year alewife have increased over Fhose in the mid
(A) and bloater (B) assuming 19605 (Wells 1970, Gitter and
all feeding modes are possible  Crowder, unpublished data} and
for young-of-year alewife. several native species have
Approximate prey weights for Imereased, including bloater
Daphnia are noted with {Crowder and Magnuson ms.}.
vertical lines for 2.0, 1.5,
1.0, 0.5 mm Individuals.
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As long as stocked salmonids reduce planktivore densities and thus
permit the maintenance of large zooplankton, native species may compete
well with alewife, Intense competitive interactions between alewlfe
and native species are possible but the competitive advantage may well
be based on relative foraging abilities which are dependent on the sirze
frequency distribution of available prey. IntensTty of competition is
also dependent, of course, on the extent to which resources are
limiting. Other factors, such as weather or predation on eggs and
larvae, may help determine year c¢lass strength of Lake Michigan fishes,
but these mechanisms are poorly documented at present. The hypothesis
of shifting competitive balance may explain the sort of complementary
dynamics often seen among Lake Michigan planktivores.

Ontogeny and Resource Partitloning

Unlike many birds and manmals from which the early generalizations and
hypotheses regarding competition and resource partitioning were derived
{Schoener 1974}, fishas do not enter the competitive arena at near
adult size, As fishes grow and develop, their diet and habitat
preferences shift. Small fishes may experience intense competition
with larger fishes and those interactions may well be asymmetrical,
favoring large fishes. These interactions may thus create ''competitive
bottlenecks' for small! fishes which result from both intra and
interspecific effects (Werner 1979).

0f course, small fishes are also subject to predation by larger fishes
including conspecifics., |f competition reduces growth rates, then
predation effects would likely Tncrease since young fish remain In a
vulnerable size range for a longer period of time.

These observations suggest that increasing emphasis must be placed on
species interactions and on the early life history of fishes (cf.
Steele et al. 1930). Comperition probably regulates resource subdivision
among adult fishes, but relative abundance of fishes is probabiy
determined earlier in the life history,

Young fishes (larvae and juver!lles) may be highly influenced by

physical factors, such as weather, as well as predation and competition,
Even in the intensively studfed northern anchovy (Engraulis mordax) ,

it is difficult to be certain Just what rites of passage face potential
recruits (Hunter 1980}, Ecological theory regarding interactions in
slze-structured communities is essentiatty lacking, though optimal
Foraging theary (Werner 1979) may provide 2 good start toward
interpreting these interactions.
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Does Resource Partitioning Have
A Descriptive Null Hypothesis?

Alfred W. Ebeling and David R. Laur
University of California, Santa Barbara

Introduction

In the strict sense, "resource partitioning" by members of a feeding
guild of fishes implies that the species actively divide up food and/or
foraging space, either as a result of coevelved fixed traits or as
shifts in usage in direct response to the presence of others (e.g.
Schoener, 1974; Benson, 1978). Consequently, the members' diets,
feeding behaviors, and/or foraging spaces differ descriptively. The
members may have diverged in either or both of two ways to reduce
competitive interactions: shifting to different parts of the available
resource spectrum and narrowing their choice of items (Abrams, 1981).
How are such shifts and specializations that reduce competition in
coevolived species distinguished from differences resulting from chance
divergences in species that have evolved independently?

411 descriptive studies of which we are aware indicate that members of
fish guilds differ in diet and/or microhabitat preference. It seems
unlikely, in fact, that different species would ever have identica)
patterns of resource use. Hence, we need an objective method by which
to accept or reject the null hypothesis that chance explains the
observed differences.

Does resource partitioning have a descriptive null hypothesis? Several
have tried to create one by randomizing the degree of resource overlap
among guild members to form "null quilds" (Sale, 1974; Pianka et al.,
1979 Joern and Lawlor, 1980; Lawlor, 1980). The average averlap among
null guilds is used to indicate the degree of difference among guild
members that is expected by chance. Relative to this standard, then,
average overlap in diet or foraging space among guild members may be
significantly smaller than expected, implying that members may indeed
partition resources; significantly larger than expected, implying that
they “converge"ir resource use; or not significantly different from
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expected (random), indicating that there is no good reason to believe
they do either {Sale, 1974}.

However, Abrams (1981} discounted the descriptive concept as a hypo-
thetical “"catch 22." An unbiased null hypothesis should ba independent
of the observed data. For example, Lawlor's (1980) "least realistic"
randomization procedure is unbiased because it assumes that any species
may use any or all resgurces in proportions (or, better, electivities)
varying from 0 to 1. But there is no good reason to assume that each
species could ever exploit all resources equally or exploit any one
resource to the exclusion of al) others. This compels one to derive
null guilds more realistically; they should relate to the observed set
of species and not to all possible sets. Herein lies the catch.
Realistic procedures, which randomly reorder the observed electivities,
are biased because they produce null hypotheses that are not indepen-
dent of the observed data. They test for resource partitioning by
dispersion of resource peaks only, because only the observed electiy-
ities are used i1 the model; they cannot test for partitioning by
narrowing of nicae span {(no. of resource items used). Vet in all
likelihood respurce partitioning may have resulted in the loss of
coexploited items from different diets. Metaphorically, Colwell and
Winkler {in press) called this bias the "Narcissus effect” because
results of past competition are masked by their own reflection in the
present "post-competitive pool."

Abrams (1981) concluded that to obtain evidence of altered patterns of
resource exploitation in response to competition, one must determine
patterns that would occur if there were no competition. This implies
a comparison of species' realized and fundamental niches (Hixon, 1980).
Thus the null hypothesis would no longer be descriptive (based on
original diets or distributions). Instead it would state that mean
overlap among fundamental niches does not differ from that among
realized niches. But fundamental niches--the species' potential
explaitive abilities in the absence of competitors--are usually unknown,
because their measurement requires difficult manipulative experimen-
tation (Hairston, 1980; Connell, 1980) and/or extensive comparative
studies of species in areas with and without ather guild members
{Hixon, 1980; Schmitt and Coyer, unpubl. ms.).

Hence a test for anticompetition (partitioning due to evolution ta
avoid competition) within a foraging guild of fishes by descriptive
null hypothesis requires questionable assumptions that: 1) the
"neutral model" creating the standard does in fact properly randomize
an indicator of resource partitioning; 2} the species' realized and
fundamental niches do not differ in response to competition--i.e.
their foraging traits are genetically fixed; and 3) observed resources
are the most critical ones and are measurable in a biologically mean-
ingful way.

Laur and Ebeling (unpubl, ms.) provided evidence that assumptions 2
and 3 are reasonable when applied to a feeding guild of 5 epibenthic
species of viviparous surfperches (Embiotocidae?, which coexist in a
semi-isolated area of reef and kelp (Naples Reef) off Santa Barbara,
southern California. Relative to assumption 3, all exploit the same
forage base of small prey inhabiting a "turf" of attached animals and
plants covering much of the reef bottom. Thus turf and the space on
which it grows are essential resources, because the fish have few if
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any other sources of food. Since this forage base is concentrated and
circumscribed, it is relatively easily samplied in random fashion.
Relative to assumption 2, several studies indicate that the foraging
behavior characterizing each of the 5 species does not vary appreciably
among geographic localities and habitats (Quast, 1968; DeMartini, 1969;
Alevizon, 1975; E1lison et al., 1979; Haldorson and Moser, 1979: Laur
and Ebeling, unpubl. ms.; Schmitt and Coyer, unpubl. ms.; D. Stouder,
pers. comm.). Hence, there is good reason to believe that their
feeding trafts are relatively fixed.

Consequently the surfperch guild seems ta be an adequate subject for
examining resource partitioning from a descriptive viewpoint. The
purpose of the present study, therefore, is to investigate assumption 1:
that the randomization procedure we used produced a meaningful null
hypothesis.

Methods

Dietary overlaps among surfperches were computed from electivity values
for 10 “{tems of food value" (worms, bivalves, amphipods, etc.)
determined from gut-contents relative to benthic samples of “turf"
{prey "availabilities"). Overlap in foraging space was calculated from
electivities for the number of bites that fish took of turf in 5 micro-
habitat categoriet (reef crest, slope, flat, etc.) relative to areal
extents of these microhabitats (foraging-space "availabilities"). Fish
samples were of about 30 adults of each species (Embiotdca jacksoni,

E. lateralis, Hypsurus caryi, Rhacochilus toxotes, Damalichthys vacca)
speared or observed during spring and summer, 1973; turf samples were
of 12 randomty placed guadrats of scrapings collected during the same
period (details in Laur and Ebeling, unpubl. ms.).

To construct a nu'l hypothesis, we chose Sale's (1974) method for
computing random overlap because it is most realistic (details of
method in fig. 1}. [t preserves the observed pattern of each species’
resource use, leaving only the positions of these patterns on the
availability spectrum {thelr degree of overlap) to randomize. Percent
volumes of prey items are converted into electivities, which are
directly proportional to the percentage use of each resource item if
all items {foods, microhabitats) are egually available {Schoener, 1974,
Lawlor, 1980}. The species' dietary and foraging-space spectra are
expanded percentage-wise to 100 items based on an eguivalent array of
hypothetical "equally-available resources." This process was repeated
for all 10 pairs of 5 species to construct a null guild of 10 overlaps
between randomly placed species arrays of electivities. Then 100 such
guilds were computed; mean overlap was determined for each (fig. 1,%);
and observed overlap was compared with the distribution of means of
null guilds in Monte Carlo fashion {Jeorn and* Lawlor, 1980).

Results

Relative to the null hypothesis of random overlap, the surfperch guild
appeared to converge on resources at Naples Reef, in the sense that
most members selected the same prey (e.g., fig. 1, items 5, 6, 7, all
amphipods) from the same {richest) microhabitats {Laur and Ebeling,
unpubl. ms.}. For both diet and foraging space, average observed
overlap significantly exceeded random, as indicated by its position
well beyond 95% of the averages of 100 null quilds.
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Figure 1. Construction of null guilds of hypothetical surfperches with
random dietary overlaps (Sale, 1974), exemplified by observed diets
of two species (1,2). As indicated by lines leading from upper
columms of numbers to lower rectangles, observed percentages of 10
prey items are converted into electivities of 100 equally-availabie
items by subdividing each (e.g. species 1, second column = 11.4)
into the number (32? of equal parts {each = .36) corresponding to
the item's availability. The observed overlap (observed PS} is
calculated as percent similarity: _p;mi"(elj’EZj} where te is the jth

equal part (el=ctivity) for species 1. From the original arrays of
electivities (upper pair of rectangles), hypothetical 'species’ are
created by choosing an electivity at random {(black triangle) for
each species and realigning arrays at that point (lower pair of
rectangles), and random overlap (random PS) is computed in the same
way as observed. Average overlap for a null quild (1) is obtained
from the sum of random overlaps over all 10 pairs of 5 species.
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Construction of guilds
of hypothetical surfperches
with dietary spectra dispersed
(B} and then narrowed (Cg.
exemplified by cbserved diets
(A) of two species (1,2). As
indicated by arrows betweern
arrays A and B, items with
largest percent volumes in gqut
contents are shifted such that
they are juxtaposed within rows
{species} but not coincident
between rows. After spectra
are dispersed (B), diets are
narrowed by remeving and adding
the second largest values (bar,
minus, between B and C) to the
largest pair {bar, plus} to
create array C combining
dietary dispersion with special-
jzation. The transformation is
depicted by parting but not
distorting curves ?see text)
representing spectra of species
1 and 2 (A to B), which results
in a decrease of average per-
cent similarity between the two
species from 56% (Al,AZ) to 38%
(B1,B2); then distorting the
parted curves {B to (), which
results in a further decrease
to but 6% {C1.C2).
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Given this observed outcome, therefore, manipulations of the species’
arrays of resource usage provided the only means of evaluating the null
hypothesis relative to possible outcomes of resource partitfoning
(details in fig. 2). More or less subjective representatfons of the
observed as well as the two hypothetical outcomes are exemplified as
curves of prey usage for species 1 and 2. To simplify, these curves
were forced onto a one-dimensional availability spectrum, even though
the characteristics of the taxonomically-grouped prey items are muTti-
dimensional: size, hardness, distribution (e.g. tube mats for gammarid
amphipods, cobbles for crabs and worms, etc.). For the whole guild,
this manipulation decreased mean overlap (PS) from the observed 37.32%
(fig. 3A) to a hypothetical 23.4% (3B), which simulates partitioning

by dispersion of usage only, and further to only 6.9% (3C)}, which simu-
lates partitioning by specialization as well.

The cutcomes were similar when these procedures were applied to forag-
ing space {percentages of total feeding bites taken in different micro-
habitats). Because microhabitat categories numbered but 5 (compared to
10 prey items), the analogous manipulations were of single values
instead of ordered pairs. Even so, decreases of mean overlap in forag-
ing space are of the same order as those for diat: from 48.9% for the
observed quild (fig. 4A) to 32.9% for the hypothetical guild simulating
partitioning by dispersing usage spectra (4B), and to only 12% for the
guild simutating partitioning by dispersing and narrowing spectra (4C).

Discussion

Thus the descriptive null hypothesis may be meaningful if rejected but
not if accepted. In addition to the statistical criterion, there is
good binlogical reason to reject the null hypothesis in the real
example in favor of the alternative that the surfperches “converge" in
resource use, All five species select small prey from turf in most
productive microhabitats about the reef crest and slopes. Four of the
five species eat mostly gammarid amphipods, and three of the four
amphipod-eaters have similar specialized mechanisms for "oral winnow-
ing" and spitting out the amphipod-tube houses and other inedible items
{Laur and Ebeling, unpubl. ms.}. These three appear to have convergent
or parallel adaptations in foraging mode. On the other hand, the
manipulation of real guilds to produce hypothetical ones revealeda bias
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toward accepting the null hypothesis. The statistical model did not
distinguish degree of overlap between dispersed spectra with usage peaks
positioned at reguiar intervals from degree of overlap between spectra
with peaks positioned at random. Only when specialization was added to
dispersion was "observed overlap” significantly less than random.

Besides showing this ambiguity, the descriptive null hypothesis may be
partly tautological in that it is generated from observed patterns
according to questionable rules of judgement as to what less-structured
patterns are (Colwell and Winkler, in press). We only suggest that to
completely fgnore descriptive outcomes that differ significantly from a
reasonably derived random expectation is "throwing gut the baby with the
bathwater." Such outcomes may be robust. For instance, other lines of
evidence substantiate our claim that surfperches with fixed foraging
traits do converge on resources at Naples Reef. Instead of diverging
in foraging space and/or diet during an extended period of ecological
crunch as predicted by partitioning, they have tended to emigrate
rather than alter their foraging behavior {our recent observations;

D. Stouder, pers, comm.).
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Community Regulation and Patterns
Of Resource Partitioning

Gary ). Grossman
Universily of Georgia

Introduction

Since MacArthur's (1958, 1972) and Hutchingon's (1959} seminal work on
resource partitioning, many researchers have assumed that this process
is the primary mechanism facilitating coexistence In animal assemblages
and communities. Numerous empirical studies support this belief (Colwell
and Fuentes 1975), including Schoener's (1974} claasic review, which
demonstrated that species frequently appeared to partition one of three
resources: 1) space (i.e. macro = or microhabitat), 2} food, or 3) time
of resource utilization (although this can only cccur in resources which
are non-depletable such as space). These data, combined with consider-
able, though non-independent, mathematical evidence (MacArthur and
Leving 1967; MacArthur 1972; Pielou 1974, 1977; Roughgarden 1979) have
enabled the resource partitioning concept to achieve paradigm status
(sensu Kuhn 1970} in ecology. Consequently, we now have a large number
of completed, In progress, or proposed investigations, whose basic
degign consists of: 1) an attempt to detect differences in resource
utilization patterns of sympatric species, and 2) when differences are
found (and they irvariably are!) it is generally concluded that such
differences are responsible for the coexistence of species within rhe
asgemblage. Thes¢ studies typically last for one or two years and
frequently restrict sampling to favorable climatic periods (1.e. lare
spring, dummer, ard early autumn). Restricted sampling is not con-
sidered te be a problem, however, as an implicit assumption of the
resource partitioning paradigm is that communities are at equilibrium
(i.e. deterministically regulated, see Grossman 1982)}. Examples of thls
approach using stream fish assemblages are: Lotrich (1973} Mendleson
{1975), Gorman and Karr (1978) and Baker and Ross (1981), Gatz (1981).

While there can be no doukt that some systems are regulated through re-

source partitioning (Werner and Hall 1976, 1979; Werner 1977; Brock et
al. 1978) the convenience of this paradigm has greatly hindered the
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acceptance of contrary evidence (Strong et al. 1979; Strong 1980; Sale
1979, 1980; Anderson et al. 1981; Lawton and Strong 1981), In fact,
considerable data suggest that coexistence within many animal and plant
assemblages is primarily determined by environmental unpredictability,
rather than through biologically interactive processes such as resource
partitioning (kggling 1947; Dayton 1971; Sale 1977, 1980; Connell 1978,
1580; Birch 197$; den Boer 1979; Hubbell 1979; Sousa 1979; Grossman
1982; Grossman et al. 1982), 1If a substantial number of assemblages are
strongly affected by environmental stochasticity, then resource par-
titioning can nc longer be viewed as a general mechanism, due to viola-
tion of the deterministic assumption (Grossman 1982; Groasman et al.
1982). Consequently, it is necessary to ascertain the processes regu-
lating the structure of an assemblage before any conclusion can be drawn
regarding the role of resource partitioning in promoting coexistence
(Grossman 1982; Grossman et al. 1982).

It is the purpuse of this paper to demonstrate that the resource parti-
tioning paradigm, and its supporting deterministic framework, are inca-
pable of explaining patterns of aggenblage and trophiec structure ob-
served over a twelve year period in an Indiana stream. The main results
of thls paper are derived from a more detailed analysis of the effects
of stochasticity on structural and functional relationships in stream
fish assemblages (Grossman et al. 1982).

Methods

Otcer Creek, the stream investigated, was located on an upland-low~
land ecotene in Vigo Co., Indiana. The study area consisted of a 120
long by 23 m wida section of stream located helow 2 small mill dam. The
substrate was diverse and consisted of bedrock, rubble, gravel, and in
slower areas, sand and silt. This type of habitat is present in many
midwestern streams.

Sampling consisted of seining the study site from the lower to
upper teachesg, until a numerical abundance estimate could be made for
each species. Tw ensure limited bias in collections, one person (J. O
Whitaker Jr., Dept. Life Sciences, Indiana State Unlv., Terre Haute)
supervised all sampling and abundance estimates. A total of 27 collec-
tions (four gpring, seven summer, and sixteen autumn) were made from
1962-1974. During this time there were no visibly apparent changes in
the physiognomic character of the study site. After identification and
enumeration, specimens were almost always returned to the stream alive.
There is little reason to suspect that sampling had a significant effect
on structural or functional relationships within the assemblage (Crossman
et al. 1982).

Experimental Deslgn

The resource partitioning paradigm is part of a broader class of
ecological theories which can be categorized as deterministic {see
Grossman 1982; Grossman et al. 1982}, In short, these theorles suggest
that most assemblages or communities are persistent (i.e. the relative
abundances of specles comprising the assemblage remain relatively con-
stant). Hence, specles must either partition limiting resources or
suffer extinction [although other determiniatic possibilities occur
(Grosaman 1982; Crossman et al. 1982) this mechanism is most common ] .
However, an alternative stochastic theory suggests that assemblages are
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primarily regulsted through stochastic or periodic environmental discurb-
ances (Andrewartha and Birch 19543 Sale 1977, 1980 Connell 1978, 1980;
Birch 1979; Lawton and Strong 1981; Grossman 1982; CGrossman et al. 1982;
Sale and McB. Wil.iams 1982). These purturhations prevent pepulations
from reaching densities at which competition and its consequent, re-
source partitioning would oceur. As a result, species ceoexistence is

not dependent upon the evolution of resource partitioning mechanisms.

These opposing thecries make distinct predictions with respect to
the stability of assemblape structure. Deterministie theory, as applied
to non-successionsl systems, predicts that assemblage structure will be
persistent (Grossnan 1982; Grossman et al. 1982) (and this is a neces-
sary condition for rescurce partitioning studles where limiting re-
sources are not quantified) while stochastic theory predicts rhat assem-
blage structure w.1l not bhe persistent (Grossman 1982; Grossman et al.
1982). T was interested in identifying which model best fit the Otter
Creek assemblage and comparing trophic structure patterns with those of
assemblage structure. Trophic structure data vere examined for two
reasons. First, It has been suggested that even If the gpecies composi-
tion of assemblapes does not stay constant, the trophic structure may
remaln so {Heatwole and Levins 1972; Moyle and Li 1979). This would
produce a deterministically regulated assemblage with respect to trophic
organization, even though assemblage structure would appear stochastic.
Second, with prior knowledge of the persistence of assemblage structure,
i wished to derermine whether it would be pussible to erroneously clas-
sify the assembhlage by exclusively using trophic structure data.

To quantlfy the persistence of asgsemblage structure I compared the
relative abnndances of the ten most abundant species from sequential
ammual collections for a given season., A distribution-free, multl-
gample rank correlation statistic, Kendall's-W was used for significance
tests. 1f an asscmblage is persistent, a significant correlation should
exist between the relative abundances of species from sequential sea-
sonal cellections. If this occurred it would then be appropriate to
make inferences ragarding coexistence from the resource utilization
data., However, tae documentation of persistence of trophic structure,
would alego wvalidate inferences of a coexistence mechanism from resource
utilization data. For the test of persistence of trophlec structure,
species were clasgified as belonging to one or more trophic groups using
published information or unpublished data {(see Grossman et al. 1982).
Each collection was divided into the percentage comprised by each trophic
group and these data were plotted graphically. Due te an Inherent
inaccuracy in Kendall's-W (i.e. increased chance of Type 1 error} this
statistic was not used for the test of persistence of trophic structure.
A visual assessment was used to ascertain whether or not sequential
seasonal trophic structures were correlated. A comprehensive discuesion
of the study site, experimental design and methodology, and statistical
procedures is presented in Gressman et al. (1982).

Results

For brevity, only results for Autumn collections are presented
here. Results for Spring and Summer collections were identical te those
for Autumn {Grossman et al. 1982)., The test of assemblage persistence
showed that a significant correlation did not occur between Autumn
collections from different years (Table 1, W = .121, d.f. = 10, 12,
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Table 2

Assipgnation of speciles to feeding groups {from Grossman et al. 1982).
Included are: 1) seasons of occurrence for species, 2) mumber of studies
utilized in the evaluation, and 3) the quality of the investigatfcns.

See Grossman et al. (1982) for further details.

Quality Grougs1

Species Stugies Siidy 12345678 Season
Ericymba buccata 5 4 X X Sp, Su, Au
Etheostoma blenninides 2 3 X Sp, 8Su, Au
Notropis chrysocephalus 8 4 X Sp, Su, Au
Notropis spllapterus 4 4 X Sp, Su, Au
Notropis umbratilus 1 3 X Sp, Su, Au
Sematilus atromaculatus 7 4 X ¥  Sp, Su, Au
Etheostoma nigrum 4 3 X X Sp, Su
Pimephales notatus 7 4 X Sp, Su, Au
Etheostoma caeruleum 3 3 X sp, Au
Hybognathus uchal:s 1 2 X Su, Au
Hypentelium nigricans 2 1 X X Su, Au
Lepomis macrochirus 5 [A X XX Su, Au
Notropls atherinoides 3 4 X Su, Au
Notropis stamineus 3 3 X Sp
Etheostoma flabellare 6 4 XX Sp
Campostoma ananaium 3 3 X Su
Noturus miurus 1 3 X X Su
Phenacobius mirahilis 2 3 X Au

lFeeding groups are as follows: (1) Surface feeders, (2) Water columm
feeders, (3} Small benthos feeders (soft substrate), (4) Small benthos
feeders (rocky substrate), (5) Ooze feeders, (6) Algae feeders, (7) Macro-
carnivores, (8) Cmnivores.
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Figure 1: Trophic structure of the Otter Creek fish community for
Autumn samples {from Grossman et al. 1982). The percentage of the total
community comprised by each trophie group Is shown In the hisctogram.
Feeding groups are as follows: 1)} surface feeders, 2) water column
feeders, 3) small benthos feeders (rocky substrate), 4) small benthos
feeders {soft sutstrate), 5) ocze feeders, 6) algae feeders, 7) macro—
carnivores, B) omnivores. Information on grouping procedures and refer-
ences used for trophic classification can be found in Grossman et al.
(1982).
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2> p>.1). Ia addition, there was no evidence of multiple equilibria
or cycles. This Finding is statistically conservative as Kendall's-W is
subject to an increased probability of Type | error (Grossman et al.
1982).

Assemblage trophic structure alsc exhibited no evidence of persist-
ence, multiple equilibria, or cycles (Table 2, Fig. 1)}. This documents
that no conclusions can be reached regarding the role of resource par-
titloning in the maintenance of assemblage structure, Furthermore, the
combined assemblaye and trophic structure data Imply that resource
partitionlng plav:e a nepgligible role, if any. While this seems unmistak-
able, it is alsc clear that if an investigator examined this assemblage's
trophic structure in one, two, or even three years, a very different
conclusion might be reached. This could vccur because almost all feed-
ing groups are present in most samples (Fig. 1). Consequently, a re-
searcher employing the resource partitioning paradigm could easily
deduce that this cssemblage was regulated through deterministic factors
(i.e. resource partitloning), because the coexisting specles generally
consume different prey (Table 2, Fig, 1). While anomalous years de
vccur (e.g. 9&11-66, 11-67, 9-71, and 9-74) even these can be explainaed
away; although one species (and as a result one trophic group) dominates
the assemblage, tte remalning specles still rely on distincr food sources
(Table 2, Fig. 1). This inexcrably documents the dangers inherent in
the resource partitioning paradigm.

Discussion

The resource partitioning concept has proven to be a fruitful theo-
retical construct for much of ecology (MacArthur 1972; Pielou 1974,
1977; Roughgarden 1979). However, this paradlgm is suffieiently ambig-
ucus to accommedate most, if not all, sets of rescurce utilization data,
regardless of whether or not resources are actually being partitioned.
The results from the Otter Creek fish assémblage demonstrate the fol-
lowing: 1) neirher assemblage nor trophic structure were persistent
over a 12 year period, and 2) when trophic structure data were viewed
alone, it was possible to mistakenly conclude that resource partiticning
occurred. These findings are significant because they document viola-
tion of deterministic assumptiong {mplicit in the resource partitioning
paradigm. While it can he argued that this is a tvivial result, pecul-
iar to Otter Creek, this ls not the cagse {Grossman et al. 1982). Tn
fact, many streams appear to be strongly influenced by stochastic factors
(Starrett 1951; Larvimore 1954; Larimore et al. 1059; Deacon and Minckley
1976; Matthews and Maness 1979; Grossman et al. 1982; Macchews 1982).
Thus, it is probably inappropriate to evaluate the role of resource
partitioning in the maintenance of assemblage structure without first
demonstrating that deterministic regulation occurred. This result may
be applicable to other stream taxa {Grossman ct al. 1982) as several
studies of macroinvertebrates also document a paucity of communitv-level
responses toe environmental factors Resh et al. 1975; Friberg et al.
1977; Reice 1980; Crossman et al. 1982).

Tn descriptive studies of assemblage regulation it is necessary to
establish that: 1) the study site elither represented a random sample of
an assemblage or comprised an entire assemblage, and 2} the time of the
investigatlion was sufficient to detect the effects of bouts of episodic
recruitment and catastrophic mortality (Davis and VanBlaricom 1973;
Dayton and Oliver 1979). To satisfy the first prerequisite; life hlstory
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studies by many workers strongly imply that most assemblage members
would have spent the majority of their lives within the 120 m by 23 m
study site (Grossman et al. 1982). Hence, the atudy aite adequately
delimited an assemblage (Grossman 1982). Secondly, with respect to time
scale, the twelve year study period was three to four times the mean
lifespan of assemblage members {Grossman et al. 1982). Consequently, if
episodic recrultment or mortality played 2 major role in the dynamics of
this assemblage it would have been included in our investigation.

The purpose of this paper is to illustrate the Inadequacy of deter-
ministic theory, and the resource partitioning paradigm in particular,
in interpreting assemblage and trophic structure relationships in an
Indiana stream fish assemblage. Such a demonstration is made necegsary
by investigators who imply that stream fish assemblages are regulated
deterministically (Sheldon 1968; Zaret and Rand 1971; Lotrich 1973;
Mendelson 1975; Gorman and Karr 1978; Page and Schemske 1978; Gatz 1879,
1981; Baker and Ross 1981). In virtually all of these cases, infer-
ential rather than direct tests of assemblage regulation were utflized.
As previously noted, such inferences are not logically valid (Crossman
1982; Grossman et al. 1982). The parcitioning observed in these studies
may merely represent anatomical, behavioral or physicloglcal, evolu-
tionary constrain:s which do not involve Inter-specific competition (L1
1975; Gould and Lewontin 1979). While short term {cne-two year) resource
utilization studies can quantify how resources are utilized within
assemblages, 1t is my contention that extrapolation from such data to a
mechanism of comnunity regulation is inappropriate. Similar conclusions
have been reached by other investigators for related areas of ecological
and evolutionary cheory (Dayton 1973; Connell 1975, 1978, 1980; Peters
1976; Comner and Simberloff 1979; Dayton and Oliver 1979; Gould and
Lewontin 1979; Strong et al. 1979; leving and Lewontin 1980: Simberloff
1980; Strong 198D, if.awton and Strong 1981; Grossman 1982: Grossman et
al. 1982; Sale and McB. Williams 1982},
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Resource Partitioning in a Non-coevolved Assemblage
of Estuarine Fishes

Peter B. Moyle, Bruce Herbold, and Robert A. Daniels
University of California. Davis

Introduction

An assumption implicit in most studies of the food habits of coexisting
fishes is that the different species avoid competition by eating
different things. A further assumption is that the differences in
feeding habits abserved within any group of fishes (“"community") will be
the result of the coevelution of species and be reflected in their
morphological differences. It is not surprising, then, that bieologists
studying the feeding habits of fishes tend to be impressed by the
differences among species, rather than the similarities. In a somewhat
¢ircular fashion, they then use these differences as support for
interpreting their fish communities as being deterministic in structure
(see Connell 197& for a discussion of the various alternative models).
However, recent studies indicate that the structure of at least some
fish communities is not highly predictable so that they fit stochastic
models of structure, despite the ceoexistence of presumably coevolved
species (e,g., Sale 1977; Grogssman, this volume).

An opportunity to test the contrasting views of community structure
became available to us when we began a long term study of the fishes of
the Sufsun Marsh in January 1979. This fish community is made up of a
mixture of native and introduced species of both marine and freshwater
origins, Although it was obviously not a coevelved community, the wide
variety of body morphologies present suggested that it had the
attributes of a deterministic fish community. In order to gain an
understanding of the community structure we have been intensively
sampling the marsh to determine patterns of residency and habitat
utilization. We have also been analyzing the feeding habits of the
fishes.

Our study is stil) underway. Nevertheless, the first three years of
data allow us to present some gualitative results and to use them as the
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basis for a discussion of some of the problems invalved in the study and
interpretation of fish communities.

Study Area

The Suisun marsh is located in the upper reaches of the Sacramentc-3an
Joaquin estuary system, and is adjacent to Suisun Bay which is above the
saline San Pablc Bay but below the freshwater delta region. It is the
largest brackish water marsh in California and one of the largest in
North America. 1t consists of 34,000 ha of marsh, through which flow
many kilometers of shallow tidal sloughs. The depths of the sloughs
vary with tidal height and season but in most areas average depths are
1-3 m. Many of the smaller sToughs are completely drained by extreme
low tides. Temperatures show a strong seasonal pattern, with Jows of
8-10°C in December and January while highs of 22-24°C occur in August
and September. During most years salinity also varies with season, from
1-2 ppt in late winter to 8-15 ppt in late summer. Salinities also vary
with Yocation. Sloughs closest to Suisun Bay are generally most saline,
while those with streams flowing into their upper reaches can be nearly
fresh, Turbidity is high all year, with Secchi disk transparencfes of
8-45 ¢m, Althougnh the marsh today is superficially similar to the marsh
of 100 years ago, it is in fact a highly modified and managed system,
Most of the channels have bzen dredged at one time or another, or have
been confined by levees. The main reasen for this has been to prevent
uncontrolled flooding of the marsh Tands, which are intensively managed
for waterfowl. The amount of water released from wupstream water
projects has amn indirect but important effect on water quality in the
marsh, particularly in the late summer. Paollution also affects the
marsh, most directly in the case of secondarily treated sewage flowing
into one of the sloughs from the c¢ity of Fairfield.

Methods

The sloughs were sampled with a 4.9 m otter trawl with 3 mm stretch mesh
at the cod end. Of 958 trawls all but 25 were made in 20 sampling sites
that represented a range of conditions in the marsh. Some collections
were also made at selected sites with a 10 m minnow seine. AlIl fish
were 1identified to species and large samples measured {SL}.
Most fish were returned alive to the water except for those used for
stomach content analysis which were either frozen with dry ice or
preserved in 4% formaldehyde. Macroinvertebrates, (Pateamon, Crangon,
and Rhithropanopeus) taken in the trawls were counted. The abundance of
Neomysis mercedis was estimated on a 0-5 scale where "0" represented
complete absence, "3" moderate abundance (50-100 individuals) and "“§"
extreme abundance (over 500 individuals).

Samples were tzken on a monthly basis through 1979. From January 1980
through June 1981 we sampled on a biweekly basis, Currently we are
again sampling at monthly intervals. When possible salinity,
temperature, tidal helght, water transparency, and turbidity were
measured in conjunction with each trawl.

Results
We have collected 39 species of fish from the marsh, of which 16 were
abundant enough to make a dietary analysis meaningful {Table 1). Of the

39 specfes, only two (delta smelt and splittail) are endemic to the
Sacramento-5an  Joaquin  aestuary. Eighteen of them are introduced
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Tabie 1, Fishes of Sulsun Marsh, 1979-1981, ranked by order of abundance In +rawl
catches, and their percent (%) contribution by number to the catch, thair
status (5) as resldants of the marsh (R = resldent yesr arcund: 55 = spring
seasonal; W3S = winter seascnal; O = occaslonal visltor; 7 = pattern
uncertalnt their ecologlcal classlfication (C) In relation to use of astuaries
(TE = 4rus estuarine; EF = auryhallne freshwater; 5F = stanchallne
freshwater; FEM = auryhallne marine; SM = stenohal Ine marine, A =
anadromous), and the reglon to whlch tha specles fa native, For Introduced
specles, the data given under the last column is tha mpproximats ysar they
becama part of the marsh flsh fauna, Specles nemes fol lowsd by an asterisk
(*) mre probably under-regresented in the trawl catches,

Rank Spacles £ s ¢ Native Reglon

1. $triped bass {Morons saxatllis) 28 R TE  Atlantic coast (1880)
2. Splittail (Pogonfchthys macrolapldotus} 18 R EF  Central Callfornia
2, Thraesplne s?ic“e%k (Casferosteus aculeatus) 16 R EF  Paclfic coast

4, Tule perch (Hysterocarpus Frask 5 R EF  Central Callfornia
£. Longtln sme plrInchus Fhalelchthys}® 8 W TE Pazltle coast

6. Prickly sculpln (Cottus asper) 6 R EF Pacitic coast

7. YallowfIn goby {Acantho oﬁius tlavimanus)® 3 R TE  Japan (1965)

B. Sacramentc sucker {Latos on‘y_§_ occldentalisi® 3 8 SF Ceniral Calitornla
9. Common carp (Cyprrinus carplo 2 R EF  Asla (183)

10, Staghorn sculp!n {Leptocofttus armatus) 2 55 DM Peclflc coast

11, Starry floundaer (Ptatlchthys steliatus) 2 85 BM  Paclflec coast

12. Threadfin shad ([Dorosoma patenense! 1 WS EF  Southeast USA {1955)

13, Delta smelt (Hypomesus franspaciticus)* 1 W5 EF  Dalta

14, Sacramento squawfish [Flychochallus grandis)}* - $5 S Central California

15, American shad (Alosa sapldissimab* - WS TE/A Atlantic coast

16y Inland sllversido (Menldia beryiiina}® - R EF  Southeast USA (1975)

17, Goldfish (Carass|us aurafus] - R SF  Asla (1}

18, Hitch {LavInla exllicauda¥ - WS S5F Central Callfornis

19, Chinook safmon I_Hm:arﬁ hchus tshawytscha)® - 85 A Pac| fic coast

20, Saeramento blka mlcrelepldotus) - 8% 5F Centrat Calitornla

21. Paclfle harring “Clupea harsngus) - W5 BEM Pacltle coast

22, White cattish {|cFBlirus catus) « R? SF  Attantlc coast

23. Northern anchovy LEngrautis mordax) - W5 SM  Pacltlc coast

24, Black crapple {Pomoxts nlgomaculatus) - SF  Central USA (15100

25, Blusgll| {Lepomis macrochlrus) - 1 SF  Central USA (1910}

26, Fathemd minnow (Pimephsles promelas) - 1 S Central USA {1950)

27, Black bul lhead (‘?ﬁiﬁurus melas) - 1 SF Central USA {1875}

28, White sturgson (Acipensar fransmontanys)* - R TE  Paclfic cosst

29, Ralnwatar ikil1ifsh {Lucania garva!' - R TE  Atlantlc coast (1960)

30, Brown bullbesd { ctelurus nebulosus} - 1 SF Centra! USA (1875}

31. Paciflc tamproy 11La;geh'a tridantatai® - 1 A Pacific coast

32, Sanddab (Citharlchthys sp. - 0 SM Paclfle coast

33. Surf smeff I??oﬂasus retiosus} - 0 M Pacific coast

34, Green sunfls apom) s cyanal Tus) - 0 SF  Central USA (1895)

35, Shiner perch (Cyra gl:_&ggs er sgoragata) - 0 B Pacitic coast

36, Mosquitofish (Gambusia affinis)* - R EF Southeast USA (1925)

37. Goldan shiner {RoFemIgonus crysoleucas) - D SF Eastern USA (1900}

38, Warmouth (Lepomis gulosus] - 0 SF  Central uSA (1895}

39. Ralnbow trou aimo gairdneri) - 55 A Pacific coast

species, mostly freshwater species from the eastern United States.

Thirteen are native marine,

estuarine,

or anadromous species.

The

remaining 5 species are freshwater forms endemic to the Central Valley.
OnTy 11 of the species are present in the marsh all year round, while 14

occur seasonally.
muech about the timing of their use of the marsh,

true estuarine species.

The rest occur too infrequently in our samples to say

The location of the
marsh at the freshwater-saltwater interface is reflected in the presence
of 23 freshwater species, 7 marine species, 3 anadromous species and 6

The fact that 11 aof the freshwater forms are

rare indicates that these fish may have been flushed downstream into the
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Table 2.

In Suisun Marsh.

Humbsr of Jdietary overlap values greater than 0.50 (on a scale of 0.00 to

1400, wherso 1.00 Tndicetes complete overlap} among the more abundant specles

Values were determined with the Planks (1973) Index.

No. over laps
Abbrea— resi-  sea-

Common Name viation dents sonals Body form*® Feading Type
Residents;
Striped bass* 5B 2 4 Rovar-predator FPursuear
Splittail 5T o} 2 Bottom rover Omn jvore
Tule perch i 0 0 Oaep-bodied Benthic plcker
Prickly sculpin ScP D Q Bottom cllngear Ambusher
Ye!llowfin goby* TG 3 3 Bottom clinger Ambusher
Threesplne stickleback 578K 2 1 Rover=predator Banthic picker
Seasonals;
Longfin smelt LFS a 0 Rover-predator Planktivore
Sacramento sucker SKR 4] 4 Bottom rover Datritivere
Staghorn sculpin STAG 2 5 Bottom clinger Ambusher
Starry figunder SF 3 4 Flatfish Ambus har
Threadfin shad* TFS 4] | Deep-~bodied Plankt [vore
felta smalt .3 b4 4 Rover-predator Planktivore
Sacramento squawtish 5Q o 1 Rover=pradator Pursuar
Amer ican shad* AMS 2 4 Deep-bod [ad P lanktivore
Inland sllversides® MS3S 4] 1 Surtace oriented Insactivore
King salmon KS 0 1 Rover=-predator Insect | vora

% Introduced species
**From Moyla and Cach (981

marsh. However, some of these “rare" forms have been abundant encugh in
the recent past <o support fisheries for them. The paucity (3) of
native estuarine species presumably reflects the young geologic age of
this system (Atwater 1979),

Examination of the diets of the common fishes of the marsh indicates
that there is a great deal of dietary overlap (Table 2). A major
contributor to this overlap is the opossum shrimp Neomysis mercedis,

which seems to be "superabundant" seasonally and so not a Timiting
resource at those times (Brown et al. 1881). The impeortance of
N. mercedis is alsg reflected in the dincrease in both numbers and

species of fish that accompany the annual increase in N. mercedis
numbers (unpublished data}. Other prey types used by several species are
planktonic crustaceans and benthic amphipods {particularly Corophjum),
Large crustaceans (Crangon, Paleamon, and Rhithropanopeus) and moliuscs
are abundant in the marsh but rare in the stomach samples. There appear
to be four basic feeding guilds of fishes in the marsh: (1) a
bottom-griented guild eating primarily N. mercedis and Corephium, (2)
an edge-oriented guild feeding on cladocerans and finsects, {3) a
midwater plankton feeding gquild, and {4) a piscivorous gquild.
Presumahly, the potential for competitive interactions are greatest
among members of each quild.

When dietary overlaps between species are examined (Tables 2, 3) the
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Table 3. Relative uso?e of prey Items by the more abundant fish species. Both praey
specles and fish specles are ranked by sbundance. Abbreviatlons as in
Tetle 2, oxcept Y = young, A = adult,

SBY S3A STY STA STBK TP LFS SCP YFG SKR STAG SF TFS DS S0 AMS M55  KS

M, mercedis X X X XX XX X ¥x ® XX
Corophlum X% %
Amph ipods XX
Polychaeta X
Chironom|ldae X
I sopoda X
Copapodsa:

harpacticoid X X

eyclopoid X b3 %

catanold XX X
Cladocera X
Other Dlptara X
Fish XX H % XX
Substrate

and Debris XX X x

o}

XX = 50% of diet by volume.
X = 10-508 by volums,

following patterns can be noted: (1) the lowest number of overlaps
occurs among the resident species and those overlaps that exist involve
exotic species. {2} The planktivorous species show the greatest degree
of overlap, whether native or exotic. However, planktivores also tend
to be highly seasonal in occurrence, presumably reflecting seasonal
peaks in zooplankton abundance, (3) There is considerable overlap in
the diets of seasonal species.

Discussion

From data gathered sc far, the fish community of Suisun marsh appears to
fit a deterministic model of community structure better than a
stochastic one, In the time scale of our study the marsh appears to be a
predictable systam because: {1} The resident species have shown no
shifts in relative abundance that could not be attributed to sampling
errer.  (2) Mamy species of fish appear to move into or through the
marsh on a2 seasoral basis but do not establish themselves. {3) There is
4 diversity of body shapes, whichis reflected in the high degree of
segregation in feeding habits. In addition, the observed dietary
overlaps are generally seasonal, especially when K. mercedis is

superabundant. {4) The structure and stability appear simiTar to those
of other Pacific coast estuaries (e.q., Levy, Northcote and Birch 1979),

On the other hand, there are strong indications that the community
structure we have aobserved for three years is likely to change: (1)
Many of the mos* abundant species are exotic, two of which {inland
silverside and yellowfin goby) have been in the marsh for less than 15
vears. Most dietary overiap among residents involve exotic species,
jndicating that competitive interactions may be taking place. {2) Prior
to the drought years of 1976 and 1977, during which the waters of the
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marsh maintained high salinities, exotic freshwater species were more
abundant in the marsh, especially white catfish, channel catfish, and
black crappie (unpublished data, Calif. Dept. of Fish and Game). The
marsh may, thus, be "recovering” from this disturbance. (3} The present
commupity seems to be one that thrives under conditions of predictable
apnual flectuations in salinity and temperature. It seems likely that
if the marsh recefves a more regqulated flow of freshwater the dominant
fishes will change dramatically. (4) The most abundant species in the
marsh, striped bass, appears to have suffered a declime in numbers
throughout the  3Sacramento-San  Joaguin  estuary {pers. comm. ,
D. Kohlhorst, Calif. Dept. of Fish and Game}. The second most abundant
species, the split<ail, may be declining also, as indicated by the great
decrease in its distribution over the last 100 years {Moyle 1980}, The
splittail may be repeating the history of other endemic fishes, the
Sacramento perch and thicktail chub, which are now both extinct in this
region. There is thus 1ittle definite that can be said about the future
of the Sufsun marsh fish commumity except that it is likely to change.

What lessons have we learned from the study so far? (1) General
conclusions about the structure of fish communities should be based on
long term studies, preferably several times the 1ife spans of the major
species. In the case of the Suisun marsh, three years has not been
enough time to draw any real conclusions. Because most of the species
11ve 3-6 years, a 10-20 year study is probably necessary. (2) Fish
communities cannot just be studied on nice summer days. Seasonal
species may provide important clues to the dynamics of the system.

{3) A fish community made up of morphologically divergent forms is not
necessarily elther coevolved or deterministic in structure. (4) Some
apparently desirable prey types may not be utilized by fishes, while
others may be eaten by almost every species. It seems to be possible to
have a fish community that exists on fewer major prey types than there
are abundant fish species. Thus, while extensive overlaps in diet may
be an indtcation of competition, it fs more 1ikely an indication of a
superabundant prey. {5) The interactions between native and exotic
species are not easily predicted, For example, in the Suisun marsh, the
most 1ikely competitor of the chineok salmon is the inland silversides,
a warm water planktivore, Likewise, the main prey of adult striped bass
in the marsh are threespine sticklebacks, which seem to be less
available than juvenile striped bass (a major prey in other parts of the
system) and the two smelt specties (rarely taken anywhere by bass),
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Large-scale Considerations in Studies of Resource
Partitioning

M. James Allen

Scripps Institution of Oreanography

Introduction

In a general sense, studies of resource partitioning are concerned with
how a pair of similar species or a group of species in a community or
taxocene divide available resources {i.e. food and space). In the
strict sense, competition is generally the impTied cause of these
differences in resource use, and frequently the differences are given
evolutionary importance (Schoener, 1974). Although some examples of
resgurce partitioning ameng a group of species may have an evolutionary
basis, others may merely be due to chance. Whether all examples of
resource partiticning among species in a community are Tikely to have

an evolutionary basis or not depends largely on the scale of perspective
from which the community is viewed. I believe that a failure to recog-
nize this difference in scale of community description often results in
conflicting views concerning the occurrence and meaning of resource
partitioning among species. This paper examines the differences between
large- and small-scale perspectives of the community and how these
differences relate to studies of resource partitioning.

Much of the discussion that follows is not new to ecologists. However,
some of the ideas relate to studies [ have conducted over the last 10
years regarding the organization of the soft-bottom fish fauna of the
southern California shelf. Details of these studies will be presented
in my Ph.D. dissertation entitled "The functicnal structure of the
soft-bottom fish communities of the southern California shelf.”

Although much of the following discussion can be applied to other com-
munities, this fauna has & number of characteristics which may differ
from those of communities in other environments (e.g. freshwater, deep-
sea, or islands). For instance, & large number of fish species are
taken in any given survey and these species are phylogeneticaliy very
diverse. The geographic ranges of most species are linear and parallel
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to the coast (mest terrestrial or open ocean geographic ranges have a
greater two-dimensional variability in shape). The shelf from 1O to
200m off southern California contains at least three depth or life
z0nes, with taxonomically different but ecologically similar species
often occurring in different zones. Few barriers to dispersion exist
within the geographic ranges of the species because most species have
planktonic larvae and/or wide-ranging adult stages. Except for intro-
ductions by man, invasions of the communities by rew species are Tikely
to occur only by species with contiguous ranges. In addition, the fauna
has probably been strongly affected by Pleistocene climatic changes.
These characteristics are probably typical of most coastal faunas.

Large- and Small-scale Perspectives of the Community

For many fisheries or environmentally related problems it is important
to know what species feed on different resources. The choice of species
for study may be based upon their commercial or recreational importance,
their proximity to pollution or other man-related disturbances, or prac-
tical considerations such as limited sampling time in seldom-sampled
environments. Fror studies where differences in resource use among
species are considered to reflect the process or result of evolution,
care must be taken to examine groups of species where such differences
may have evoluticnary importance. Resource partitioning among con-
generic and confamilial species may cften be interpreted as an outcome
of past evolution that reduces competition. However, rescurce parti-
tioning among species in any given assemblage may not be the result of
such coevolution, because many species in a local assemblage may have
their distributional centers elsewhere.

At any scale of investigation, species of organisms coexist with other
species of organisms and generally with other species of related taxa.
When viewed from the local perspective, each patch investigated will
generally differ in species composition from every other patch, but
some species will occur more often than others in these patches. When
viewed from the large-scale perspective, these commonly occurring
species will generally be found Jiving together over a large geographic
area. Sale and others (see Sale, 1980) have also made this distinction.
For the purposes of this duscussion, I will refer to this large-scale
perspective of the community as the biogeographic community and the
small-scale perspective as the local assemblage. Both will be re-
stricted to a given taxon, in this case fish. This eliminates consid=
erations of trophic levels above or below those of the taxon of concern
and allows one to focus upon the resource partitioning relationships of
phylogenetically similar species rather than upon trophic differences
among species that are very distantly related.

The biogeographic community

The biogeographic community consists of a set of species with broadly
overlapping geographic ranges, depth ranges, and habitat requirements.
These species commonly occur together over a broad geographic area and
probably have coexisted for a long time. Although net all its members
will necessarily be found 1iving together in a particular place at any
given time, the community can be described statistically using a cluster
analysis or other multivariate technique where the emphasis is placed
upon describing species groups as opposed to site groups. I prefer a
presence-absence similarity index (e.g. Fager, 1963) because some
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important community members may not be abundant or may have abundances
that are uncorrelated with other members. Alternatively, if sufficient
information exists on the geographic range, depth range, and habitat
requirements of the species {as might be found in field guides), the
biogeographic community can be qualitatively estimated by including all
species that broadly cverlap in these dimensions. One should remember,
of course, that the endpoints of a species' depth or geographic range
generally extend far beyond where the species is frequently and abun-
dantly found.

The species in these communities may be phylogenetically different. If
this is so, then other 1ife history attributes such as reproductive
mode, larval mode, or refuge requirements may be equally or more impor-
tant than competition-related niche differences such as microhabitat,
time of activity, and food or foraging mode (including behavicral, mor-
phological, and size differences; Allen, 1976) in determining which
species live together.

If the species are phylogenetically different, the body form was prob-
ably developed long ago. Of 44 families of fish collected from 344
otter traw) samples on the southern California sheif for my dissertation
study, 40 {91%) are found in the worldwide fossil record (Romer, 1966).
The earliest family {Chimaeridae) dates from the Lower Jurassic and the
greatest number of families {12, about 30%) date from the Eocene.

About B2% of the families fossilized had appeared by the Miocene. All
of the 32 fossilized demersal species found in a Pliocene deposit in
southern California exist today (Fitch and Reimer, 1967). Hence, niche
segregation ameng phylogenetically different species may be the result
of many millions of years of interaction among these species and amang
their precursors and other extinct species. Keast (1978} recognized
this historical contributicn te the bicgeographic community structure
of freshwater fishes in the Great Lakes region,

The Tocal assemblage

The local assemblage consists of whatever species ane finds in a small
aread. It includes some or all of the species comprising the main bio-
geographic community plus a number of species that belong to other such
communities with centers of distribution elsewhere. O0Of 123 species
taken in the aforementioned survey, 30 species {about 24%) comprised
seven recurrent groups that were distributed over three depth zones
(Allen, 1977}, These recurrent groups are regarded as an estimate of
the biogeographic community. Of the 93 remaining species, 56 (about
60%) were more common in other geographic areas (north or south), 56
{about 60%) were more common in other depth zones (shallower or deeper),
51 {about 55%) were more common on other habitats (rocky, kelp bed, or
pelagic), and 2 {about 2%), the Pacific hagfish (Eptatretus stouti) and
the spotted cusk-eel (Chilara taylori), are burrowers that are not well-
sampled by traw] while they are beneath the sediment. Note that some
species had combinations of the above differences {e.g. more common in
other gecgraphic areas and at other depths) which accounts for percent-
ages totaling more than 100%,

Primarily because the presence of incidental species varies from place
to place, the species composition of the local assemblage will also
vary from patch to patch. Some of the biogeographic species may also
be absent due to chance variability, day-to~day movements, and sampling
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error, or dug to unsuitability of the nabitat. The difference belween
the species composition of the local assemblage and that of the biogeo-
graphic community and the variability in species composition of the
local assemblage should be greatest near the edges of the habitats,
biogeographic regions, and depth zones.

Because many of the incidental species forage in a similar way as those
species comprising a given biogeographic community, the two kinds of
species may overlap broadly in diet. Since incidental species are not
commonly encountered by biogeographic community members throughout a
large part of their range, they probably do not affect the niche rela-
tionships among the biogeographic community members. They may, how-
evar, be important in determining the boundaries of the ranges of the
biogeographic species. Although they may have less influence on the
evolution of the bicgeographic community structure, they may depress
food supplies Tecally.

Summar

The evolutionary basis of resource partitioning among species in com-
munities defined from a large-scale perspective may differ from that
among species in a local assemblage. Resource partitioning among bio-
geographic community members may allow them to coexist over large areas
for long time pericds and hence may be the result of coevolutian.
Resource partitioning among many members in a local assemblage, however,
may simply reflect chance differences among species that happen to be

in the same area but which may have evolved independently in different
biogeographic communities.

Thus the large-scale geographic range, depth range, and habitat patterns
of the species should be considered when cheosing species from a local
assemblage for a rescurce partitioning study. Emphasis should also be
placed on these spatial patterns when examining resource partitioning
among members of a taxccene. In addition, these spatial niche attri-
butes should be considered when interpreting the results of studies
where these dimensions have not been considered.
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Session 111 Discussion
Competition and Resource Partitioning

Ralph Larson, Discussion Leader

Questions Following Cross Presentation:

Moyle inquired about the consistency of the intertidal assemblages at
given sites from year tc year. Cross stated that during his 40 manth
study, which covered many seasons, the assemblages appeared to be ouite
cansistent or resilient, a term which has recently been applied to
rocky intertidal fish assemblages in the Fulf of California. Chapman
asked how the terms generalist and specialist were defined and whether
they were influenced by competition. Cross defined generalists as
those capable of Tiving in many micro- and macronabitats, whereas spe-
cialists appeared more restricted in their distribution. Generalized
fishes also had their lower 1imits shifted upward n the presence of
other, presumably more specialized, species. Fishes which entered
given habitats sporadically tended to be microhabitat specialists.

Hhen such a specialist entered a microhabitat, it outcompetes a
generalist that might be occupying that particular microhabitat. Thus,
when such shifts in distribution are noted, it can be indirectly inter-
preted as having resulted from competition. Ebelina asked about one
graph relating overlaps in food and microhabitat, which seemed to show
resource overlap complementarity for one category of fishes, but also
showed another group with smaller overlaps, and perhaps a third group
with a tendency toward co-shared, large overlaps. He requested a de-
scription of these three groups and wondered about the lack of comple-
mentarity in the third group. Cross pointed out that this one figure
rasults from only one site, and mentioned that these overlap results
often changed from site to site. The site which produced this figure
characteristically had the most species present. One explanation,
Cross said, for these categories is that these fishes can be ciassed as
either primary or secondary residents. The primary residents occur
mostly in the upper subtidal and are carnivores, while the secondary
residents are more common subtidally and are herbivores facultatively
inhabiting the low intertidal. Since these separations are quite ob-

130



vious, it often leads to the kinds of groups noticed by Ebeling. In
sites which are less diverse, these separations often do not apply as
well since the fish can be separated simply on microhabitat differences.
Cross also mentioned that categories based on overlap measures could be
influenced by the characteristics of the overlap index used. Ebeling
continued the discussion by asking whether these two groups could be
equivalent to guilds. Cross replied that he was hesitant to apply this
term because there was too much play in the system. For example, one
might try to separate cottids and stichaeids into groups which live
under rocks and those which live only in tidepools, but $pecies c¢an
vary in the amount of time they spend in these various micreohabitats,
thus making guild distingction based upon microhabitats difficult.
LaBolle asked if Cruss had measured general food availability or turn-
over rates. Cross pointed out that this would be very difficult, es-
pecially since these fish move about a lot, their food is very patchy,
and experiments he has attempted to control the amcount of food were
difficult to complete. 1In one example, Cross mentioned that after re-
moval the food recovered faster than the fish could reoccupy the area.
Thus, it is obvious that turnover rates of available prey are often
high. Regarding food availability, Cross alsc mentioned that the habits
and cryptic nature of the prey make this a hard thing to measure. Util-
ization of available prey is also difficult to estimate since some spe-
cies of fish have hind guts which enabie them to store their food for
perhaps days and even weeks. LaBolle then asked whether Cross felt
that food in this habitat could be limiting. Cross replied that he
feels that food is often 1imiting, despite its apparent abundance.
Cottids, for example, can eat prodigious amounts of foed in a short
period and have been observed to completely clean cut most of the in-
vertebrates in a given tidepool. Fishes, in addition, are often shoul-
der to shoulder in these pools. Cross also mentioned that he felt the
most generalized fishes are those which can clean out these prey spe-
cies.

Questions Following Crowder Presentation:

Egqgers asked for further explanation for the increase in prey size in
Lake Michigan in recent years. Crowder explained that he feels it is
due to the increase in stocked salmonids, which act as predators in
controlling the major planktivores, the alewives, in this system. Ur-
sin commented that Lake Michigan appears to act 1ike a "bad" model of

a marine ecosystem, one which lacks buffering mechanisms, He felt that
people who study marine systems tend to overemphasize the variability
and need to impose stabilizing schemes, However, he felt that Lake
Michigan serves as an ideal subject for an ecosystem model since all
stabilizing mechanisms appear to be Tacking. Ursin was thus surprised
that this system behaves so simply, especially when compared to the
Titerature on marine systems, Crowder added that the manipulations
which have occurred in Lake Michigan have been quite influential ones,
such as sea lamprey introduction and removal and salmonid introduction,
and that this might explain the difference between most studies on ma-
rine systems and this study. G&rossman asked whether alewives and their
prey migrate through the thermocline at night and what the evidence was
for this. Crowder explained that they had both acoustic and midwater
traw] data supporting this migration for both alewives and rainbow
smelt. Moyle, Simenstad, and Crowder discussed in gereral temms the
relationships between both zooplankton prey populations and planktiver-
ous fish populations and the thermal distribution patterns in Lake
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Michigan. Crowder suspected that there would be whole assemblages that
would roll back and forth in asseciation with these thermal fronts, but
that he would not know details until he had completely analyzed all of
the samples. Feller asked about the distribution of both zoo- and phy-
toplankton in relation to the thermocline. Crowder indicated that
there was a strong indication of a chlcrophyll maximum associated with
the thermocline and that zooplankton often tend to stack up there,

Some species of mysids, for example, migrate up into the thermocline
and feed there at night. Crowder felt that there are a good number of
ecolegical interactions which oceur there.

Questions Follaowing Ebeling Presentation:

Larson asked whether the distribution and abundance patterns of the
surfperches on Naples Reef after the massive kelp die-off were what
Ebeling would have predicted after previous studies. Ebeling raspondec
that those species you would predict to leave first did so. One such
example is the rainbow perch, which is a migrant anyway, tending to
move off and on the reef predictably. They typically arrive in early
May, stay and feed, then leave after abput five months, usually in Oc-
tober. After the "crunch,” they arrived about the same time, but left
in only two months in the first year, but left almost immediately after
arrival in the second year. These rainbow perch overlap in diet and
microhabitat te a greater extent with the other species than do any of
the resident species on the reef. So they have the most sensitive nu-
merical response to the change in the reef. The second most sensitive
species s the black perch, which seems to depend an superficial prey
living in the turf. Since the urchins now dominate, they graze down
211 the turf from the base of the reef on up to the crest, and this
causes the black perch, usually the most abundant fish on the reef, to
dwindle in numbers. Species which seem Jess sensitive are those which
can forage on infauna and have a food refuge, such as pile perch, rub-
berlip perch, and striped perch. Thus the fish are dwindling in pro-
portion to what you would expect frem the changes in their food supply.
Chapman asked whether there was any indication of food limitation in
the diets through time or any changes in the overlaps among these fish-
es as their preferred prey were diminished by urchin grazing and lower
algal abundance. Ebeling did not feel he could evaluate food 1imita-
tion, but did point out that there were other areas near the reef where
most of these fish could migrate and still survive. So there is Tittle
indication of change in diet, but rather that they migrated off the
reef before they suffered too much. Crowder asked if this ecological
crunch was also affecting other nearby reefs and if there were other
areas where they could go. Ebeling pointed out that the crunch was af-
fecting the offshore and nearshore reefs differentially. The kelp
beds nearshore are healthy and the urchins are not moving in. Inshore
areas are thus good controls since they are not suffering from these
problems. The fish could alsoc move further offshore, where the kelp
that is broken off moves as drift and eventually becomes detritus.
Another concern is that the refuge for the young surfperch has been
destroyed since they seek understory algae. Therefore, the young perch
either move inshore, are eaten, or move offshore, where predation by
kelp bass might alsoc be quite influential. Cailliet pointed out that
the importance of the terms vfundamental® versus "realized"” niches in
these surfperches, since at least three species of surfperch, the
black, striped and white surfoerches, occupy different microhabitats in
different gecgraphical locations, Ebeling responded that this was a
valid distinction and that in different environments, these species do
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act differently. He also considered that there may even be different
genetic stocks living at Maples Reef near the coast than at the Channel
Islands. LaBoplle mentioned that these surfperches are gquite similar in
their feeding modes and that this might influence their responses to a
major change in food available. He asked if it was characteristic to
see whole groups (guilds) drop out, or is there some social structure
which helps keep some remnants of subdominants still around. Ebeling
responded that, indeed, large mates tended to defend breeding territo-
ries, while smaller males and females had a more peripheral distribu-
tion, and that it could be that these less dominant ones would be the
first to leave. He proposed that they would like to further study
this, perhaps following tagged fish before, during and after such a
perturbation. He again mentioned that the least dominant fish, the
rainbow perch, was the most sensitive in numerical response to the
crunch.

Questions Following Grossman Presentation:

Breitburg maintained that an egually plausible explanation of Gross-
man's stream fish results might be resource partitioning or competition
and that the changes in these assemblages could be a functien of the
change in kinds of prey available. Grossman countered that the re-
source partitioning concept assumes persistence, and that tkis inter-
pretation of his data would violate that assumption. 1If environmental
stochasticity alters the resource base, then one would expect concom-
itant changes in species which are preadapted to use the resulting re-
source base. Grossman alsc claimed that constructing a 1imiting simu-
larity model would be inappropriate to explain the large "flip-flop-
ping" in resource utilization which he had observed. Breitburg still
did not feel that the kinds of data presented for this system were suf-
ficient to discern whether the shifis noted were due to preadaptation
or competition. Grossman felt, on the other hand, that his data did
disprove both the resource partitioning and deterministic hypotheses,
especially since the trophic changes were complete rearrangements and
there was no evidence of physical changes in the study site for over

12 years. He contended, therefore, that the major shift from an herb-
ivore-dominated to ocoze-feeder-dominated assemblage indicated that the
community organization was more stochastic than deterministic. Ebeling
asked whether many of these feeding adaptations were the result of evo-
lution toward anticompetition which occurred sometime in the past.
Grossman replied that this would require further study, but that he
felt such adaptation often were flexible when competition or natural
selection is relaxed and that the "ghosts of competition past" approach
needed scrutiny.

Questions Following Moyle Presentation:

Chapman asked whether the success of the introduced species could
indicate that competition was important in determining the assemblage
that 15 now seen. Movle indicated that he felt this to be the case,

but alsc pointed out that a number of native species have done quite
well, while others have disappeared. Herbold stressed that these
assemblages may be the result of competition and resource partitioning
but that the evidence does not always support all the underlying
assumptions of these two concepts. Larson suggested that one can look
at communities as assemblaaes of coevolved organisms or that coloni-
zation, introductfon, and the 1ike make these assemblapes quite flexible,
Moyle then stressed the great adaptability that temperate fishes exhibit
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in general and how this might influence our interpretation of community
or assemblage structure. He felt that this was true also for the
stream fish assemblages studied by Grossman. Grossman then made the
point that the major guestion is not whether assemblages are the result
of stochastic or deterministic processes but to stress that we should
not always follow the tradition of interpreting ali assemblages as
resulting from resource partitioning. He stressed that community or
assemblage structure need not always be interpreted using coevolved
characteristics. Often, Grossman contended, these aiternative {sto-
chastic) interpretations appear to be at Teast as good, if not better,
than the traditional deterministic approaches.

Chapman contended that he did not feel it would be a unanimous decision
by most ecologists that resource partitioning is the only alternative
to interpreting community structure. Grossman maintained that the
literature indicates the opposite. Cailliet then stressed that we
consider scale in these discussions. Small systems that are studied
tend to vary some from place to place or season to season, However,
when considered on a large scale, one finds the same species commonly
occurring together and theiy trophic composition also appears similar,
Therefaore, he contended, proposing coevolutionary processes based upon
small-scale studias can often Jead ta misleading conclusions. Larsen
then mentioned that this discussion of scale was appropriate at this
time, since it leads directly into Alan's talk.

Questions Following Allen Presentation And General Discussion of
Resource Partitioning:

Crow asked what percentage of the total numbers of all fishes were
resolved into recurrent groups, compared to the 24% of the species which
were. Allen said he had not calculated this, but that it included most
of the abundant species. Cailliet asked if Tooking at fish from very
local areas would give a very different opinion of recurrent groups

or trophic function of any given species. Allen indicated that analyzing
fish from very local areas often presents a different impression of their
groups and feeding habits, and that this was the reason he was stressing
yiewing their assemblages and their functional organization in a broad
perspective, considering perhaps the entire range of distribution of
most of the species included. Crowder followed with a published state-
ment by Levin and Paine about the rocky intertidal that seemed pertinent:
globally the most predictable thing about it is that it is locally
unpredictable. Crowder then proposed that this statement may equally
apply to both Allen and Grossman's systems,

Larson stressed that one must be careful in defining groups, especially
in partitioning models, and that it is difficult to actually know what
kinds of interactions might be occurring among different species in the
field without actually measuring them. Allen concurred, but again
stressed that much can be learned from the large scale approach, and
that considering other aspects of the life history of such fish species
{that is, their reproductive habits, the distribution and abundance of
their larvae, their growth and mortality) is also essential if one is
going to try and make statements about their coevolution, competition,
ar resource partitioning. Fbeling discussed how some had criticized
Peter Sale's work on coral reef fish assemblages because of the small-
scale, patch reef approach taken. But he also defended Sale in that
there must be some bounds on the scale in order to study a system
because if the scale becomes too Targe, then a good deal of useful
information cannot be accumulated. FEbeling then went on to present
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similar problems encountered when dealing with scuthern California sub-
tidal, kelp bed fishes. 1In reefs off the channel islands, which appears
to be an ecctone between the southern Califarnia bight species and north-
ern species comina around Point Conception, one eften finds unusual mixes
of fish species. So, locally these systems may vary and theretore appear
stochastic, but globally the system almost looks deterministic, if broad
weather patterns do not change and influence the species existing gener-
ally in the area.

To continue the discussion on resource partitioning and anti-competition
mechanisms, Ebeling still contended that character displacement could
occur during secondary sympatry for such groups as sanddabs which origi-
nally became different species through allopatry, and thus one now sees
partiticning remaining either through feeding habits or depth of oc- -
currence. 5o Ebeling still felt that there is a problem of sorting out
possible character displacement features resulting from adaptations
over eyolutionary time and the simple accumulation and accommodation of
whole array of species at a particular cross section over a gepgraphic
range where some species are climatically well adapted to an environment
and others are more marginally adapted. Allen then mentioned the influ-
ence on this coast of the glaciations which have been accurring since the
pliocene. These need to be considered, he proposed, since they must have
strongly affected the environment in which these species have evolved.
For example, one estimate maintains that the amount of bottom area
available to demersal fishes may have been as low as 10% of what

it is at present, thus influencing heavily the biomass and number of
species occupying that region and the interactions ameng them. Ebeling
attempted to summarize the discussion sa far by stating that the pardigm
of resource partiitioning assumes that one can explain the structure

and stability of existing communities simply by measuring the inter-
actions among the members of each guild within these communities at a
given time. If in fact a given community is a hodge-podge of species
showing character displacement, coevolved species, front runners, etc.,
then the paradigm simply does not wark.

Lea inquired as to the percentage of the assemblages derived in Allten's
study were confined by Magdalena Bay on the south to Point Conception

on the north. Allen had not calculated this figure, but indicated that
a good portion of the shallow assemblages were constricted by these
boundaries, whereas the deeper-dwelling forms were not. Eggers returned
to the resource partitioning discussion and stressed that the repro-
ductive strategies were an important consideration to make in determining
which Jocations and how broad an area to cover in doing such a study.

He felt that this was not as much of a consideration in marine demersal
fishes since most have pelagic, widespread larvae, but it certainly
would be for such habitats as estuaries or lakes where there are fishes
with a whole diversity of reproductive modes. Allen did point that some
of the demersal fishes he studies, such as the midshipman {Porichthys
notatus), were inshore spawners with demersal eggs, larvae, and post-
Tarvae. Therefore, he felt it important perhaps in all habitats.
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Feeding Behavior of the
Widow Rockfish (Sebastes entomelas),
A Diurnally Feeding Rockfish

Peter B. Adams
National Marine Fisheries Service

Introduction

Prior to 1978, widow rockfish landings were an insignificant com-
ponent of the Mortheastern Pacific Groundfish Fishery, but since then,
these landings have grown from below 1,000 mt to an estimated 28,000 mt
in 1981. This dramatic increase in the fishery has more than doubled
the commercial landings of rockfish in the area off Californiz, Oregon
and Washington {PFMC 1981). Now the immediate question is how these
people that are in this highly competitive business could have over-
looked this vast resource all this time. There are many reasons but
the principal one is that the widow fishery is fundamentally different
from traditional rockfish fisheries. The traditicnal rockfish fishery
is a daytime bottom trawl operation while the widow fishery is a night-
time midwater fishery. Obviously it is important to understand these
differences in behavior of the widow vockfish (a nocturnal aggregating
species) from the traditional commercially important rockfish species
which aggregate diurnally. Actually this is really the converse of the
question since in most fish species that aggregate into schools and
disperse, it is the dispersed stage when the fish is feeding that is
the driving force of this day-night cycle (Hobson 1973).

Diurnal Feeding

stomach sample data were taken primarily from commercial landings
in the Eureka area, supplemented with other samples from Northern
California sport and commercial catches. Host were fish taken in the
nighttime midwater fishary. The diet of the widow rockfish consists of
talps, fish, {primarily myctophids} shrimp and euphausiids (Table 1).
These four groups are roughly equal in the diet and make up over 90%
of the total diet volume. The only other commonlty occurring prey group
js hyperiid amphipods. Phillips (1964) felt that these amphipods dom-
nated the diet of widow rockfish. A1l these prey groups represent
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organisms that migrate to the surface at night while the widow rockfish
is aggregated near the bottom. So probably these prey are taken during
the day in their submerged stage (Adams in prep).

The obvious next step is a directed fishing effort to obtain day
and night stomach samples from members of the same population. This
data would be used to examine their pattern of gut fullness. This was
attempted 1in conjunction with a NWAFC research cruise that was attempt-
ing to make biomass estimates of the widow rockfish population off
Oregon. The vessel used in the cruise was the R/V Chapman, 2 new stern
end trawler which is equipped with the most recent electronic and
mechanical fishing gear, but even using this boat, we were unable to
consistently catch fish in midwater. Midwater fishing is very sophis-
ticated. Besides extensive technological gear, it requires a qreat
deal of fishing experience plus current feedback on the local fishes
schooling behavior. It 15 guestionable whether any research vessel,
no matter how suvitably equipped, can successfully fish in midwater
without extensive prior experience. Nevertheless, we need this type
of data to answer the day-night feeding question.

Seasonal Feeding

There are also strong seasonal differences in the diet considering
just the four major groups mentioned earlier; euphausiids, shrimp,
salps and fish. These four major groups dominate the diet (accounting
for between 82 and 97 percent of the quarterly diet volume), but the
distribution of diet volume among the four major groups is different
during the year (Figure 1). During the fall, fish dominate, while in
the winter, the major prey are shrimp. In the summer quarter, the
widows are feeding on euphausiids and fish. The spring quarter is the
only pericd when salps are a major part of the diet. This period and
suymmer are the onily time of the year when euphausiids are important.
The spring quarter is also the period of highest absolute volume of
prey per fish and also of the highest number of prey categories per
fish.

This pattern is significant since the widows are feeding most
heavily just after they have finished partition (release of young}
during winter months {T. Echeverria per. comm.). There is a high
demand for energy during reproduction, and following this activity
stored energy is at its lowest level. In other species, natural
mortality is concentrated during this peried (Shul'man 1974}, and
perhaps this is also true for widow rockfish.

Discussion

Random sampling is rarely possible in feeding studies; therefore
it is important to understand the relationship between different types
of sampling and the error involved. How stomach samples are gathered
cannot be considered independent of the intended questions that are
going to be asked of that data. Samples used here were gathered both
from research cruises (directed sampling} and from commercial port
sampling {incidental sampling). Average values of the amount of a
particular type of prey item will differ from true population values
because of variation and bias. Variation is the spread (or dispersion)
of the observed sampled values around the mean. The enormous variation
typical of food habitat data is due largely to its patchy or contagicus
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nature. These types of data have sampling distributions which are
skewed and have a large proportion of empty sample ¢lements. That is,
it it common for a prey item to occur in only a few fish, but for those
few fish to be stuffed with them. In order to evaluate the relative
importance of this type of variation in both direct and indirect
sampling, I looked at the degree of patchiness in a research trawl
versus a commercial landing using Lloyd's (1967) mean crowding index.
For the different major prey groups, the patchiness indices are very
similar, with the commercial data consistently less patchy (Table 2).
Essentially this means that the relationship between the mean and the
variances is similar, and although neither of these data sets are
normally distributed, there is not a great deal of difference in this
aspect of the data between these two types of sampling.

The other possible source of error, sample bias is simply when
certain individuals in the pepulation have a greater chance of being
included than others. Bias is unrelated to variation. Confidence
limits can be very narrow, but still strongly biased. Bias usually
results when the sample coverage of the population is inadequate in
some area. In Figure 2, the large distribution is the lengths of
fishes used in all of stomach samples from port sampling; the small
distribution is the lengths of all widows taken in midwater hauls
during the April research cruise. Even though the research cruise
sample represents almost 200 fish versus around 500 far the port
sampling, the range of lengths in the research survey data covers only
a small portion of the Tength range of the port samples. Both of these
samples are bjased in different ways. In common usage, the term bias,
in comman usage, has negative connoptations implying a faulty sampl)ing
design. But bias is really a problem only when it is unrecognized.
Attempts to identify bias must be independent of attempts to reduce
variance.

Of the two types of sampling, port sampling has the advantage of
much lower costs. Incidental sampling of this sort can provide descrip-
tive information about the target population, an example being the
spasonal distribution of food of the widow rockfish. However, except
in unusual circumstances, this type of data is not adequate for hypo-
thesis testing. When data are needed to detect differences between sub-
groups of the target population to verify hypothesis, a directed sam-
pling effort is needed.

The widow rockfish offers a typical example of the evolution of
management of a species. Usuaily,a fishery develops explosively. As
with the widow rockfish, usually little or no previous intormation is
available prior to the onset of the fishery. Management plans based
completely on age and growth studies are developed after intense
fishing has taken place. Traditionally feeding studies had no impact
on these plans. I have thought about why this is so and there are two
possible reasons. The first is that feeding is an unimportant aspect
of the fishes' biology. My studies and the views expressed at this
workshop, indicate this is untrue. This leaves the second reason that
feeding studies have failed to provide the kind of information that is
necessary for management. If this is so, the cbvious question is:
Wwhat kind of information is needed by management?

My idea of the kind of food habit data needed for management is

related to how fish communities are structured. Ecolegical theory con-
cerning community structure has been dominated by the Hutchinson-
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MacArthur school of thought. In its simplest form, this type of theory
views a community of animals as a unidimensional resources axis upon
which species occupy some area or breath. When there are multiple
species, a zone of overlap exists where species co-occur. The under-
Tying assumption of this theory is that direct competition is the
principal force in determining community structure and therefore
controls these patterns of niche breath and overlap. This view regards
feeding studies as simply a means of identifying potential competitors.
When the diets of offshore fishes are found to be widely overlapping,
direct competition for food, and therefore feeding studies, is cen-
sidered unimportant in management strategies. In the terrestrial
communities for which these concepts were developed, this theory has
been widely accepted, but in aguatic communities, predation has been
found to be one of the most powerful integrating concepts {Hobson 1968;
Lowe=McConnel 1975; Paine 1966). An alternative to the Hutchinson-
MacArthur model is to view the community as a lattice, then the
vertical connections would represent predation and the horizontal con-
nections would be competition. Using this medel, predator-prey
relationships can be an important factor in community interactions.

If there is ever going to be true multi-species management, feeding
studies are going to have to focus more toward these vertical con-
nections both above and below the managed species and the mechanisms
which contral them.
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Table 1. The diet of widow rockfish from Morthern California
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{Average TL = 464 mm, min. Size = 361 mm, Max.
Size = 543 mm, n = 3B5).
Min. Max. Freq. of
Number Volume Size Size fccurrence

Hydromedusae 1.28 3.90 1.00 4.00 0.06
Ctenophora 0.10 0.84 ¢.50 3.00 0.01
0ligochaeta - 0.27 90.00 - 0.01
Pelagic Polychaeta 0.07 0.56 2.50 2.70 0.01
Petagic Gastropoda 0.13 0.79 7.00 - 0.02
Cephalopoda 0.14 0.91  50.00 - 0.03
Mysidacea 0.01 0.01 1.00 - 0.0
Isopoda 0.01 0.28 1.50 - 0.01
Gammaridea 0.07 0.34 1.00 - 0.03
Hyperiidea 1.45 3.77 0.70 10.00 0.18
Caprellidea 0.01 0.01 1.00 35,00 0.Mm
Euphausiacea 30.88 21.05 6.00 36.00 0.37
.Natantia 1.78 12.78 0,30 7.00 0.20
Ascidiacea 0.02 0.22 1.50  2.00 0.
Larvacea .11 0.03 0.30 0.68 o.M

Thaltacea 22.98 16.74 1.00 &80.00 0.370
Chaetognatha .01 0.55 - - 0.0

Fish 5.38 24.30 1.50 90.00 0.403
Undet. Gelatinous materizl - 10.22 6.00 - 0.02
Sand - 0.91 - - Q.01



Table 2. Lloyd's (19567) index of patchiness for major prey
categories from research trawls versus commercial

landings.
Commercial Research

Prey Categories Landings Trawls
Euphausiids 2.72 2.30
Salps 1.94 T.34
Shrimp 10.15 10.36
Fish 10.71 .2d

120,14

ae.@é

SE.B*:

FERCENT LOIET VOLUME 1

MONTHS OF THE YEAR

Fi?ure 1, Seasonal feeding of the widow rockfish on salps
{clear bar), shrimp {left-hatched bar), euphausiids (right-

hatched bar) and fish (c¢ross-hatched bar),
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The Spring Diets of Walleye in the Lower Columbia
River, 1980-1981

Alec (. Maule
Department of Fisheries and Wildlife
Oregon State University

Introduction

The walleye (Stizostedion vitreum vitreum) is a highly piscivorous cool-
water fish whose native range centers around the Great Lakes region
(Scott and Crossman, 1973). During its approximately 40-vear tenture in
the Columbia River, the walleve has extended its range down river to

the edge of the estuary (Durbin, 1977).

The censtruction of numerous dams has transformed the Columbia River
into a series of low current lakes, with somewhat faster currents in
the tailrace areas. The John Day pool is the second longest (123 km)
reservoir in the Columbia River and, aside from variations in water
velocity and bathymetry, it was found to be limnologically homogeneous
(Hjort et al., i%81). Thus the Columbia River fits the model for op-
timum walleve habitat proposed by Kitchell et al. (1877). The change
from free-flewing to sequential reservoirs has made the river a less
than optimal habitat for salmonids, and has reduced the rate at which
juveniles migrate downstream and increased their exposure to predation
(Raymond, 1976}. It is not surprising that persens interested in sal-
monid fisherics are concerned about the extent of walleye predation on
juvenile salmonids.

In this study, I investigated the diets of walleye collected in the
first (upstream) 23 km of the John Day pool in the springs (April-
June) of 1980 and 1981, with special interest in the walleye-salmonid
interaction.

Methods
a1l of the walleve obtained in the spring of 1980 were captured in

cither a 38.1 x |.8-m multifilament sinking gillnet with variable
stretch mesh of 3.81 cm, 5.08 cm, 6.35 cm, 7.62 cn, and 10.106 cm, oT a
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76.2 x 3.7-m monofilament floating gillnet with 15.25-cm stretch mesh.
In 1981 T used the same gillnets but also used an electroshock boat
utilizing a 3500 watt generator and a D.C. pulser, All of the gillnet
sets were of 1 to 2.5-hr duration to minimize regurgitation and diges-
tion of stomach contents. I sampled walleye between April 2 and June
30, 1980 and between March 30 and June 16, 1081. During each month, T
obtained 2 minimum of 10 walleye for each of four generalized times of
Jay--morning, mid-day, cvening, and night.

For each walleye captured, 1 collected data on fork length (mm), weight
{g], and sex and stage of maturity. T collected a scale sample, and
removed the stomach and preserved it, with an identification tag, in a
solution of 10% buffered formaldehyde. At a later date I examined each
stomach for contents and identified each prey item to the lowest possi-
ble taxenomic level. I recorded information on each items' velume (ml},
estimated standard lenpth {mm), and estimated perccent of digestion.

The data were put into computer format and was subjected to a monpara-
metric multivariate test for statistical significance, LN e which is

approximately a Chi-squared distribution with p(v-1} degrees of freedom
{Koch, 1969) where p is the total number of prey taxon and v is the
pumber of treatments or populations heing tested.

Results

The walleye sample for spring 1980 consisted of 91 fish, varying in
length between 230 to 753 mm. There were 141 walleye in the 1981 sam-
ple, varying in length between 214 to 764 mm. Table 1 shows the per-
cent volume and percent occurrence for cach prey taxon by year. It is
evident that fish represent the vast majority of the walleye diet; in
fact, if all of the invertebrates for both years are combined, they re-
present only 0.1% of the total prey volume. All invertebrates are com-
bined in the following analysis.

After the 1981 sampling season, I lcarned that the National Marine Fish-
eries Service (NMFS) was collecting juvenile salmenids at the McNary
Dam, upstream of the study area and releasing them helow Bonneville Dam,
approximately 240 km downstream. The NMFS collection facility was im-
proved prior to the spring of 1981 and total spring diversions increased
from 1.5 million juveniles in 1980 to 2.6 millien juveniles in 1881
(Thomas Ruehle, NMFS, Pasco, WA, personal communication). Hjort et al.
(1981) reported that their juvenile seine catch-per-unit-effort (CPUE)}
of juvenile chinook (Oncorhynchus tshawystscha} in the John Day pool
fell from 15.9 in the spring 1980 to 9.5 in the spring of 1981. These
data indicate a reduction in the relative abundance of juvenile salme-
nids in the John Day pool between 1980 and 1981. Unfortunately, Hjort
et al. {1981} state that their data cannot be used to estimate inter-
specific relative abundances due to gear selectivity,

The data in Table I suggest that there was a reduction in the dietary
importance of sculpins (Cottus asper) and salmonids from 1980 to 1981
and a concomitant increase in the importance of catastomids (Catastomus
columbians; C. macrocheilus) and cyprinids (Acrocheilus alutaceus;
Mylocheilus caurinus), Despite this apparent change in diets and a
change in the relative abundance of salmonids, I found no significant
difference in the numbers of prevy items between years (P=.50) or in
volumes of prey items between years (P=.25}.

206



While examining the stomach contents, T observed differences in the
diets of large vs. small walleve. To tecst this, T combined all walleyes
from both years. Initially, T tested between fish <400 mm /FL and fish
2 400 mm FL and found no signigicant difference (P=.40) in numbers of
prey items. However, when testing between walleye # 500 mm FL and

those <500 mmt FL there were significant differences in volumes (P=,005)
and numbers (P=.01) of prey items. Table 2 contains the percent volumes
and numbers of prey for walleye separated at 500 mm FL. Sculpins are
very important to small walleye followed distantly by salmonids and
catastomids. Large walleye utilize sculpins, catastomids and cvprinids
in almost equal proportiens and rarely comsumed salmonids. Parsons
{1971) feund a direct relationship between walleye size and prey size,
so one would expect a difference in volumes hetween large and small wall-
eve. The difference in numbers of prey indicates a difference in prey
selection, but may also reflect size preferences. Most of the sculpins
and juvenile salmonids in the pool are less than 100 mm FL whereas the
catastomid and cyprinid length frequencies extend past 300 mm (Hjort

et al., 1981},

Discussion

The walleye has freguently been described as an opportunistic predator,
selecting prey primarily based on abundance (Colby et al., 1979). More-
over, the presence of a subretinal tapetum lucidum enhances the walleve's
scotopic vision and allows them to successfully feed when the prey are
less able to see, i.c. dawn and dusk (Ali et al., 1977). By far the
most important walleye prey item in this study was sculpin followed by
largescale and bridgelip suckers, chiselmouths and peamouths. All of
these prey species are closely associated with the benthos (Wydeski and
Whitney, 1979), as arc most of the primary prey previously reported for
walleye (Ryder and Kerr, 1978).

I propose the following scenario of walleye feeding behavior in the John
Day pool. During the day the walleye remains in deep water, avoiding
high light intensity [Ryder, 1577) and occcasionally encountering prev.
At the onset of dusk, the walleye moves into progressively shallower
water, encountaring abundant prey assoclated with the bottom, and se-
lecting food items based on size preference. It is nmot until the end
of the initial foraging episode that salmonids arc encountered at the
surface. Thus, the salmonids are buffered by an abundance of alternate
prey, of a wider size range and in a location where predation by wall-
eyes is most likely. Tt is important to note that this scenario is
specific to the current abundances of walleye and prey. [f NMFS stops
collecting juvenile salmonids or if the walleye population expands and/
or reduces the abundance of alternate prey, the predator-prey relation-
ship will change.
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Table 1. Percent volume and nunbers of prey items found in the stomachs
of walleye captured in the John Day pool of the Columbia River, S5Spring,
1880 and Spring, 1981. Raw data is in parcnthesis.

1980 1581
{n=91, 38.5% empty) {(n=141, 40.0% empty}
Prey Taxon % Vel. (ml) % Number % VYal. (ml) % Number

Oncorhynchus

tshawytscha 2.7 (28} 8.4 (10) 1.1 (14) 2.3 (&)
Salmonidae 2.2 (21) 5.0 (B) 2.5 (31 2.9 ()
Cottus asper 44.1 (428) 40.3 (48)  22.9 (282) 28.3 (49)
Catastomus

columbians 1.5 (15} 1.7 (2} 10.6 (130} 2.9 (5)
C. macrocheilus 1.6 (16} 1.7 () 0.7 ) n.e (1)
C. spp. 27.6 (268) 4.2 (5) 22.3 (273 6.9 (12}
Acrochellus

alutaceus 0.3 (3) 0.8 (1) 31.9 (393) 6.9 (12}

caurinus i15.4 (150) 1.7 (2} n.2 (2] 0.6 (1)
Ptychocheilus

oregonensis - - 1.0 (12} 0.6 (1)
Cyprinidac - - 0.1 {1 0.6 {1)
Unidentified Fish 4.5 (44) I0.3 {36) 6.6 (31 37.0 (64}
Ephemeridac 0.03 (0.32) 1.7 (2) 0.2 (2.55) 9.8 {17}
Chironomidae < 0,01 (0.04) 2.5 (3 - -
Talitridae < 0.01 (0.04) 0.8 (1) - -
Gammaridae < 0,01 (0.05) 0.8 (1) 0,04 {0.0%5) n.6 (1)
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Table 2. Percent volume and numbers of prey items found in the stomachs
of large walleve ( » 500 mm FL) and small walleyve (< 500 mm FL) captured
in the John Day pool of the Columbia River, Spring, 1980 and Spring, 1981.
Raw data is in parenthesis.

Large Walleyve Small Walleye
(n=87, 52.9% cmpty) fn=145, 32.4% cmpty)
Prey Taxon % Vol. (ml) % Number % Vol.(ml) % Number

Oncorhynchus

tshawytscha 0.3 r4) 2.4 (2) 5.0 {36} 5.5 (12)
Salmonidae 1.8 (26) 1.2 (1) 3.6 {26) 4.5 (1)
Cottus asper 24.3 (361) 18.3 {15) 48.5 (349) 41.4 (91}
Catostomus

columbians 2.8 (42) 3.7 (® 14.3 {103} 1.8 (4)
€. macrocheilus - - 3.3 (24) 1.4 (3
EL S, 33,9 (503} 11.0 {(9) 5.6 (4am} 3.6 (B
Acrocheilus

alutaceus 22.6 (335) 3.8 (8) 8.3 (60 2.3 (5)
Mylocheilus

caurinus 10,1 (150 2.4 (2) 0.3 (2} 0.5 (1)
Ptychochei lus

eregonensis v.8 (12) 1.2 (D - -
Cyprinidae 0.1 (1 1.2 (1) - -
Unidentifiable Fish 3.2 {47 32.9 (27) 10.8 (78] 33.2 (73)
Invertebrates U.1 (1.84) 13.4 (11} .1 (.76) 5.9 (13)
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Deep Guts
A Shallow-water Solution
Using Immunological Methods

Robert Feiler
University of South Carnlina

Introduction

Food web descriptions and classical feod chain models for aquatic
organisms have typically been deduced from visual observations of the
stomach contents of specimens collected within a given predator-prey
comunity matrix, Such descriptions evelve slowly as new data for
additional taxa are collected and added to the matrix. New data arise
most frequently as a result of changes in the temporal sampling scale
(i.e., previously unsampled seasons or times of day) or as a consequence
of rew analysis and collecting methodologies. A new methodological
approach is perhaps the more Tucrative in providing new infermation on
qualitative aspects of food and feeding habits of target taxa,

Quantitative descriptions of feeding by individuals or among individuals
within distinct comunities are almost always biased to some extent,
either by sampling oy methodological constraints., Gut analysis methods
have been reviewed recently by Hyslop {1980) who also discusses some of
the biases peculiar to particular methodologies. Hyslop concludes
correctly that no single method of analysis can adequately depict
dietary importance. This is also true for terrestrial food web
jnvestigations. Thus our views of food chains and webs and mass and
energy flow in the aguatic environment may be seriously biased by
methodological constraints and cur inability to determine the true
magnitudes and directions of predator-prey interactions,

The most common trophic modes in the deep-sea are deposit-feeding,
carnivory, and scavenging (Sanders and Hessler, 19695. The gut content
examination of carnivores and scavengers has provided most of our
infarmation on deep-sea food webs {e.g., Sokolova, 1972; Harding, 1974;
Pearcy and AmbTer, 1974; Nemoto, 15977; Hessler et al., 1978), whereas
the analysis of deposit feeders is information poor, A very large
proportion of deep-sea animals coliected have no visible gut content
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remains upon retrieval or else much of the remains cannot be visually
identified (especially true for sediment-laden deposit feeders). Deep-
sea food web models (e.g., Rowe, 1980) are particelarly difficult to
formulate for lack of basic data on biological linkages among organisms
within ouy conceptual black boxes. The need to understand functional
linkages within and between these modeling abstractions becomes more
and more urgent as the ocean depths increase in attractivengss as a
final repesitory for man-made wastes (Hollister et al., 1981). The
ability of immunological tracer techniques (see review by Boreham and
Ohiagu, 1978) to identify soluble proteins of prey taxa in deposit-
feeders' guts or in the fluid remains or intestines of organisms whose
guts have everted holds promise for identifying higher-leve} trophic
connections among deep-sea organisms,

Results and Discussion

Based upon comparative immunological cross-reactions between benthic
invertebrates from Puget Sound, Washington, and North Inlet, South
Carolina, commen antigens (soluble proteins) were found among several
phylogenetically related taxa (Feller and Gallagher, in press). Since
high diversity, small body size, and Tow numerical abundances of deep-
sea fauna precludes preparation of highly specific antisera to every
organism there, the existence of common antigens among shallow and deep
fauna may allow use of a wide variety of antisera to shallow-water taxa
to detect similar taxa as prey in the guts of deep-sea predators and
deposit feeders, Antisera to numerous macrofaunal and meiofaunal taxa-
{e.g., bivalves, gastropods, polychaetes, decapods, amphipods, forams,
harpacticoid copepods, nematodes, ostracods, etc.) are currently in

use for deciphering food web properties of intertidal communities and
are available for use with deep-sea gut contents.

Specificity tests with mid-water crganisms using antisera to shallow-
water invertebrates were faithful across taxa. That is, antiserum to

a shallow-water decapod shrimp reacted extensively and uniquely with
mid-water shrimp speties but not to the same extent if at all with, for
example, euphausiids, calanoid copepods, squid, or myctophid fishes
{Feller, 1981). Additional deep-sea specimens are currently in the
preliminary stages of immunoanalysis, and specificity tests with a deep-
sea lyssianassid amphipod, Eurythenes gryllus, show high affinity of
this amphipod's proteins with antisera to shallow-water amphipods. The
specimens were kindly donated by R. Hessler. The stomach contents of
sablefish, Anoplopoma fimbriata, have also recently been donated for
analysis by J. Young, Battelle Pacific Nerthwest Laboratories,

Existing or newly-prepared antisera which recognize easily-collected
shallow-water organisms may thus be useful in the gross identification
of major trephic links among deep-sea communities. Traditional gut
analysis techniques have probably inadequately described the complexity
of trophic pathways in this remote environment.
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A Preliminary Evaluation of Prey Selection

By Juvenile-Small Adult California Halibut
(Paralichthys californicus)

In Nearshore Coastal Waters off Southern California

Dale Roberts, Edward [JeMartini. Catherine Engel. and
Kenneth Plummer
University of California, Santa Barbara

Introduction

Although many studies of fish feeding exist, few have attempted to ob-
tain the concurrent prey availability data necessary to assess prey
electivity. The diversity, clumped distributions, and complex behav-
iors of prey organisms are factors which have generally complicated
prey electivity studies for marine fishes.

Our preliminary data on the feeding habits of juvenile and small adult
California halibut {Paralichthys californicus} suggested that this
species would be an excellent candidate for such a study since it feeds
on only a few types of prey, the abundances of which are being moni-
tored as part of an ongaing impact assessment, 1n this paper we
present data and analyses on the previously undocumented feeding habits
of these fishes in southern California coastal waters. We provide a
preliminary evaluation of the prey selectivity of halibut based on a
comparison of its diet and some approximations of prey abundances based
on prior years' datfa.

Methods

Paralichthys californicus were collected during the period March to
September 1987, inclusive, from 6, 18, and 30 m depths along the coast
between San Onofre and Oceanside, California. Standard 7.5 m otter
trawls with 3.8-cm {stretch mesh) wings and 1.3-cm (stretch mesh} cod-
end liner (Mearns and Allen, 1978) were used.

Each halibut was eviscerated immediately after capture and fts alimen-
tary tract fixed in 10% formalin, Fish were returned to the laboratory,
macroscopically sexed, measured (SL in mm), and weighed {0.1 g). After
a minimum of four days fixation, viscera were soaked in tap water for
24-48 hrs and then stored in 70% ethanol for subseguent detailed
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axamination.

Stomach contents only were examined, Fish prey were identified to
species, if possible. Major fish prey were assigned "reconstructed”
(= undigested) wet weights based on derived SL-wet weight regressions.
Fish skeletal remains were identified using Clothier {1950). Partial
skeletal remains, identifiable to species, were assigned standard body
lengths by comparing dimensions of key vertebrae to the vertebrae of
reference specimens. Mysids were identified to Jowast possible taxon
and sex/maturity class. The weights of mysid prey were reconstructed
based on sex and maturity criteria rather than length classes
(Bernstein and Gleye, 1981).

The relative abundances of northern anchovy {Engraulis mordax) were
estimated from night lampara net {wings: 15-cm stretch mesh; center
bag: 1.25-cm stretch mesh) catches made at fortnightly intervals during
the period from March to September 198C. Mysid abundances were esti-

mated based on contiguous on-offshore tows of a 1-m? epibenthic sled
{0.333-mm mesh) made during the period from March to September 1379.

Results

Une hundred and ninety-three Paralichthys califarnicus were collected
at 6, 18, and 30 m depths off San Onofre-Oceanside during the pericd
March to September 1981, One hundred and fifteen (60%) had foed in
their stomachs (Table 1). Of the 14 taxonomic categories of prey

Table 1. Number of California halibut {Paralichthys californicus)
trawled at 6, 18, and 30 m depths off San Onofre and Ocean-
side, California. each menth during the period March-September
1981. Number of halibut with food in their stomachs noted
in parentheses.

Number of Halibut (with Food) at

Month _6m 18 m 30m
March 0 (0) 25 (10} 2 ()
April 3 (2) 14 (12) 10 (5)
May 16 (10) 24 (16) o (0)
June 6 (2) 48 (36) o {0
July 4 {0) 3 (1) 1 (3
August 11 {2} 3 (2) o (0}
September 21 (16) 1 (0} 1 {0)
All Months 61 {32) 118 (77) 14 (&)
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recognized, only two categories predominated (Table 2). Adult
Engraulis mordax were the most important item and accounted for B4% by
weight of all prey consumed, E. mordax occurred in 46% of all halibut
which contained food. Various mysid species (mostly Neomysis
kadiakensis and Metamysidopsis elongata) were also imporiant prey.
Mysids were the numerically dominant prey group. Juvenile-adult
sciaenid fishes, fish larvae, and amphipods were minor components of
the diet (Table 2).

Table 2. HMeasures of the importance of various prey consumed by
juvenile-small adult California halibut (Paralichthys californicus)
cellected from 6, 18, and 30 m depths off San Onofre and Oceanside,
California, during March-Septembar 1981. Weights are reconstructed
wet weights (see text). Prey are ranked by Index of
Relative Importance (IRI, Pinkas et al., 1971},

Prey Category IRI % Freq. % No. % Wt.
Engraulis mordax, juveniles-adults 4762 46 8.8 84
Metamysidopsis elongata 957 21 46 .1
Neonysis kadiakensis 227 25 32 1.0
F. Sciaenidae, juveniles-adults 26 1.7 .2 14.9
Neomysis rayii 11.9 3.5 3.3 .1
Acanthomysis costata 9.7 3.5 2.8 .01
Mysidopsis californica 7.7 3.5 2.2 <.1
Engraulis mordax, larvae 7.2 7.0 .8 .2
Acanthomysis sculpta 2.3 2.6 .9 <.01
Mysidopsis intii 2.6 3 <.01
Acanthomysis macropsis . 1.7 3 <.0
Unidentified juvenile-adult fish * 12.2 1.4 *
Fish Larvae * 7.8 1.3 *
Nonmysid Crustaceans * 5.2 6 *

*Reconstructed weights not available.

Depth of capture influenced halibut size and mysid abundance. Halibut
captured from the 6-m depth stratum wers smaller than those from
deeper waters (Fig. 1). The mean field abundance of mysids was gener-

ally greater {114/m®) at 6-m depth than at 32 meters (23/m*) (Fig. 2).
Smal? hatibut, most abundant in shallow water, had mere frequently
consumed mysids at 6-m depth where mysids were most abundant. Larger
halibut, more commanly found in deeper water, fed relatively maore fre-
quently on anchovies (Fig. 3).

There was also an obvious seasonal influence on prey selection by

P. californicus. Halibut collected during March to May were more
TikeTy to have consumed mysids, while those examined during June to
September fed more frequently on anchovies (Fig. 4). This pattern was
independent of depth and only partly confounded by halibut size
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Fig, 1 Mean size of California hali-
w but {Paralichthys californicus)
trawled at 6, 12, 18, and 30 m
» depths at various locations {pooled)
E 9, in between San Clemente and Ocean-
' side, California, Two standard
- errors of means and sample size are
noted. Dotted lines represent data
collected by Lockheed Environmental
Sciences during 1978, 1979, and
1980, pooled {Southern California
Edison, 1981); solid lines represent
data for fish collected by the
authors (March 198¢-September 1981).
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1 - Fig. 2 Plot of the mean density
of mysids {all specias p801ed) esti-
- mated from tows of a 1-m® epiben-
thic sled {0.333 wm mesh) during
the period March-September 1979.
Two standard errors of means are
noted; sample size is 13 cruises,
except for 6-m depth {11 cruises).
140 Source of data: L. Gleye, Marine
Ecological Consultants of Southern
California, pers. comm,
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(Fig. 3). The relative abundance of northern anchovy in the diet was
positively correlated with an increase in the field abundance of
anchovy (Spearman's rho = 0,943, N = 6, P = 0.01; Fig. 4}. Although
there was no significant difference in the size of halibut caught at
18-m depth during March to May as compared to June to September

{t = 1.59, df = 64,55, P > 0.1), there was a significant difference in
the proportion of P, californicus that had consumed northern anchovy
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during these two periods {x* = 23,2, d¢f = 1, P < 0.00%; Fig. 3).

During the season {March to May) when halibut fed on mysids, fich cap-
tured from the 18-m depth stratum appeared to have selected the largest
of the two most commonly eaten mysid species. Neomysis kadiakensis
{adult weight, 41 mg} was much more abundant in halibut stomachs than
in field collections while the converse was true of the much smaller
(adult weight < 3 mg} Metamysidopsis elongata. Ivlev's {1961) index of
electivity illustrates the apparent preference of P. californicus for
the larger mysid {Table 3}.

Discussion and Conclusions

A number of interactive factors appear to influence prey selection in
P. califernicus. Predator size, season, depth, and size and species of
prey alt play a role. In general, our data suggest that

P. califarnicus feeds n a manner consistent with optimal foraging
theory.

Numerous investigations have shown that predatory fishes consume
increasingly larger prey as they grow {(Nikolsky, 1963). This is mechan-
ically possible because mouth size becomes larger as the fish grows and
is necessary due to the increasing nutritional demands of the predator.
Dietary habits consistent with such behavior have been described for a
diverse array of Pacific coast marine fish, e.g., see the studies by
Quast {1968), Hobson and Chess (1976}, Ambrose (1976}, and Coyer {1979).
In conformity with this general rule, small halibut feed on mysids

Fig. 3 Comparison of size frequency
] distributions fo Califernia halibut
[ M- Mt én ] that had eaten mysids versus north-
ern anchovy (Engraulis mordax)
during two seasons (March-May and
June-September) at two different
depths (6 m and 18 m). Feeding by
[ halibut captured at 30 m is not

etk 1 shown because relatively few hali-

N . ] but were caught at this depth.
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while larger P. californicus consume anchovies (Fig. 3}. It is note-
worthy that gqueenfish {Seriphus politus) which inhabit our study area
exhibit a similar pattermn, 7.e., consuming mysids when small and ancho-
vies as it grows (Gleye and Bernstein, 1981).

Small halibut may inhabit shallow water because the density of one of
their preferred foods (mysids) is greatest in shallow water (Fig. 2;
also see Bernstein and Gleye, 1981?. With regard to mysids, the three
bathymetric zones sampled may be viewed as alternate patches of prey
with varying abundznce. There are numerous examples of terrestrial,
aguatic, and marine predators which forage in patches of the highest
prey density (MacArthur, 1972; Krebs, 1978; Hughes, 1880).

Our data are consistent with the prediction that P. californicus elect
the largest prey available. In general, predators should select more

profitable (larger) prey, not always in proportion to their abundance

(MacArthur and Pianka, 1966; Hughes, 1980). This theory has been sup-
ported by several experiments in closed systems using freshwater

sunfishes (Werner and Hall, 1974; 0'Brien et al., 1976). Our results
however are merely consistent with theory {Hughes, 1980} and do not
rule out the pessibility of discriminatory criteria other than size,
such as the ability of halibut to differentiate different prey types on
the basis ¢f their behavior.

The relatively large size of E. mordax clearly makes them the most
profitable prey for medium-sized predators such as juvenile and small
adult P. californicus. Mysid abundance peaked nearshore during late
spring-early summer [of 1979), in contrast to a later increase in an-
chovy abundance during summer (of 1980) (Fig. 4). The apparent shift
in halibut predation from mysids to anchovies that occurred during
June 1981 (Figs. 3,4) was probably the result of an increase in the
abundance of anchovies rather than a decrease in mysids. Qptimal
foraging thegcry predicts that a larger, more profitable and preferred
prey such as anchovies would be chosen over a smaller, less preferred
prey such as mysids, regardless of the abundance of mysids. The con-
sumption of mysids during the period of peak anchovy abundance perhaps
reflects the fact that both mysids and anchovies have patchy distribu-
tions {Clutter, 1969; Huppert et al., 1980)}. The clumped nature of
mysid and anchovy schools may make it difficult for P. californicus to
assess the relative abundances ot alternate prey types on a short-term
temporal basis. [t is noteworthy that large adult haliput seem to
prefer fishes larger than E. mordax. For example, our largest halibut
specimen (69 cm SL} had eaten two adult white croaker (Genyonemus
lineatus): casual observaticns of the diet of Targe halibut made by
ourselves and our colleagues corroborate this. Furthermore, a compari-
son of the relative incidence of the various mysid species eaten and
their respective abundances suggests that, when given a choice between
large and small mysids, P. californicus prefers the larger Neomysis

kadiakensis even though it is much less abundant than the smailer
Metamysidopsis elongata (Table 3). The energetic benefit of such a
choice s okvious since individual N. kadiakensis weigh 13 times as

much as M. elongata.

In summary, we conclude that juvenile and small adult P. californicus
selectively prey on the largest food items available; speciftically,

E. mordax are preferred over mysids and, amgng mysids, the Targer of
two common species is chosen. We emphasize, however, that cur data and
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analyses are preliminary. Patterns of prey abundance and their dietary
contribution were compared for spring-summer seasons among different
years, The fact that changes in the prey composition of halibut can be
explained by these data however suggests that the predator-prey system
involving halibut-mysids and anchovies is fairly persistent from year
to year. The relative abundances of mysid species in the general study
area fluctuated from 1976 to 1978 but have remained constant since that
time (L. Gleye, Marine Ecological Consultants of Scuthern California,
pers. comm.}. Mysid abundances have been consistently greater during
the first half of the year in the 5an Onofre-Oceanside area (Bernstein
and Gleye, 1981), whereas the abundance of E. mordax historically peaks
nearshore within the Southern California Bight during the second half
of the year (Huppert et al., 1980).

Data will soon be available on mysid and anchovy abundances at various
depths in the San Onofre-Oceanside area during 1981. At that time we
will incorporate these new data into a more accurate reassessment of
prey selection by P. californicus,
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Variations in the Feeding Habits
Of Salmon Caught in Gillnets During a 24-hour Period

William G. Pearcy
Oregon State University

Tsunen Nishivama

Universily of Alaska

Takeji Fugii and Kiyoshi Masida
University of Hokkaido

Introduction

Most studies of the daily ar diel patterns of feeding behavior of
salmon have been conducted on juveniles in fresh water or in coastal
waters. These have generally shown that juvenile pink, sockeye, and
chum salmon are diurnal or crepuscular feeders {e.g., Doble and
Eggers. 1978; Godin, 1981). However, Shimazaki and Mishima {1969)
analyzed the feeding habits of maturing pink salmon in the Okhotsk
Sea and found peak values for stomach fullness between sunset and
sunrise.

This s a study to investigate possible changes in the feeding rate
and prey composition of several species of salmon caught over a dietl
period in oceanic waters of the northeastern Pacific Ocean.

Methods

The study was localized within the region between 54°51.5' and
54°57.9'N latitude, and 144°55.1' to 146°11.3'W longitude. Two
gillnets, each 800m long and 6m deep, with 300m of 115mm, 250m of
121mm and 250m of 130mm (stretch) mesh, were alternately fished for
about 2z-hour periods ovar 24-hours in the Gulf of Alaska. The first
net was set at 1200-hours ltocal time {GMT-9 hours) on July 13; the
last set was hauled at 1206-hours on July 14, 1981. The time that
each of the twelve sets fished varied from 129 to 150 mirutes {from
start of set to start of hauling}. Five to eight minutes were
required to set the nets, twelve to 20 minutes to retrieve tham.

Consecutive gillpets were set 1.5 to 3.0km apart to reduce the possi-

bility of one net influencing the catch of another. Gillnets were set
aleng a ship course of 040°, except for the first two nets which have
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set along 230°. In general, nets drifted 0.4 to 6.5 km northward
during the sets.

The vertical location {upper, middle and lower 2m) and species of
each gilled salmon were noted as the gillnet was hauled aboard. Fish
were removed from the gillnets, identified, measured (fork length)
and weighed with a beam balance. Stomachs were removed, weighed to
the nearest gram with a beam balance, placed in a tray and cut open
with scissors. The fullness of gastric and pyleric portions of the
stomach was each estimated visually as: (a)} empty, {b} trace amounts
(few individual organisms with cumulative weights of a gram or less),
(e) <1/3 full, {d) =1/3 full, and (e} full {rugae fully distended,
stomach 1ining thin and translucent). The degree of digesticn was
estimated as {a) fresh (prey intact, no abvious digestion; fish and
squids with intact skin, euphausiids translucent), {b) partially
digested {fishes and squids identifiable, with skin, but not flesh,
largely digested; euphausiids opaque, appendages often absent, and
(c) digested {fish consisting of pieces of white flesh and vertebrae,
crustaceans in pieces, euphausiids sometimes identifiable from
Tragments eyes).

The percentage composition by volume of mejor prey taxa (euphausiids,
amphipods, squids, fishes, salps, pteropods, chaetognaths, medusae,
copepods and appendicularians) was visually estimated for the cardiac
and pyloric portions of each stomach. Stratification of food taxa

in the cardiac portion was noted. Stomachs with diverse prey taxa
wera flushed into a petric dish to facilitate identifications and
estimation of volumes. Samples of prey organisms were preserved in
formalin for verification and identification to lower taxa. Stomachs
with more than trace amounts of food were then rinsed with water to
remove adhering food items, blotted and reweighed to the nearest
gram.

A1l the above estimates and determinations were performed during the
two hour periods after setting one gillnet and hauling the other.

Results

A total of 108 sockeye, B8 pink, 49 coho, 44 chum and 6 steelhead
trout were caught. Stomach weights of the four species of salmon,
calculated as a percentage of body weight for each gillnet set over
the 24-hour period, were usually variable, ranging from 0% (empty)
to a maximum of 4.0% for sockeye, 2.3% for pink, 3.3% for coho and
3.0% for chum salmon.

Although empty stomachs occurred for all species during most sets,
variations of maximum stomach weight: body weight percentages suggest
the possibility of diel periodicity in feeding of some species. High
values for sockeye, pink and coho salmon {(>2%, »1%, >0.7% body weight,
respectively) occurred after sunset {2113 hours), and maxima cccurred
during nighttime sets. However, some high values alsc occurred in

the morning hours for these species. No diel trend was indicated for
chum saimon.

Visual estimates of stomach fullness showed similar trends. Full

cardiac and pyloric portions of sockeye, pink and coho stomachs
were only noted for fish caught between sunset and sunrise.
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The average percentage composition of major prey taxa was calculated
for the cardiac portions of stemachs containing more than trace
amounts of food for each species of salmon and each gillnet set.
Distinct trends were apparent in the composition of prey over the
20-hour period. The percentage of euphausiids increased in stomachs
of sockeye, pink and coho salmon caught in gillnets that fished
between sunset and sunrise. Sguids, fishes and amphipods were more
smportant during daytime than nighttime periods for these species.
No digl changes were apparent for chum salmon.

Discussion

Changes in stomach fullness and prey composition over the 24-hour
period indicate diel variations of feeding behavior of sockeye, pink
and coho salmon caught in the upper 6m of oceanic waters of the Gulf
of Alaska. Predation by these species of salmon apparently shifted
from several types of prey available in upper waters during the day
to almost exclusively euphausiids at night, when feeding was very
intense. This shift in feeding habits coincided with the migraticn
of a 24-kHz scattering layer into the surface waters after sunset

on an overcast night. In addition, total catch rates by the gillnets
and the proportion of salmon caught in the upper one-third of the
gillnet increased during darkness, suggesting vertical movement of
salmon into the upper 2m at night. Salmon are apparently capable of
modifying their swimming and foraging activities in oceanic waters

to capitalize on abundant prey organisms available in surface waters,
even at the low light intepsities present during overcast conditions
at night.
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Predator-Prey Relationship in a Guild of Surfperches

David R. Laur and Alfred W, Ebeling
University of Galifernia. Santa Barbara

SYNOPSIS

Five species of surfperches (Embiotocidae) exploit the small prey in
benthic "turf” on a kelp-forested reef off southern California. Turf
cantained inorganic debris and "items of doubtful food value" (plants,
colonial animals, etc.) which fish mostly rejected, and "items of food
value" {amphipods, etc.) which they selected. In mode of food hand-
ling, two species selected their food by taking careful bites and swal-
Towing a1l items, either by picking out small amphipods etc. from algae
or plucking larger prey and crushing it between strong pharyngeal
teeth. The three others selected food by winnowing bites of turf in
their mouth and spitting out the cast. All species differed from ex-
pected in foraging effort among microhabitats, one noticeably more than
the others; they generally preferred microhabitats with highest densit-
ies of valued food items. A1l but ane foraged during the day only.
Functional morphclogical specializations may constrain their foraging
modes and diets. The presumed most generalized mode is "browser-
picker"; "crunching" and "oral-winnowing” are more specialized. The
surfperches' elaborate pharyngognathy is a Tikely basis of these spe-
cializations for greater foraging efficiency.
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Food Specialization by Mulloides flavolineatus
(Mullidae) at Midway Islands

Carol T. Sorden
University of Hawaii

Introduction

The Nortlwestern Hawaiian Islands (NWHI) is a chain of atells and
voleanic islands stretching northwest fram Niihau to Kure. FKure and
Midway Islands are under military control and the remaining islands
are a national wildlife refuge. The NWHI therefore provide a unique
opportunity for the study of predator-prey relationships in fish
populations. Inshore commercial fishing may be allowed in the NWHI in
the future; there is currently a research program sponsored by Sea
Grant and the State of Hawaii to estimate the fishery potential of the
shallow waters of the NWHI atolls, islands and shoals.

Goatfishes (Mullidae) are important food fishes in Hawaii and throughout
the Pacific. There is a small commercial and subsistence [ishery for
all goatfish species in the high Hawaiian islands. Opening the NWHI

to a camercial fishery would result in considerable fishing pressure
on goatfish populations that are presently in their natural state. I
have been studying the diet and potential diet of goatfish species at
Midway Islands, MWHI. This paper deals with the feeding preferences

of one species, Mulloides flavolineatus.

Goatfish locate their prey by means of chemosensory receptors in the
barbels. The prey is then disturbed by blowing in the sand (Holland
pers. comm.} or digging with the pectoral fins (pers.cbs.).

Searching goatfish move rapidly over the sand flicking the surface
with the barbels: when food is located they stop and dig head down
into the sand. Mulloides flavolineatus may dig a hole 5 - 10 cm deep.
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Methods

oatfish and sand samples were collected at the same time from the
same locations in Midway lagoon. Station 1 was located at the north
end of the lagoon just inside the reef at a depth of 1-2 m. The sand
was in a layer 1-2 am deep overlying consolidated limestone, with very
few deep patches., Station 2 was in a similar position relative to the
reef with a water depth of 2-4 m. At both stations the sediment was
mediur-sized sand. Three 2 litre sand samples were collected at each
station with corers made from 3 lb. coffee cans. The sand was
preserved in 10% formalin and stained with the vital stain, rose bengal,
to facilitate sorting of small invertebrates. Twenty-two fish were
collected using the Hawaiian pole spear. The gqut cavities of the fish
were injected with 100% formalin immediately after spearing, and the
whole fish were preserved in 10% formalin.

The Proportional Similarity Index (PSI) was used as a measure of
preference. P8I =1 - % { Piq - Pik }» where P - and P,y are the
proportions of the ith specicd in the quts and idnd respictively.
Higher values of PSI, to a maximum of 1.0, indicate that resocurces are
being used in preoportion to their availability, while lower values

indicate dietary specialization (Feinsinger et al 1981).
Results

Polychaetes were the most important prey of Mulloides flavolineatus

and were found in all fish with recognizable gut contents. A wide
range of prey, mostly small animals, e.g. isopods, amphipods, crabs
were also eaten. Polychaetes were also the most abundant taxon in the
sand samples. At Station 1 the mean density of polychaestes was

54 animals/litre with a range of 30-75 animals/litre. At Station 2

the range was 25-280 polychaetes/litre with a mean of 113. Almost all
the polychaete species cccurring in the sand samples were present in
one or more qut contents of M. flavolineatus, with a total of 23 species
eaten. PSI values for polychaetes weres 0,2695 at Station 1 and

0.1167 at Station 2 implying dietary specialization, Two sand dwelling
polychaetes, the opheliid Armandia intermedia, and the tube dwelling
onuphid Nothria holobranchiata camprised two thirds of the total

mmbers of polychastes eaten {Table 1). An unidentified capitellid
species which was very abundant in the benthos constituted a

relatively small percentage of the diet., Individuals of the Capitellidae
are considerably smaller than A. intermedia or N. holobranchiata.

At both stations the relative abundance of Armandia intermedia and
Nothria holobranchiata in the diet is greater than their relative
abundance in the benthos (Figs 1 and 2), Viven and Peyrot-Clausade
{(1974) found that the consumption of polychaete species by holocentrid
fish at Tulear, Madagascar was directly proportional to their
abundance in the benthos. At Midway nereid and dorvilleid species
were eaten in direct proportion to their abundance in the sand (Figs

1 and 2). Capitellid polychaetes comprised 73% of the polychaetes in
the sand at Station 2 but less than 5% of the diet. At Station 1
capitellids were 45% of the benthos and 6% of the diet.

Discussion and Conclusions

The onuphid polychaete, Nothria holobranchiata, builds a permanent
tukbe covered with sand grains. This specics has been previously
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recorded only from deep water habitats in Hawaii; all deep water species
of Nothria are sessile (Fauchald and Jumars 1979). Other sessile
onuphid species, e.g. Diopatra leuckarti, are gregarious and form mounds
of vertically orientated tubes and compacted sediments with an
associated community of tanaids, amphipods, and polychaetes, etc.
(Bailey-Brock 198C). Onuphids such as Nothria and Diopatra species

are surface feeders, and are capable of retracting into their tubes
when disturbed (Fauchald and Jumars 1979, Hulberg and Oliver 1978).

It is possible that the concentration of animals and/or fecal

material around the tubes of Nothria holcbranchiata provide a means
whareby Mulloides flavolineatus 'keys in' on the presence of

potential prey (Holland pers. comm.).

Opheliid polychaetes do not build tubes, but hurrow in the sand.
Armandia intermedia is active at the sand/water interface, feeding
by ingesting sand grains and associated organic matter (Fauchald and
Jumars 1979). This behavior would seem to make this species
vulnerable to predation by fish feeding within the sand.

larger species of capitellids, e.g. Notomastus and Dasybranchus .
gpecies, construct deep burrows and are not active near the surface;
Capitella capitata burrows at or near the surface. This small species
was eaten by Mulloides flavolineatus more often than the other
capitellids. The depth distribution of capitellid polychaetes at
Midway is unknown, due to sampling constraints, but it is likely that
capitellid species 2, like C. capitata, is active near the surface.
Individuals of capitellid sp. 2 are very small and may be
energetically 'unattractive' as food.

The gut contents of the goatfishes collected at Midway may contain
prey eaten at locations other than those of the sand sanmples.
However, every effort was made to spear goatfish while they were
feeding, and species were observed feeding at the same locations
where the sand sarmples were taken.

Heavily ornamented tubes such as those of Diopatra ormata and

D. cuprea function as predator defenses for the worms and the fauna
Zssociated with the tubes (Brenchley 1976, Woodin 1376,1978).

Onuphid polychactes extend some distance out from their tubes when
feeding {Fauchazld and Jumars 1979). Regenerated heads of D. leucharti
from Oahu, Hawaii, are evidence of predation on the anterior portion
of this species (Brock pers. comn.}. Whiole or large sections of
Nothria holobranchiata were found in the gut contents, indicatinrg
that the sard grain covered tube is less protective than the more
ormamented tubes, or that the active digging of Mulloides flavolineatus
within the sand causes the worms to leave their tubes.

Infaunal species that live in tough tubes and/or deep within the
sediment, and can quickly retract exposed body parts, are less
affected by fish predation than species that are active close to or
on the surface (Virmstein 1979, Hulberg and Oliver 1978). The
apparent negative selectivity of Mulloides flavolineatus on the
surface active capitellids is a result of the very small size of
these animals. Tt is likely that M, flavolineatus is eating
polychaete species as encountered, but that prey size, behavior

and habitat preference make some species more available than others.
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TABLE 1

Polychaete species in the diet of Mulloides flavelineatus
Percent of total numbers of polychaetes in gut contents
All stations pooled. N (fish) = 22

TAXA N
Cpheliidae Armandia intermedia 34.98
Polyopthalmus pictus 1.08
Onuphidae Nothria holobranchiata 33.44
Nereidae 7.09
syllidae 4,93
Funicidae Nematonereis unicornis 3.39
Eunice sp. .46
Lysidice sp. .62
Capitellidas Capitella capitata 2.46
Dasybranchus/Notamastus sp. .1
capitellid gp. 2 717
Spicnidae 2.16
Dorvilleidae 2.00
amphinomidae Linopherus sp. 2.00
Chaetopteridae Spicchaetopterus vitrarius .46
Phyllochaetopterus verrilli .3
Cirratulidae .46
Glyceridae Glycera tesselata .46
prabellidae ZNotocirrus sp. .31
Hesionidae 3
Polyrwidae .15
Paracnidae .15
Phyllodocidae FPhyllodoce sp. .15
unidentified polychaetes 1.08
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Session IV Discussion
Feeding Behavior of Fishes and Prey

Ted Habson and James Chess, Discussion Leaders

Questions Following Adams Presentation:

Cohen discussed the phenomenon of predation by adults on subadults and
juveniles of the same species and stressed that information on feeding
habits should be incorporated more often into management schemes. Fel-
ler asked why Adams felt that their samples taken at sea were less bi-
ased than those taken through port sampling. Adams pointed out the
non-random nature of the fishing industry and indicated there were oth-
er problems associated with the handling of the port-sampled fish.
Karpov asked how Adams identified prey items that were gelatinous or
easily digested from port samples. Adams agreed that this was a prob-
lem. Hobson commented on the unusual behavier of the widow rockfish in
that it schooled by night to prey, rather than during the day 1ike most
fishes.

Questions Following Maule Presentation:

Moyle asked what the size and age of maturity of the walleye was and
whether there was a shift in food composition with size. Maule said
the size range he studied was from 200 to 750 mm TL, but did not know
for sure what their ages and stages of maturity were. He noted a

slight difference in the percentage of empty stomachs between smaller
and larger individuals, but did not think it was of any significance.

Questions Following Feller Presentation:

Prior to the talk, someone was recorded as saying: '“Here comes the
rabbit killer." Van Blaricom asked whether gut contents could ever
reach such an advanced state of digestion that this immunclogical
technique would not work. Feller responded affirmatively since pro-
teins are digested. Some of his experiments at room temperatures using
gracs shrimp fed nematodes and sacrificed over time indicated that his
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techniques could detect nematode oprotein for up to 48 hours, but that
nematode remains would virtually disappear in three hours. This indi-
cates that the signature stays around a considerable amount of time.
Cailliet asked how long it takes to run one analysis. Feller said that
the time is short once the Jaboratory is set up, and the antisera are
available. All antisera need to be checked for cross reactions with
each other. The actual process of sucking up a portion of the stomach
fluid and placing it on the microscopic slide, then running it through
the antibodies for all potential orey antisera, and waiting for the re-
sponse takes about 48 hours. But Feller said that he could do about
500 of these tests per day. So, building the panel of antisera takes

a long time, but processing the guts is relatively swift. Sakanari
asked if you could quantify the antibody. Feller responded that

he could measure the concentration of antibodies of different kinds in
the blood collected. Feller responded to a question by Herbald by zay-
ing that he had not tried to analyze fecal matter in this way, but he
satd it could be done, but it would probably be pretty well broken down
and only portions of the fecal matter could be recognized. Grossman
asked if only information on the kinds of prey consumed could be gath-
ered with this technique, or could the amcunt cof each prey item be es-
timated. Feller then stated that he could, with a bit more work, esti-
mate the relative proportion of each kind of prey by comparing the
amount of total sample processed versus the amount that responded to
the panel of antisera. However, problems cccur here, primarily due to
different digestion states, and the results do not indicate what pro-
portion of each prey item actually was consumed by the predator. Also,
if prey were macerated by the predator, then this would be extremely
difficult. Cowen asked how well this techngiue can discriminate can-
nibalism from intestinal or stomach lining tissue, Feller mentioned

he could detect cannibalism only if the concentration of that tissue
was high. Naughton asked for an estimate of the cost per sample. Fel-
ler pointed out that it depends on how many antibodies would be needed.
It costs him about 3200 to make an antiserum. This takes him two rab-
bits spread over two months, which requive feed, care and maintenance.
This figure does not include any salaries. If one went to a profes-
sional immunolegical comnanv and provided them with the tissue or flu-
id, it would cost about $10 per ml. An average rabbit can provide
about 100 m)} of antiserum. Therefore, that is about $1000 done that
way. Feller has now found a firm that will do it for about $150 a rab-
bit. OF course these are rough figures, but Feller only interded it to
give everyone an understanding of the cost.

Hixon asked whether this technique had been used on herbivorous fishes.
Feller said that he was now working on this, especially to distinguish
whether fish eat plants 1ike Spartina for the plants themselves or for
the detritus, bacteria, or epiphytes on them. Knechtel inquired if
there were other types of donors which would be any cheaper than rab-
bits. Feller replied that rabbits were a good size and that we already
"stick it to white rats enough." LaBolle asked what level of identifi-
cation is cbtainable using this technique. Feller pointed out that it
depends upon the the specificity of the immuno-response of the rabbit.
So far, he can distinguish families and sometimes down to genus and
species. He first looks at the contents visually and identifies all
that he can, then uses the remaining fluid for the immunological anal-
ysis. LaBolle then asked what the mirnimal percent of the gut contents
that he would do this analy