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ABSTRACT

Three aspects of predation upon juvenile salnmonids in the
Columbia River are addressed in this report:

1) Indexing predator consunption. During 1989-90, two
i ndi ces of northern squawfi sh consunpti on upon juvenile
sal noni ds were devel oped for use throughout the Colunbia R ver
Basin. The direct Consunption Index (Cl) is based upon the
concept of meal turnover tine and takes into account nunber of
sal nonids, tenperature, total gut content weight and predator
wei ght . Computing formul ae, |aboratory nethods, sanple size
requi rements and prelimnary tests are presented. A
Bi oenergetics Index (Bl) for consunption indexing was al so
devel oped to conplenment the direct CI. In the Bl, growh,
consunption, excretion/evacuation and respiration processes are
nodel ed to predict the consunption required to produce an
observed growth increment. Prelimnary paranmeter estimtes are
presented and a sensitivity study of the nodel was done to
direct further devel opnent.

2) Studies on predator-snolt dynamics. Northern squawfish
consunption data were collected in the McNary Damtailrace
during nine days in July, 1988 to inprove our understanding of
the predator-snolt functional response. Data were summarized
and fitted, along with July-August data from 1983-86, to a Type
Il functional response equation. Maxi mum consunption
experiments with northern squawfi sh were conpleted and results
appear in Appendix A Finally, a workshop was held to discuss
aspects of predation nodeling in the Colunbia R ver. A
separate Bonneville Power Admi nistration report that summarizes
t he workshop has been publi shed.




3) Selective predation by northern squawfish. Laboratory
and field protocols were devel oped to eval uate northern
squawfi sh selection and prey vulnerability. W conducted
prelimnary selection experinents on three categories of
substandard vs. standard juvenile salnmonids: live vs. dead;
injured vs. non-injured; and stressed vs. unstressed. Results
from | aboratory studi es suggest that northern squawfish prefer
dead over live prey and that descal ed prey nay be nore
vul nerable to predation than non-descaled prey. Stressed and
unstressed prey were consuned in equal proportions when
predation occurred for 6 or 24 h. Physiological and behaviora
effects of stress on juvenile salnon are presented.
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BACKGROUND
One of the neasures contained in the Northwest Power
Pl anni ng Council's 1982 Fish and WIldlife Program (Anonynous

1987) called for studies Il..... to investigate juvenile sal non
and steel head | osses to predators while these fish are
m grating through Colunbia and Snake River reservoirs.” In

response to that neasure the Oregon Departnent of Fish and
Wlidlife (ODFW and the U S. Fish and Wldlife Service (FW)
funded by Bonneville Power Adm nistration (BPA), began a
cooperative study in 1982 to estimate the nunber of juvenile
salmonids lost to fish predators in John Day Reservoir.

Results of the 1983-86 study indicated that fish predation may
account for the nmajority of unexplained | osses of juvenile
salmonids in John Day Reservoir (Poe and Rieman 1988; R eman et
al. 1988).

| nportant questions renain to be answered, however, to
estimate the systemw de inpact of predators on the survival of
outmgrating snmolts and to determne if predation control is
warranted. Although smolt |osses to predators were significant
in John Day Reservoir, questions remain about the intensity of
predation in other Colunbia and Snake R ver reservoirs,
cumul ative inpacts of predators on snolt survival throughout
the river systemand differential predation-related nortality
of healthy versus unhealthy snolts. These questions require a
better understanding of predator-prey dynam cs at the
individual interaction level and at the systemlevel. This
project was designed to provide sone information on these
out standi ng questi ons.

Due to the diverse research objectives in the 1989-90
period, this report is organized into three sections. Section
| docunents the devel opnent of a consunption index, which wll
be used in conjunction with a predator abundance index (N gro
et al. 1990), to conpare the magnitude of predation in
reservoirs throughout the Colunbia River Basin. Section |
describes the devel opment, testing, and refinement of predation
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models.  Section Il docunments the devel opnment of protocols to
determne if predators select dead, physically injured, or
stressed juvenile sal nonids as opposed to healthy juvenile

sal noni ds.

SECTION |.  PREDATI ON | NDEX

To address the question of systemw de significance of
predation, the FWs5 and ODFW (Poe and R eman 1988) reconmmended
devel opment of a predation index to estimate the relative
magni tude of snolt |osses to predators in reservoirs throughout
the Colunmbia River Basin. The index would consist of a
Consunption | ndex, to be devel oped by FW5, and a Popul ation
Abundance Index, to be devel oped by ODFW  Conbination of these
indices for an area would yield a Predation Index, simlar to a
| oss estimate. Conparison of Predation |Index val ues anong
reservoirs would help predict systemw de predation inpacts and
provide information for directing future predati on managenent
deci si ons.

The FWS objectives were to develop analytical, field and
| aboratory techniques for a consunption rate index for northern
squawfi sh (Ptvchocheilus oresonensis), the mgjor fish predator
on juvenile salnonids in John Day Reservoir (Rieman et al.
1988). (ODFWwas to devel op correspondi ng nmet hods for abundance
I ndexing of northern squawfish. After considering nunerous
approaches for indexing the juvenile salnonid consunption by
northern squawfish, two nmethods were selected for devel opnent

a direct, limted sanpling method [Di rect Consunption |ndex -
Cl] supplenented by an indirect nethod based upon predator
growm h and fish bioenergetics [Bioenergetics Index - Bl]. Each

met hod has advantages and di sadvantages that will be discussed
below. The two nmet hods woul d act as checks upon each ot her and
shoul d adequately describe predator consunption at sanpling

| ocations. The renminder of this section discusses derivation
of consunption indices, data requirenents, sanpling
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requi renents and pros and cons of the different nethods.



Direct Consunption Index ()
Backar ound

Many net hods exist for estimating consunption in fishes
(e.g., Bajkov 1935, Swenson and Smith 1973; Elliott and Persson
1978; Eggers 1979; Pennington 1985; Qsen and Mullen 1986;

Sai nsbury 1986) with little agreenent upon the "best" technique
(Amundsen and Kl enetsen 1986; Boisclair and Leggett 1988).
Earlier predation studies in John Day Reservoir used a

nodi fication of the Swenson and Smth (1973) technique to

cal cul ate consunption of juvenile salnonids by resident
predators (Vigg et al. 1988). The nodified Swenson and Smth
nmet hod conbines field diet data and | aboratory evacuation
studies to estimate consunption rates. The nmethod can produce
fine-scale tenporal estimates of consunption patterns and has
been wel| developed for the existing predator-prey database.

Di sadvantages of this nmethod are its need for extensive diet
data, conplex equations with many variables, and the lack of a
variance estimate since consunption is calculated only for the
"typical" predator in the sanple.

Consunption was al so calculated for predators in John Day
Reservoir by a neal turnover-tine nethod (Rieman et al. 1988)
whose mai n advantages were variance estimation and sinplicity.
This nethod integrates nmeal turnover-tine and the nunber of
sal nonids found in the gut to cal cul ate consunption for each
i ndividual predator (Henchman 1986, Rieman et al. 1988).

Qur consunption index is based upon the concept and sinple
equations of meal turnover-tinme. Mbdifications of the basic
turnover-tinme equations were derived and indices conputed for
the 1983-86 data set. Index values were correlated wth
correspondi ng consunption estinmates conputed with the nodified
Swenson and Smth method of Vigg et al. (1988). Indices having
t he highest correlations with the consunption estinmates were
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chosen for further study. W assunmed that the nodified Swenson
and Smth nmethod was the "best" estimate of consunmption for the
John Day predator-prey data set. Consunption indices and

met hods were tested during the 1989 field season. Field and

| aboratory met hods were devel oped during 1989 to mnimze the
time and cost of estimating an index.

| ndex Derivation

The estimated nunber of sal nonids consuned per day by an
i ndi vidual predator, p, can be expressed as:

n
c, = E 1 s (Evacuation tinme for prey itemi)
i=l

or,

n
C, E 1 / poo, (1)
i=l

wher e c, I's consunption rate (nunber of sal nonids - individual
northern squawfish™ * day™), D90, is nunber of days to 90%

di gestion for salmonid prey itemi, and n is total nunmber of
sal monids found in the gut. Using 90% di gestion time, rather
than 1009, avoids the problem of non-digestible prey parts that
may remain in the gut for extended periods. FEquation (1) is
equi val ent to:

n
c, = 2_ (24 / T90.) (2)
i=l

where 190, i s nunber of hours to 90% digestion for the ith
salmonid prey item T9o, was cal cul ated by Beyer et al.
(1988) and modified by Rieman et al. (1988) to:

where M, i s meal size (g) at time of ingestion of salnonid prey
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itemi, T is water tenperature (°c), and w, i s predator weight
(g). Substituting equation 3 into 2 and rearranging gives:

n
C, = 0. 0209 * T" % w0 & Z M (g

E
Equation 4 provides an estinmate of daily salmonid consunpti on
per northern squawfish, but still requires estination of neal
size (M;) through intensive gut analysis and conplicated data
anal ysi s. Equation 4 was, however, used as a starting point to
derive a series of test fornulae ("indices").

Several nodifications of equation (4) were exam ned, trying
different terns for estimating nmeal size or excluding sone
terns. The follow ng formula was chosen as a consunption index
(C), based upon sinplicity of data required and percent
vari ance expl ai ned:

cI = 0.0209 * 7" * My & [ MIsal * Mcutwgt %67 (5

where T is water tenperature, Mw is mean predator weight (g),
Mrsal is nean nunber of sal nonids per predator, and Mautwgt is
mean gut weight (g) per predator. Al variables in C are
averaged over all predators in a sanple; C is the consunption
index for a collection (sanple) of predators. \Variance of a C
can be conputed by abootstrap resanpling technique (Efron and
Ti bshirani 1986) .

Cl was well correlated with the Swenson and Smth estinates
of consunption for the John Day pool (r=0.89; P < .00J; n=51)
and the McNary Boat Restricted Zone (r=0.95 P < .0d; n=51).
Cal cul ation of actual consunption (prey' predator-"day-'), rather
than index units, 1s possible by using the regression equation
shown in Figure 1.

One of the goals of deriving a useful index fornmula was to
include only variables that could be easily neasured in the
field or in the laboratory; index variables whose neasurenent
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was costly, time consum ng or inprecise would defeat the
purpose of an index. The only variables needed to calculate C
are predator weight (W, water tenperature (T), nunber of
salmonids in the gut (Tsal) and wei ght of gut contents
(Gutwgt). Efficient nethods for collecting required data have
been devel oped and are described bel ow.

Met hods

Field nethods were devel oped and tested during 1989.
Northern squawfi sh were sanpled at 16 stations associated with
four different dans (Bonneville, The Dalles, MNary, and Ice
Harbor). Most effort was centered on forebay |ocations and
tailraces, with some sanpling in md-reservoir areas.

Predators were collected with an 18 ft, alum num sl ed boat

equi pped with a Smth-Root Type Via electrofishing unit.

Pul sed DC (60 and 120 pul ses/set) at 700-800 V, drawi ng 5-6
anps.  El ectroshocking procedures were simlar to those used by
Poe et al. (1988) and Vigg et al. (1988).

After capture, northern squawfish were held in an aerated
livewell and later placed in water with a | ethal dose of ethyl
p- am nobenzoate (benzocaine). No stress-induced regurgitation
was observed. Predators were nmeasured to the nearest mm (FL),
wei ghed to the nearest 10 g, and scales were collected for age
determnation. Scales were renoved hal f-way between the
posterior base of the dorsal fin and the lateral line. The
body cavity of northern squawfi sh > 250 mm was cut open with a
knife, and sex and stage of maturity were determ ned.

After opening the body cavity, the esophagus was checked
for food items. Next, the anterior end of the esophagus was
pinched shut and cut behind the pharyngeal teeth. The gut was
then extended while fat and viscera were renoved fromthe outer
gut wall. The anterior, open end of the gut was next placed
into a plastic bag. The hindgut was pinched shut near the
anus, and, using the thunb and forefinger of the other hand,
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gut contents were squeezed into the plastic bag. The foregut
was stripped first to prevent large or sharp food itens (such
as crayfish exoskeleton fragments and prey fish bones) from

| odging. CQut contents were |abeled, sealed, and frozen
Potential error in field stripping of northern squawfi sh guts
was eval uated by exam ning a sub-sanple of stripped guts for
residual food itenms with a dissecting mcroscope. Quts of 38
northern squawfi sh were stripped and al so di ssected to
determne stripping efficiency.

In the laboratory, gut contents were thawed and wei ghed to
the nearest 0.1 g; an enpty bag with |label was tared to obtain
the actual gut content weight. A digestive enzyne technique
was devel oped and tested to speed processing of gut sanples. A
di gestive enzyme sol ution was prepared using | ukewarmtap
water, 2% w w high-strength (8x) porcine pancreatin, and 1% w w
nonahydrate sodi um sul fide (Anderson 1965; Dr. Carl Bond,
personal communication). The solution was poured into the
plastic sanple bags until all gut contents were submersed. The
bags were seal ed and contents were mxed to insure all food was
in contact with the solution. Sanples were placed in a 40°C
desiccating oven for about 24 hr. After all flesh was
digested, the contents were poured through a #40 (425 m cron)
sieve and rinsed with tap water.

Pancreatin digests protein, carbohydrates, |ipids, and
nucl eotides, but not bones, shells, chitin or plant cellulose.
Di agnostic bones of prey fish were not affected by enzymatic
digestion and were enunmerated and identified (Hansel et al.
1988). Qther major prey groups (nollusks, crustaceans,
insects, and plants) were also identified fromundi gested hard
parts. A magnifying glass and dissecting forceps were used to
separate diagnostic bones (primarily cleithra, dentaries,
opercles, and hypurals) from other bones. Diagnostic bones
were exam ned under a di ssecting mcroscope, keyed to the
| owest possible taxon, paired to enunerate prey fish consunmed
and preserved in |labeled vials wth 95% et hanol
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Sanpl e size anal yses were perforned to denonstrate the
relative efficiency of index estimates and to ensure that
future efforts woul d be adequate to accurately eval uate
predation intensity. Two conponents of indexing daily
consunption were considered: 1) How many predators must be
captured per day to provide an estinmate of daily consunption?
and 2) How many sanpling days are necessary to estimate
consunption during a period of time? Data fromthe 1983-86
Predator-Prey study in John Day Reservoir (Poe and Rienman,

1988) were used in the follow ng anal yses.

The effect of the nunbers of predators collected upon
consunption index (Cl) variation was exam ned using a
"bootstrap" resanpling nethod. Bootstrap resanpling is a
nonparanetric techni que whose only nmajor assunption is that the
original sanple is representative of the underlying paraneter
distribution (Efron 1982; Efron and Tibshirani 1986). Sanple
si ze was studied by changing the nunber of predators selected
for each bootstrap sanple, generating a Cl frequency
distribution and examning distribution paraneters. Boisclair
and Leggett (1988) recently used a simlar technique for
estimating variation of daily fish ration

In the follow ng discussion, "sanple" wll refer to the
total nunber of predators collected and processed during a tine
period and "resample” wll be a randomy selected subset of a
sanple: a resanple may have | ess than or equal to the nunber of
predators in the sanple fromwhich it is drawn.

The data were partitioned into four sets: early (Miy) and
late (July) outmgration periods for the pool and the MNary
Boat Restricted Zone (BRz). Stratification in this
manner was simlar to previous work (Vigg 1988; Vigg et al.
1988) and gave adequate sanples fromwhich to draw bootstrap
resanpl es. Bootstrap resanples of northern squawfish records
were generated by randomy selecting, wth replacenent, records
froma data set. For each data set, 250 bootstrap resanples
were generated for resanple sizes of 5, 15, 30 and 60
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predators. Prelimnary work indicated that neans, coefficients
of variation and confidence limts stabilized by taking 250 or
nmore resanples. Resanple sizes were chosen since the
consunption index was derived froma data set where at |east 15
fish per day had been collected and nore than 60 fish is
difficult to process in one day by a two-person crew. For each
resanple, a Cl was calculated. Percentiles (10th and 90t h) of
the four C distributions were plotted and exam ned: pini mum
sanpl e size was the point along the plot where increasing
sanple size did not greatly tighten the confidence bounds.

To estimate the nunber of sanple days, daily consunption
indices (Cl) were computed for Pool and BRZ areas in John Day
Reservoir for the early (April-Mwy) and the |late (June-August)
smolt mgratory periods. Data were pooled over years and
nmonths to increase sanple size and for other reasons given in
Vigg et al. (1988). C distributions were not significantly
different from normal (Kol nogorov-Smrnov tests) so sanple-
size cal cul ations were based upon the normal distribution. To
facilitate conparisons between strata, data were centered to
have a nean of 1 Dby:

St andardi zed c1, = c1I; / Mean (cI,),

where cI; was the consunption index on day i. Power curves
were conputed using a Type | error (Alpha) = .1 and fixed
sanpl e sizes of 2, 4 and 8 days.

Resul ts

Fishing effort for the two-person crew (operator and
netter) ranged from 7 to 130 mnutes per station. Mean nunber
of sal nonids per northern squawfish gut was as high as 5.0
(Table 1). Consunption indices (Cl) were highest in July in
the McNary Damtailrace, an area that has been shown to have a
high predation rate (Vigg et al., 1988). Although sanpling was
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not designed for rigorous conparison, Cl values were generally
lower in May than in July (Table 1).

O the 38 northern squawfi sh guts that were stripped to
determine stripping efficiency, only four contained prey fish
and three of these had residual food items. Food residue,
however, average only 0.03% of weight of original gut contents.
O the 34 exam ned stomachs wi thout preyfish, eight had
resi dual food itens (average 0.16% of original gut contents).
Most residual food itenms were sharp crayfish exoskel eton
fragments, sharp preyfish bones such as ribs, vertebrae, etc
and minute amounts of plant material. Al though few of the
exam ned predators contai ned preyfish, careful gut stripping
renoved over 99% of the total gut contents by weight and al
di agnosti c sal nonid bones.

The digestive enzyne nethod tested greatly reduced the cost
and effort required for the | aboratory conponent of the
predation index. The gut analysis technique was approxi mately
six tinmes faster (person-hrs) than the analysis nethod used to
process the 1988 sanples (see Section Il of this report). The
di gestive enzyme approach yielded | ess information, but was
nore cost-effective than traditional nethods used to estimate
absolute rates of consunption (e.g., Swenson and Smith 1973).

| ncreasing the nunber of predators "sampled" by
boot st rappi ng reduced confidence limts of the consunption
index (Cl), as expected (Figure 2). In My in the Boat
Restricted Zone (BRz), confidence |limts were fairly close to
the mean and nearly constant for sanple sizes of 15 to 60
predators (Figure 2). During July in the BRZ, the nean
consunption'index was higher but the pattern of change in
confidence linmts was simlar to May. A daily sanple m ninum
of 15 northern squawfish appears sufficient for estimating a
consunption index within boat restricted zones. Larger sanple
sizes do not greatly tighten the confidence interval
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Tabl e 1.

Summary of test data from 1989 for northern squaw i sh
consunption i ndex.

[ Consunption | ndex
when sanple size (N) of northern squa

of i 3h

was cal cul ated only
was greater than

one.

1989 Sanpl e N Tenp. Mean c

Dat e Locati on (°c) SOF W Qut No. of

(9) (9) Sal m

May 12 Bonnevill e, 6 12 527 3.7 0. 00 0. 00
m d-reservoir

May 12  Bonnevill e, 10 12 894 13. 4 0.00 0. 00
m d-reservoir

May 16 The Dall es, 10 13 1029 14.7 0.10 0.16
m d-reservoir

May 16 The Dall es, 13 13 949 7.3 0.00 0.00
m d-reservoir

May 19 The Dall es, 15 13 897 19.1 0. 27 0.35
f or ebay

Jul 07 Ice Harbor, 45 17 660 4.8 0.04 0.17
tailrace

Jul 12 MNary, 23 18 540 7.1 0. 87 3.06
tailrace

Jul 12 MNary, 77 18 574 8.9 1.29 4.02
tailrace

Jul 13 MNary, 25 19 720 7.0 1.52 6. 36
tailrace

Jul 13  MNary, 4 19 1037 23.2 5.00 11.14
tailrace

Jul 27 Bonneville I, 23 20 687 2.1 0.13 1.22
tailrace

Jul 27 Bonneville I, 19 20 803 6.1 0.63 3.22
tailrace

Jul 28 Bonneville I1, 3 19 640 0.5 0.00 0.00
tailrace

Jul 31 Bonneville I, 18 20 800 2.6 0.22 1.87
tailrace

Jul 31 Bonneville I, 20 20 627 3.0 0.25 1.85
tailrace

Aug 01 Bonneville IlI, 10 20 764 2.9 0.00 0.00
tailrace
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Slightly larger sanple sizes appear necessary for
estimating a consunption index within a reservoir pool (Figure
2) - Confidence limts did not stabilize for John Day Pool Cl
distributions until about 30 predators had been sanpl ed.
Consunption indexing during the sumer period would require the
greatest sanpling effort. The central 80% confidence interva
for July in the pool ranged fromO to 1.2 index units when 15
fish were sanpled (Figure 2); this interval was reduced to
0.15 to 0.9 index units when sanple size was increased to 30
predators.

I ncreasing the nunber of sanple days in an area (Figure 3)
increased the probability that two Cl sanples (called "test"
and "control" bel ow for conveni ence) could be distinguished.
Wth 2 days of spring sanpling in the BRZ (Figure 3a), test
sanples of Cl that are two tines control or one tenth of
control would be detected with about 70% confidence. During
the June- August period, sanples of 2 days in the BRZ would have
| ow power to distinguish cases when test neans were |ess than
twice the control mean (Figure 3b). \Wen test neans were
triple the control mean, or greater, the probability of falsely
rejecting the null hypothesis became very slimin the BRZ
(Figure 3Db).

Variation of Cl's in the pool during April-My were
conparable to variation in the BRZ (Table 2), suggesting
sanpling power would be simlar to that described above (see
Figures 3a-c). During summer nonths, however, day-to-day
variability increased and the power of a a-day sanpling plan
thus declines (Figure 3d). Test sanples would need to be about
three tinmes control sanples to have a reasonably high
confidence of successful distinction. Sanpling on a 4- or 8-
day schedul e increased statistical power and could be used in
specific C conparisons
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Tabl e 2. Mean Consunption Index for tinme and |ocation strata
used in power analyses for nunber of days.

_ _ Number Mean _ Coefficient of
Locati on Ti me of Sanple Consunpt i on Variation
Days | ndex (SD / Mean)
JD Pool  Apr- May 20 0.43 0.78
JD Pool  Jun-Aug 31 0.42 1.41
BRZ Apr - May 20 0.70 0.61
BRZ Jun- aug 31 1.31 0. 87

Di scussi on

Consunption index sanmpling in 1989 was done primarily to
devel op methods, test field procedures and resolve problens.
| ndi ces measured during 1989 shoul d be considered test data
since sanpling criteria were not fully devel oped, geographic
| ocation of sanples was not systematic and sanple timng was
not bal anced. The consunption indices were, however, highly
vari abl e between sanple sites suggesting predation intensity
may be variable and "hot spots" may be detected with systematic
sanmpl i ng.

The intent in devel oping the consunption index was to
mnimze the time and costs associated with sanpling the many
| arge reservoirs throughout the Lower Snake and Col unbi a
Rivers. The two conponents of inplenenting a systemw de
nort hern squawfi sh consunption index include the field work
required to collect predators and the | aboratory work required
to process and anal yze the gut contents. Both field and
| aboratory methods were nodified in an attenpt to reduce the
costs associated with traditional food habits studies.

The field collection cost during 1989 predation i ndex
testing was roughly the sane as past field work conducted in
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John Day Reservoir (Poe et al. 1988), since the costs
associated with hiring personnel, and procurenment and

mai nt enance of vehicles and an el ectrofishing boat are fixed.
Actual field methods using the gut stripping technique required
t he sane anmount of time (-2 mnutes per predator) as previous
food habits nethods, thus the only alternative to reduce costs
was to reduce sanmpling effort.

During the 1983-86 predation studies, northern squawfish
were collected on at |east three consecutive days per nonth
each day stratified into 6-hour sanpling periods (Poe et al.
1988); no specific nunber of fish was targeted for collection
during a sanpling period. During 219 total days sanpled, the
nmedi an nunber of northern squawfi sh (> 250 mm FL) coll ected and
processed per day was 12 (range |-109 predators). Plans for
consunption indexing throughout the Col unbia River system
i nvol ves one year's sanpling per reservoir, two days in spring
and summer and 15-30 fish per day. Therefore, sanpling effort
will be reduced fromthe 1983-86 effort by collecting fish on
fewer days per year and during a single year; roughly the sane
nunber of fish per sanple day will be collected. Also, fewver
sites will be sanpled, enphasizing "hot spot" areas where
predation | osses are believed to be high (i.e., tailraces and
forebays of dans). An index approach requires |less effort
since sanpling can be |less representative than that required
for absolute reservoir-wide estimates of nortality.

Sel ecting appropriate sanple sizes requires some a priori
definition of the acceptable error levels, which is not usually
a straight forward task. The analyses above were meant to
describe the confidence in estimating Cl's that can be expected
with different levels of effort and different sanpling
scenarios. The general conclusions were that: 1) sanples of
about 15-30 northern squawfish will be adequate for estimating
daily C's, and, 2) sanpling on 2 days will provide a
noderately good estimate of the index of consunption for the
| ocations and times studied. Daily variability of CI's within
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the pool of John Day Reservoir were high during 1983- 86,
causi ng 2-day sanples to have only noderate power in
di stinguishing test from control values. Application of these

conclusions to sanpling in other reservoirs assunes, of course,
that variability will be simlar.
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Bi oenergetic Consunption Index (BI)

Backar ound

Bi oenergetics nodel s have becone useful tools for studying
various aspects of fish growh and consunption (references in
Hewett and Johnson 1987; Hewett 1989). Theoretical, |aboratory
and field studies of fish physiology have been integrated into
flexible nodels, allow ng researchers or fisheries managers to
estimate consunption or growh of fish fromeasily neasured
field data. One approach to indexing consunption in reservoirs
t hroughout the Colunbia R ver systemis to develop a
bi oenergetics nodel for northern squawfi sh and use the nodel to
cal cul ate juvenile salnmonid consunption at study sites based
upon observed predator growh and water tenperature.

A maj or advantage of bioenergetic indexing is that it uses
fish growh to integrate consunption over a period of tine,
reduci ng potential sanpling problens associated with variable
consunption rates. Juvenile salnonid consunption rates are
highly variable from day to day, differing by as nuch as an
order of magnitude between successive days (FW unpublished
anal yses). Sanpling variable consunption patterns with
relatively short sanple intervals (2-4 successive days) may
produce biased estinmates if sanple dates have particularly | ow
or high consunption. Predators, however, feed throughout the
seaward mgration period of juvenile salnonids and their growh
reflects an integration of daily consunption. Measuring growth
rate of predators during the tinme when juvenile sal nonids are
passing through a particular reservoir allows estinmation of an
average daily consunption rate and total consunption for the
peri od.

Two di sadvant ages of consunption indexing via bioener-
getics are no immediate, real-tine estimates and no specific
nmodel has been devel oped for northern squawfish. Consunption
estimates for a tine period of interest cannot be nmade until
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predator growm h data have been anal yzed at the end of the

peri od. Lack of nodel devel opment for northern squawfi sh can
be quickly overconme and the renainder of this section describes
prelimnary devel opnent and application of a northern squawfish
bi oenergetics nodel. Qur general approach is to develop a
prelimnary nodel, conduct sone test runs of the nodel, and
performsensitivity anal yses upon nodel paraneters. Further
devel opment and/or anal yses will be recommended based upon
results of these test runs and paraneter sensitivities.

Model Devel opnent

Hewett and Johnson (1987, 1989) devel oped a generalized
bi oenergetics nodel that contains options for selecting
equation forms, changing parameters, output formats, etc.
Hewett and Johnson's menu-driven program for m croconputers
greatly sinplifies nodel devel opnent for new species and was
used to begin devel opnent of the northern squawfi sh nodel
Details of nodel inplenentation, data files and program options
are not provided here, but are available in Hewett and Johnson
(1987).

Fish growmh may be described or nodel ed by a sinple energy
bal ance equati on:

G owh = Consunption - (Respiration + Waste Losses)

Terns of this equation are expanded based upon data for
specific fishes. Conputer sinulations of the final nodel nmay
be run to calculate growth, or consunption if the bal ance
equation is rearranged. Many recent studies of fish popul a-
ti ons have used this basic nbdeling approach, successfully

predicting growh or consunption (e.g., Kitchell et al. 1977,
Kitchell and Breck 1980; Stewart et al. 1983: Rice and Cochran
1984; Stewart and Bi nkowski 1986).

G ow h, the change in weight of predators between two
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sanpling tines, nust be known to estinmate consunption of
juvenile salnmonids with a bioenergetics nodel. Vi ght of

i ndi vidual, tagged predators could be recorded before and after
the juvenile salnmonid mgration: however, tagging and
recapturing adequate nunbers of fish in a large systemis
difficult. Instead, the average weight change of aged cohorts
between two sanple times are typically used. Estimating growh
thus requires data on fish weight and age (from scal es or ot her
structures).

Consumption (C), the anount of food consuned by the fish,
has the general form

C=0Omx * P* F(T)

wher e
Cmax = maxi mum specific consunption rate (g-g'da™)
P = proportionality constant
T = tenperature (°c)

F(T) = the tenperature dependence function
Crax may be further defined as an allonetric function of
wei ght :

Crax = a * w°
wher e
1} = fish weight (g)

a intercept of the allometric function for
consunption, and,

b = slope of the allonmetric function for consunption

Several tenperature dependence functions [F(T)] have been
used in bioenergetic nodels (Hewett and Johnson 1987). An
al gorithm by Thornton and Lessem (1978) has been used for
northern squawfish (Vigg and Burley M) and was used bel ow
The Thornton and Lessem (1978) algorithmis essentially the
product of two signoid curves, one fitting the increasing
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portion of the tenperature dependence curve (Ki) and one
fitting the decreasing portion of the curve (Kd):

FT) = Ki * Kd .

The Thornton and Lessem nodel is best for cool- and col d-water
species (Hewett and Johnson 1987) and has been used for alew fe
(Al osa oseudoharenaus), coho sal non (Oncorhynchus ki sutch) and
chi nook sal non (0. tshawtscha) (Stewart et al. 1981; Stewart
and Bi nkowski 1986). For nore details on this function, see
Thornton and Lessem (1978) or Hewett and Johnson (1987:
Consunption Mdel 3).

Respiration (R), the anount of energy in weight equivalents
necessary to carry out standard and active netabolism was
nmodel ed as:

R=a* Wl F(t)* ACT

wher e
w = fish weight (g),
a = intercept of the allonmetric function for
respiration
b = slope of the allometric function for respiration
F(T) = tenperature dependence function, and,
ACT = the increnent for active netabolism

Activity (ACT) is nodeled as a constant tines the resting
nmet abolism ACT is also called the "Wnberg nultiplier"
(Wnberg 1956). Specific dynamc action (SDA), also required,
Is calculated separately and added to respiration

The tenperature dependence function for respiration of
Kitchell et al. (1977) was used in the northern squawfish
bi oenergetic nodel. This function (Respiration Mdel 2 of
Hewett and Johnson 1987) increases fromO at |ow tenperatures
to 1 at the optinumtenperature (RTO and back to 0 at the
maxi num tenperature (RTM.
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Waste |osses are egestion plus excretion. Egestion is
fecal matter and excretion is nitrogenous waste products. The
nodel al so considers the caloric density of prey types and
predator, weight |oss during spawni ng, and water tenperature
(see Hewett and Johnson 1987).

Met hods

Gowh - Since little is known about the seasonal growh
pattern or the col d-water (<i10°c, e.g.) physiology of northern
squawfish, all growh during a year was assumed to occur at
t enper at ures above 10°c. The greater-than 10°c period at MNary
Dam for 1983-86 was between April, 13 - Novenber, 3, which was
the period nodeled. Carline (1987) also assumed growh only
above 10°c when nodel i ng | argenout h bass.

Consunption - Vigg et al. (1988) and unpublished FW5
anal yses have noted increasing ration wth increasing predator
size for northern squawfish in the BRZ of MNary Dam Vigg and
Burley (MS), however, did not find a significant effect of
predat or wei ght upon maxi num consunption rate; nost variation
in their experinents was explained by tenperature. W set the
al lometric consunption slope coefficient (CB) to 0 and the
intercept (CA) to 0.4 (Table 3). CA was determned from Figure
4 of Vigg and Burley. Paraneters of the tenperature dependence
function (Table 3) for consunption were fit by Vigg and Burl ey
(MS) to laboratory feeding data with good success (R® = 0.97).

Respiration - No studies have been done on the netabolic
requirements of northern squawfish so data from related species

(Sacranento squawfish Ptychocheilus qgrandis; carp CQyprinus

carpio) were used where possible. Paraneter values for ACT and
SDA are "generic" values used for a variety of predators in
previous studies (Hewett and Johnson 1987). Table 4 lists
paranmeters used in initial nodel exercises.

Waste Losses - Egestion was nodel ed as a constant
proportion of consunption (Kitchell et al. 1977) while
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Table 3. Consunption parameters used in bioenergetic nodeling of
northern squawfish. Paraneter names are the sane as those used by
Hewett and Johnson (1987).

Par anmet er Val ue Descri ption Sour ce
CA 0.4 Intercept for Based on
max. cons. Vigg & Burley (M5)
CB 0.0 Coefficient for Based on
Max. Ccons. Vigg & Burley ghﬁ?
CQ 0 Temp. when dep. Vigg & Burley (M5
equal s Kl
CT0 21.5 Tenperature for Vigg &Burley (MB)
opt 1 mum cons.
CT™m 21.5 Tenp. for opt. Vigg & Burley (M5)
consunpti on
CTL 27 Upper tenp. Vigg & Burley (M5
CK 0.001 renp. depend. Vigg & Burley (M5
ower
CK4 0.01 Tenp. depend. Vigg & Burley (M)
upper
Table 4. Respiration paranmeters used in bioenergetic nodeling of

northern squawfish. Paraneter names are the sane as those used by
Hewett and Johnson (1987).

Par anmet er Val ue Descri ption Sour ce

RA 0. 0108 Intercept for Hewett &
respiration Johnson g1987)

RB -0. 20 Coefficient for Basu (1959)
respiration

RQ 2.44 Q,, at l0-25 deg Cal cul ated from

Cech et al.(1990)

RTO 27 Tenperature for Bl ack (1953)
opt I mum resp

RTM 29 Max. tenperature Bl ack (1953)
when resp. =0

ACT 1.0 Activity Hewett & Johnson

1987
SDA (S) 0.172 Specific Dynamc ﬁemet% & Johnson

Action

(1987)
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excretion was considered a constant proportion of consunption
m nus egestion; egested calories cannot be excreted. Previous
studies (Hewett and Johnson 1987; Bartell et al. 1986, e.g.)
indi cate that proportional descriptions of waste are probably
adequate for nodeling growh or consunption. The egestion
paraneter (FA) used was 0.104 (|argenouth bass: Hewett and
Johnson 1987; Rice et al. 1983) while the excretion paraneter
(UA) was 0.068 (largenouth bass: Hewett and Johnson 1987).

Nort hern Squawfish Diet - Four diet categories (salnonids
non- sal noni ds, invertebrates, and m scell aneous) were
considered in the nodel. For all years (1983-86) and nonths
(April-August) combi ned, sal nonids were 66. 7% of the diet, non-
salmonid fish were 14.2% and invertebrates, nostly crayfish
were 16.3% (Poe et al. 1988). A monthly summary of diet
categories and caloric densities is provided in Table 5. Diet
conposition varied by time of year and by predator size (Poe et
al. 1988; FWS5 unpublished data).

An age-at-length key for northern squawfi sh in John Day
Reservoir (Vigg et al. 1988) was used to assign ages to unaged,
but neasured, fish for diet analyses. Weight (g) was
estimated fromlength (nm, when required, based upon a
rel ati onship conputed from5, 460 northern squawfi sh coll ected
in John Day Reservoir and in John Day Dam tailrace:

Weight = 107" * pength®%® R® = 0.98

Caloric Density - Caloric density of spring chinook snolts was
estimated at selected |l ocations during their outmgration

and found to be simlar between Priest Rapids Dam and Jones
Beach (Rondorf et al. 1985). An energy density of 1,030
calories/g wet weight (Rondorf et al. 1985) was used for
juvenile salnonids throughout the simulation period. Energy
density of non-salnonid fishes was set to 1,000 Cal/g (Hewett
and Johnson 1987). Invertebrates in the diet were prinmarily
anphi pods (Corophium and crayfish (Poe et al. 1988).
Amphi pods have an approxi mate energy density of 934 Cal/g and
decapods 1,077 Cal/g (Cumm ns and Wiycheck 1971; Stewart et al.
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Table 5.  Proportions of major diet categories in northern
squawfi sh guts collected from John Day Reservoir and tailrace
during 1983-1986. The "other" category was plants, detritus
and unidentifiable material.

ggfggory Apr May Jun Jul Aug

Sal noni ds 0.6/6 0. 726 0. 461 0.810 0.438
Non- sal noni ds 0. 194 0.121 0.166 0.072 0.233
Invertebrates 0.101 0.129 0.322 0.106 0.291
O her 0. 026 0. 022 0. 050 0. 010 0. 036
N 566 1072 1192 875 1077

1983); the invertebrate food category was assi gned an energy
density of 1,006 Cal/g. The di et category was assuned
to be largely indigestible material (chitin, scales, insects,
plant material, etc.) and was given an arbitrary energy density
of 500 Cal/g

Nort hern squawfi sh caloric density is not known and was set
to 1,000 Cal/g (Hewett and Johnson 1987). Seasonal changes in
caloric density of the predator can be nodel ed, but |ack of
data prevented such detailed efforts in the present nodel

Spawni ng Losses - Weight | oss due to spawning can be
accounted for in the northern squawfish bioenergetic nodel
Jeppson and Platts (1959) estinmated fecundity and gonad wei ght
in gravid northern squawfish females in Idaho and found that
"In larger fenmale squawfish, eggs nmay total 100,000 or nore,

averaging [12.5% of the body weight". They observed spawning
during a one nonth period in late spring or early sunmmer. In

John Day Reservoir, spawning occurred in June through early
Jul y, while the gonadosomatic index peaked at about 7% for
femal es and 3% for males (Vigg and Prendergast, unpublished
M5). Female northern squawfish in the reservoir |ost about 6%
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of their body weight between June 9, 1982 and md-July, 1982
Spawni ng wei ght loss in the nodel was set to 6% of total body
wei ght and occurred on June 15th. Al cohorts nodel ed were
assuned to be mature adults.

Tenperature - Average nonthly tenperature was cal cul at ed
fromArny Corps of Engineers data collected at McNary Dam ( ACOE
1983- 1986) .

Sensitivity Analysis - To guide further nodel devel opnent,
sensitivity of nodel output to individual bioenergetic
parameters was examined. Sinulations were for a single cohort
of Ovyear old northern squawfish; 8-year old fish were chosen
since they wei ghed about 626-779 g (Vigg et al. 1988), which
i ncl uded the nmean weight of all fish captured in John Day
Reservoir (772 g; Vigg et al. 1988). Sensitivity was explored
by individually varying paraneters +10% and conpari ng
accunul ated snmolt consunption (g) with a standard sinmul ation.
Tenperature paraneters were varied by +1°c. Paraneter values
in the standard sinulation were described above and are |isted
in Tables 4-6.

Paraneter sensitivity was cal cul ated by the nethod of
Kitchell et al. (1977); this nethod has al so been used in other
bi oenergetic studies (Bartell et al. 1986; Adans and DeAngelis
1987). Sensitivity values were nornalized to the standard
si mul ation by:

s(p) = (p * delta x) / ( x * delta p)

where S(p) = sensitivity for parameter p,
p = standard paraneter val ue,
delta p = input deviation of parameter p,
X = standard value of accunulated consunption, and,
delta x = deviation of accumul ated consunption due to

delta p.
A sensitivity of 1.0 neans that a paraneter change of 10%
produces a 10% change in the output variable. Efforts to
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i nprove the bioenergetics nodel would be focused on paraneters
with high sensitivities, where small errors could cause the
| argest change in nodel output.

Sanpl e Size Requirenents - Approxi mat e sanpl e sizes were
calculated to answer the question: "How many fish within an age
group are required to detect weight changes during spring or

summer sanpling periods?'. Three potential sanpling intervals,
fromMy to July, July to Septenber, and May to Septenber, were
examned (Table 6). Predicted weights fromthe sinulations on

three dates (May 15, July 15 and Septenber 15) were used to
calculate sanple sizes. Standard deviations of predicted

wei ghts, which were necessary for sanple size calculations,
were estimated using aged northern squawfish (N=266) collected
in John Day Reservoir during 1985 (CDFW data provided by BPA).
The mean coefficient of variation for age-specific weights
during 1985 (26.7% was used to conpute standard devi ations of
wei ghts on sanple dates. Wights were assuned to be normally
di stributed about the mean.

Resul ts

Seasonal Growth - For the period nodeled (April 13-
Novenber 3), individual predators first showed a gradual weight
| oss followed by a rapid increase in weight during July, August
and Septenber (Figure 4). Spawning in June produced a snall
wei ght loss, which was rapidly recovered (Figure 4). This
pattern of weight change was probably driven |argely by water
tenperature in the river. Average tenperature at MNary Dam
during 1983-86 increased fromabout 9°c in April to over 15°
in June; July through Septenber tenperatures were over 19°C
(data from ACCE).

Snolt consunption increased rapidly in the spring to a
maxi mum during July (Figure 4), when 5-6 g of juvenile
sal noni ds were consuned in a day by an 8-year-old northern
squawf i sh. The spring outmgration of snmolts was not obvi ous
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Table 6. Nunber of aged northern squawfish necessary to

di stingui sh seasonal weight changes durinq three periods. Type 1
error was set to . 05, Type Il error was .10 and a one-tailed
test was specified.

Age Sanpl e Period
May - July July - Septenber May - Septenber
PercEnt | Razpeﬂt Sarml Paéceﬂt
Sample Vi ght Sanpl e I ght anmpl e i ght
S?ge Change Si ze Change Si ze Change
4 84 8.6 7 30. 4 4 41. 6
5 89 8.2 8 28.7 4 39.2
6 166 6.1 13 22.3 7 30.0
7 249 5.1 17 19.3 10 25.2
8 274 4.7 18 18. 6 11 24.2
9 325 4.3 20 17.5 12 22.6

in the specific consunption curve (Figure 4), possibly because
met abol i ¢ needs were |ower when water was cool
Ration Conparisons - To make sonme conparisons of predicted
and observed consunption rates, the bioenergetics nodel was run
using data specific to John Day Reservoir during 1983-86
Total ration and salnonid ration for 8-year-old northern
squawfi sh predicted by the nodel were conpared with ration
estimates made in the Boat Restricted Zone and the pool of John
Day Reservoir by Vigg et al. (1988). Vigg et al. (1988)
sanpl ed over 4,700 northern squawish and estimated consunption
by a nodification of the Swenson and Smth (1973) technique.
Total ration predictions by the bioenergetic nodel were
fairly close to estimates for the John Day pool, except during
May (Figure 5). In My, total ration in the pool (18 mg'g-'-a™')
was over twice that predicted by the bioenergetics nodel (7
mg'g-"d™").  During other nonths, there was less than a 4
mg'g-'*a”’ di fference between the nodel and field data. The
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nmodel was |less effective at predicting ration within the BRZ
especially in July when consunption was very high in the Boat
Restricted Zone. Salnonid ration predictions and observations
were simlar to those for total ration, although the June
predi ction was al so hi gher than observed consunption in both
the pool and BRZ (Figure 5).

Sensitivity Analysis - Consunption of juvenile salnonids in
t he nodel was nobst sensitive to respiration paraneters (Figure
6) - Deviations of several respiration paraneters produced
relatively |arge changes in snmolt consunption, while variation
I n maxi mum consunption, excretion, and egestion paraneters
produced relatively small changes in the output. Accunul at ed
sal monid consunption was nost sensitive to the maxi mum
tenperature at which respiration was zero (RTM, where a -1°c
change caused consunption to change by about 25% (Figure 6).
Consunpti on was noderately sensitive to the activity paraneter
(ACT) and to the caloric density of northern squaw ish

Agei ng - Some ageing of northern squawfish in the Col umbia
R ver has been done by (Beanmesderfer et al. 1987); no ageing
was done during the current project. Beanmesderfer et al.
(1987) found northern squawfish as old as 17 years by counting
scal e annuli. During 1983-86, nedian age, after adjusting for
gear vulnerability, ranged between 4 and 9 years old
(Beanmesderfer et al. 1987). Reader agreenent between separate
age determ nati ons was variable but declined with increasing
age. Experienced readers had over 50% agreenent on age
determ nations when fish were 9 years old or |ess.

For bioenergetics nodeling, northern squawfish would be
categorized into six age groups: 4 years or less, 5 6, 7, 8,
and greater than 8 years. Four-year-old fish are just large
enough to consume outmigrating juvenile salnmonids (Poe et al.
1988; Vigg et al. 1988). Fish older than 8 years were
relatively hard to age by counting scale annuli (Beanesderfer
et al. 1987); also, consunption rate differences between ol der
fish are probably small, conpared to younger, faster-grow ng
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individuals. Gouping age 8 and ol der fish would al so reduce

the amount of effort required to age very old fish. Qoliths

and ot her bony structures will be exam ned for possible use in
ageing work and to verify scal e-agei ng methodol ogy.

Sanpl e Size Requirenents - M ninum sanple size varied
depending upon the growth interval examned (Table 6). The
proportional growth of individuals between May and July was
relatively low (see Figure 4, e.g.), being about 4-9% dependi ng
upon fish age; the sanple sizes required to detect this
difference were large (Table 6). Between July and Septenber,

t he percent weight change was much higher (17-30% Table 6),
and fewer individuals would be needed to detect this change,
conpared to the May-July period. Sinmulated growth from May to
Septenber was greatest and |ess than 20 fish per age cl ass
woul d be required to detect seasonal growth changes from May to
Septenber (Table 6). (O der age groups required |arger sanples
since the proportional weight change declined w th increasing
age.

Di scussi on

Rati on conparisons of nodel predictions and field data were
meant as a rough guide to potential nodel performance. A nore
conpl ete analysis would include all age classes and the
proportions of the population within each age class. The above
conparisons do, however, suggest that bioenergetic nodeling has
good potential for estimating consunption, especially within
the pool of a reservoir. The slightly poorer perfornmance of
the nodel for predicting salnonid rations suggests that diet
proportions and caloric densities of prey types and predator
shoul d be re-exam ned.

Consunption estinmation using bioenergetic nodels has been
shown in several studies to be sensitive to respiration
paraneters, and relatively insensitive to maxi mum consunption
paraneters (Kitchell, 1977, Stewart et al. 1983; Cui and
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Wotton, 1989). Bartell et al. (1986) concluded that a nodel
of alew fe consunption was nost sensitive to the tenperature
dependence of respiration and consunption, requiring accurate
data on the thermal history of the fish. Results of our
sensitivity analysis, and the shortage of species-specific
netabolic data (Table 5), suggest that respiration experinments
could inprove the bioenergetics nodel

Al t hough sanple size estimates were approxi mate, requiring
assunpti ons about seasonal growth patterns and variance about
the mean weights, sone conclusions could be drawn. The
bi oenergetics approach woul d probably not allow separation of
consunption into early and | ate-season conponents because of
sanpling considerations. Estimates of consunption for the
early smolt outmgration period (April-June) would not be
feasible due to slow predator growmh and the | arge sanple size
needed to detect growth. Bioenergetic-based consunption
estimates should be only for spring-fall or summer-fall periods
when the growth increnent is relatively |large and detectable
w th about 20 fish per age group.
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SECTION |I'1.  PREDATOR- SMOLT DYNAM CS

Three aspects of predator-snolt dynam cs were included as
tasks in the 1989-90 study plan. Additional data were needed
on the functional relationship between predators and prey to
accurately nodel and understand the interaction and the
i nfluence of physical paraneters.

The Col unbia R ver Ecosystem Mddel (CREM was devel oped for
John Day Reservoir to explore predation and eval uate predator
control efforts. CREM was based primarily upon the functiona
response of predators to varying prey density. Further data
were needed to refine the functional response relationship and
to test assunptions of the nodel. (Qher nodeling approaches
were al so being considered by researchers in the regi on and
di scussi on was necessary to resolve problens and plan effective
programs. The three parts of this Section address sone of
t hese probl ens.

Maxi mum Consunpti on Experinents

Experiments to neasure the maxi num consunption rate of
northern squawfi sh within the | aboratory were conpleted and a
manuscript (Vigg and Burley M5) has been submtted for
publication. See Appendix A

Predator-Prey Modeling Wrkshop

A workshop was held in May, 1989 to discuss nodeling
approaches and problens related to predator-prey dynamcs in
the Colunbia R ver. The workshop was coordi nated by a steering
conmttee that included Jim Petersen (commttee chairnman) and
Tom Poe of the FW5. Results of the workshop have been
publ i shed as a separate Bonneville Power Adm nistration report
(Fickeisen et al., 1990).
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1988 Consunption Rate Data

| ntr tion

The functional relationship between prey density and
predator consunption rate is an inportant prerequisite to
under standing and nodeling predator-prey dynamcs. Earlier
work on juvenile salnmonid predation within John Day Reservoir
(Poe and R eman, 1988) provided data on the functional response
of predator consunption rates to prey density (Vigg 1988). In
general, consunption rates increased in a nonlinear manner as
smolt density increased, reaching an asynptotic rate of about
five snolts per predator per day when snolt density was very
high. The transition and asynptote of the functional response
were, however, defined by relatively few data points (Vigg
1988; his Figure 4, e.g.).

Since the functional response of predator consunption rate
is central to current predation nodels and interpretations
(Beanesderfer et al. 1988; Poe et al. 1988; Vigg 1988;

Fi ckeisen et al. 1990), definition of the shape and asynptote
of this function are crucial. Therefore, we initiated a
limted effort to collect data on northern squawfi sh
consunption that woul d suppl enent existing data and further
define the functional response curve. This section reports our
efforts to refine the functional response curve.

Met hods

Nort hern squawfi sh were sanpled within the McNary Dam boat
restricted zone on nine days during July, 1988 (Table 7).
Predators were collected through the diurnal period by
el ectroshocking at stations near the navigation |ock guidewall,
the outlet of the snolt bypass, the spill gates and on the
Oregon shoreline. Field nethods, |aboratory nethods, and data
anal yses were described in earlier predator-prey studies (Poe
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et al. 1988; Vigg et al. 1988).

Cal cul ations of consunption by northern squawfi sh were
based upon the nmethod of Swenson and Smth (1973) as nodified
by Vigg et al. (1988). Calculation of snolt density for the
McNary BRZ used Mgrational Index (M) data from McNary Dam
(Fi sh Passage Center, 1988), daily flow at McNary Dam (Koski et
al. 1989) and fornulae in Vigg (1988). Variability in daily
consunption was estimated by the bootstrap resanpling technique
(Efron 1982; Boisclair and Leggett 1988). Briefly, data sets
of daily predator records were resanpled by conputer to
generate new record conbinations for consunption calculation
Each resanpl e contai ned the sane nunber of predator records as
the original sanple (Efron 1982). The original data were
resanpl ed 500 tinmes to produce a frequency distribution of
consunption rates for a given day.

Resul t s

During nine days of sanpling, 607 northern squawfish were
captured (Table 7). Catch per effort during night (1900-0700
hours) was about 23 predators/hour, conpared to 14
predat ors/ hour during the day (0700-1900 hours). \Water
tenperature at McNary Damincreased |ess than |1°C during the
11-day sanpling period (Table 7).

Snolt passage at McNary Dam during the summer of 1988 had
several peaks, with the largest occurring in late June (Figure
7)' Although our sanpling m ssed the highest passage, fish
col l ected between July 18-20 coincided with a fairly high
period of snolt passage (Table 7; Figure 7). Collections made
fromJuly 14-16 occurred during a time of internediate,
decl i ni ng passage and sanpling fromJuly 22-24 was during a
period of relatively |ow passage

Ration and sal nonid consunption rate were estimated for
each col |l ection day (Table 8); nunber of fish used in
consunption anal yses was | ess than the total catch because of
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Table 7. Summary of northern squawfi sh catch, water tenperature
and passage index at MNary Dam for sanpling dates in July, 1988.
Tenperature data are fromArny Corp of Engineers and juvenile
sal nonid passage data are fromthe Fish Passage Center

Dat e Total Catch of R ver Juveni |l e Sal noni d
Nort hern Ter@ erature Passage |ndex at
Squawf i sh (°c) McNary Dam
7/14/88 104 19.4 164, 460
7/15/88 57 19. 4 93, 160
7/16/88 26 18.9 52, 300
7/18/88 78 18.9 163, 634
7/19/88 114 18.9 256, 900
7/20/88 40 20.0 170, 599
7/22/88 58 20.0 29, 585
7/23/88 105 20.0 26, 133
7/24/88 25 20.0 23, 467

size requirenents (only predators > 250 nmm were included) and
exclusion of torn or damaged guts. Analyses for daily sanple
size requirenents (see Section | of this report, D rect
Consunption | ndexi ng) suggested that 15-30 northern squawfi sh
per day was adequate to describe consunption variation. The
m ni mum nunber of northern squawfish in a daily sanple during
July, 1988 was 20, with nost sanple days having over 40
predators (Table 8).

Sal noni ds constituted from73%to 99% (mean 91% of the
northern squawfi sh diet during the nine sanple days in July
1988. During the period of highest consunption (July 18-20),
the predator's diet was alnost conpletely salnonids (96-99%.
Vigg (1988) al so observed a high proportion of snolts in the
di et of northern squawfi sh when density of juvenile sal nonids
was hi gh

Total daily ration (Table 8) for northern squawfish varied
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Table 8. Total daily ration, salnmonid ration and sal monid consunption
rate for northern squawfish in the McNary Damtailrace during July,
1988. Bootstrap anal yses were done on each sanple date to estimate
standard deviations, which are shown in parentheses.

Dat e # of Total Ration Sal nonid Ration Salggnid
te
Predators (mg'g "a™"y (mg'g :a™"y (smol ts'

predat or - "

ah
7/14/88 94 19.4 ( 3.7 18.5 ( 3.8 1.27 (0.28
7/15/88 50 30.3 ( 8.3 28.4 ( 8.0 1.84 (0.58
7/16/88 21 12.0 ( 6.2 8.8 ( 5.6 0.40 (0. 27
7/18/88 53 74.6 (12.9 73.9 (12.9 4.39 (0.90
7/19/88 98 78.8 7.3 75.9 1.7 4.20 (0.59
7/20/88 47 42.7 6.1 42.3 5.9 2.24 (0.41
7/22/88 52 12.9 ( 4.5 11.3 ( 4.3 0.55 (0.21
7/23/88 95 13.4 ( 2.8 10.4 ( 2.7 0.42 (0.10
7/24/88 20 15.5 ( 4.5 14.9 ( 4.9 0.69 (0.21

Tabl e 9. Functional response paraneters for data (n=32) fromlate
June through August of 1983-86 and July, 1988. Parameters were fit by
nonlinear, |east-squares regression.

Equation: Consunption = Cmax / [1 + (a * exp(b * Snolt Density))]

Par anet er Estimate Standard Error
Cmax 3.915 0.664

a 10. 951 4.828

b -0.618 0.194
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from12 ng prey per g predator (July 16) to over 78 ng prey per
g predator (July 19). Daily variation in salmnid ration and
nunber of sal nonids consuned per day was cl osely correl ated
with total daily ration (Table 8). Variability of the
bootstrap distributions was also simlar for the three
estimated rates (Table 8); coefficient of variation of the nean
was | ess than 40% except for July 16 when the coefficient of
variation was as high as 67% . Bootstrap distributions of
total ration, salnonid ration and salnonid consunption rate
were tested for normality by chi-square tests. About half (12
of 27) of the tested distributions were significantly different
froma normal distribution, being skewed toward | ow rations or
rates.

A functional response curve was fit to consunption rates
estimated during July, 1988 and |ate June-August, 1983-86. Al
sanpl e dates later than June 20 with 15 or nore predators (>
250mm) were selected from the 1983-86 database. NMbst dates
were in July or August, but four days in late June (23-26) of
1986 were also included. A total of 32 daily consunption
estimates were analyzed. Data were fit to an exponentia
signmoid function of the form

Consumption = Cmax /(1 + (a * exp(b * Smolt Density)}] (1)
Equation paranmeters are given in Table 9 and data are plotted
in Figure 8.  Analysis of variance for the regression was
highly significant (F=41.6; df 3,29; P <. 001) and about 66% of

the variation was explained.

Di scussi on

The maxi mumrations and rates observed on July 18-19 were
conparable to maxi nunms estimated in predator-prey studies for
1983-1988 (Vigg et al. 1988; Vigg 1988). During the earlier
studi es, maxi num sal nonid consunption rate was about 5 snolts
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Figure 8. Smolt consumption rate by northern squawfish as a function
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August of 1983-86 and July 1988. The functional response curve was
fitted to the data using an exponential sigmoid equation (see text
and Table 9).
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northern squawfish™' . a' and maxi num sal nonid ration was
roughly 65 ng salnonid - g northern squawfish™ - a™' (Vigg 1988,
his Figure 4). During 1988, maxi mum consunption rate was 4.4
smolts . northern squawfish™ - @' and nmaxi mum sal nonid ration
was 76 nmg salmonid . g northern squawtfish™ . @' (Table 8). The
| ower consunption rate but higher ration in 1988, conpared to
Vigg's (1988) results, suggest that the juvenile sal nonids
during 1988 were slightly larger than those consuned during
1983- 86.

Consunption data from 1988 refined the shape and asynptote
of the functional response curve, particularly at internediate
and high juvenile salnmonid densities (Figure 8. At |ow
salmonid densities, the 1988 results were simlar to earlier
data. Between snolt densities of 3000-6000 M/kn¥, consunption
estimates were fairly scattered, as mght be expected since
consunption changes rapidly within this range. Four estimates
of consunption, over a broad range of prey densities, were near
4 smolts . northern squawfish-' - @', apparently representing
maxi num daily consunption for "average" predators. Addition of
July, 1988 data for this analysis provides two new values to
define the asynptote of consunption and, also, a couple of
values in the md-density range. Future analyses of functional
response rel ationships of northern squawfi sh should al so
benefit fromthe July, 1988 data set.
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SECTION |11, SELECTI VE PREDATI ON

The U.S. Fish and Wldlife Service (FW5) and the O egon
Departnent of Fish and Wldlife (ODFW recently conpleted a six
year study to determ ne the significance of predation on
juvenile salnonids in John Day Reservoir. Study results
i ndi cated that predation may account for the majority of
previously unexplained snolt nortality and that northern
squawfi sh was the dom nant predator (Poe and Reiman 1988).

Nort hern squawfi sh consunption rates on juvenile sal non were
significantly greater and their abundance was from 12 to 18
tinmes higher in the boat restricted zone (BRZ) bel ow McNary Dam
than in other areas of the reservoir (Beanmesderfer and R eman
1988; Vigg et al. 1988). These results suggest that northern
squawfi sh may be selecting snolts that are killed, injured,
stressed, or disoriented as a consequence of dam passage. |If
northern squawfi sh are selective for certain types of prey or
subst andard (sensu Tenple 1987) prey are nore vulnerable to
predation, the overall significance of predation, as a nortality
factor must be reassessed.

St udi es of feeding preferences are fundanental to
under st andi ng basic trophic relationships and can hel p define
the functional role of predaceous fishes. Selective predation
occurs when the relative frequencies of prey types in the
predator's diet differ fromthe relative frequencies in the
envi ronment (Chesson 1978). Prey vulnerability, as an adjunct
to selective predation, may be the primary determ nant of what
actually is eaten (Allen et al. 1987).

There is substantial literature on selective predation by
fish, wth the enphasis on prey size (Wight 1970; Werner and
Hal | 1974; Post and Evans 1989) or species selection (Espinosa
and Deacon 1973; Hargreaves and Le Brassuer 1985; Wahl and
Stein 1988). Several investigators have found that various
stressors, including exposure to tenperature shock or
contam nants (Hatfield and Anderson 1972; Coutant 1973; Cout ant
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et al. 1974) handling (Ola and Davis 1989), and crowdi ng
(Congleton et al. 1985) increased the vulnerability of prey to
predators. Qut-mgrating juvenile salnonids exhibit a variety
of physiol ogi cal and norphol ogi cal conditions due to disease,
stress, and physical injury (Maule et al. 1988; Koski et al
1989 ; Rondorf et al. 1989). Dam passage related and nmultiple
cumul ative stresses have been shown to maxinally stress
salmonids (Barton et al. 1986; Maule et al. 1988), perhaps
rendering themunable to cope with subsequent stresses such as
predation. Al though the theory of selection upon substandard
individuals is wdely accepted, evidence supporting such a
theory is scarce (Tenple 1987).

The objectives of this work were to develop the | aboratory
and field protocols necessary to eval uate predator selection
and prey vulnerability. To address these objectives, we
desi gned and constructed | aboratory systems and conducted
prelimnary experinents on selective predation by northern
squawfi sh on three categories of substandard vs. standard
juvenile' sal nonids: dead vs. live; injured vs. non-injured; and
stressed vs. unstressed. To conduct sel ective predation
experiments in a nore realistic environment, we planned sone
experiments using net pens anchored in backwaters of the
Columbia River. Although we obtained net pens and | ocated
potential test sites, subsequent agency review precluded us
from conducting any field experinents.

Met hods

Test fish. -Northern squawfish (>275 mm FL), collected from
the Colunbia River by electroshocking, were used as predators
for all experiments. Fish were acclinmated in the wet
| aboratory (described below) for 3 weeks prior to experinments.
During the acclimation period and between experinents, northern
squaw i sh were fed a maintenance diet of live juvenile coho
sal non Oncor hvnchus kisutch fromthe Wllard National Fish
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Hat chery.

Subyear|ing spring chinook salmon o. tshawtscha (average
weight 10.8 g + 0.2 g SE; average length 96.0 nm + 0.6 nm SE)
fromthe Little. Wite Salnon National Fish Hatchery were used
as prey in all experiments and as test fish in stress
eval uations (see below). Fish were maintained in either the
wet | aboratory or in outside circular tanks receiving well or
river water. Both chinook and coho salnon were fed a
mai nt enance diet (0.7% body wei ght/day) of BioMist feed.

Variable derivation. -Several variables are inmportant to
sel ective predation experinments, including water tenperature,
phot operiod, nunbers of predators and prey, experinent
duration, and predator starvation period. This section briefly
descri bes the derivation of variables for our selective
predati on experinments; unless noted, the values stated bel ow
were used in all experinents.

We used water tenperatures of 15-17°c for all experinents.
Beyer et al. (1988) reported that northern squawfish feed well
at these tenperatures and the range approxi mates Col unbia R ver
water tenperatures during early to md-sunmer periods.

Phot operiod for all experinments was set at 15-h-daylight and 9-
h-darkness. W used relatively low light levels (3.2 |ux)
during daylight periods because prelimnary experinents
reveal ed northern squawfish did not feed well in bright I|ight.
Either two or three predators were used in experinents
conducted in circular tanks (see below); we noted in earlier
trials that northern squawfi sh appear to be rather social and
do not feed well in isolation. The nunber of prey offered to
predators was set at 10 of each treatment group per predator.
This nunber is tw ce the nmaxi num consunption rate reported for
northern squawfi sh (Appendi x A) and woul d prevent any problens
with prey depletion or total prey consunption. VW typically

al l owed predation to proceed for 24 h, a time franme covering
the diel cycle and often used in other studies (Congleton et

al. 1985; Wahl and Stein 1988). W chose 48 h for our predator
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starvation period to ensure high feeding notivation. This
period was based upon maxi mum prey intercapture tinmes of
northern squawfish calculated from field data (USFWS
unpubl i shed data).

Live vs. Dead Sel ection Experinents

Experinmental apparatus. -All experinments were carried out
in 1.5 mdianmeter flowthrough circular tanks receiving an
input flow of 19 L/mn. \Water was recirculated by two
centrifugal punps, heated by an electric heater, and sterilized
by ultraviolet light. Water was al so passed through a bio-
filter to remove ammonia and other particulate waste. Lighting
was provided by six 50-Wincandescent lights set on timers to
control photoperiod. Lights were ained toward the ceiling to
provide indirect light intensities of 3.2 |ux at m d-water
| evel . A conplete description of this |aboratory is given by
Lucchetti and Gay (1988).

Experinmental desisn.-To begin an experinental trial, three
northern squawfi sh were stocked in each of six circular tanks
and allowed one week to acclimate. On the norning follow ng
predator starvation, 180 chinook salnmn were killed by a bl ow
to the head and given an adi pose fin clip to distinguish them
fromlive prey should any live prey die during the experinent.
Li ve and dead prey (30 of each) were then introduced
simul taneously into each tank and predation allowed to proceed
for 24 h. Al remaining prey were identified and enunerated at
the end of each trial. Each tank was considered a replicate;
we conducted 3 trials of this experinent, each with 6 tanks,
for a total of 18 replicates. For each trial, either new
predators were used, or fish were noved anong tanks to mninze
habituation or learning. Experiments were conducted from July
to Septenber, 1989.

A one-way analysis of variance failed to reveal any tine
or tank effects during the experinents, therefore all data were
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conmbi ned for analysis. A 2 x 2 contingency test of proportions
(z) using arc sine transformed data (Snedecor and Cochran 1980)
was used to test the hypothesis that the proportions of dead
and live prey consumed were equal

Injured vs. Non-injured Selection Experinents

The sane | aboratory as described above was used to conduct
these experinents. W used descaling to injure prey because
descaling is widespread in out-mgrating juvenile sal mon and
its effects on their vulnerability to predation are unknown.
Because of the anmount of tine required to nanually descal e
fish, we reduced the nunber of predators to two per tank and
therefore used fewer prey fish.

We conducted three different trials of this experinent: 50%
descaling with a 1 h recovery: 50% descaling with a 24 h
recovery;, and 20% descaling with a 1 h recovery. W replicated
the 50% descaling trials three times and the 20%trials four
tines. To begin a trial, 20 prey (per tank) were anesthetized
in 50 ng/L M5-222 and descal ed on both sides of the body using
a soft-blade stainless steel spatula to achieve the required
scale loss. Fish were returned to the circular tanks for the
appropriate recovery period. Equal nunbers of control fish
were placed in the anesthetic, allowed the appropriate recovery
period, and received no further disturbance. Follow ng
recovery, both groups were rapidly transferred fromthe
recovery tank to the experinmental tank. After 24 h, surviving
prey were netted fromthe tanks and identified. Because these
experiments were very prelimnary, the results will be
presented in a qualitative context.

Stressed vs. Unstressed Sel ection Experinents

Experinmental apparatus. -V constructed a rectangul ar,
completely recirculating fiberglass raceway to conduct these
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experiments (Figure 9). CQur intentions with this systemwere
to create a large, flowing water environnment in which to
conduct experinents. The raceway neasures 7.6 mlong, 1.2 m
wide, and 1.2 m deep; total volune was 11,326 L. Water flow
was produced by a 450 gal/mn centrifugal punp. The punp
intake was a 15 cm diameter port, reduced to flow through 10 cm
diameter PVC pipe, and ultimately discharged into the raceway
through a 10 cm diameter port. A butterfly valve was installed
in the PVC pipe to control flow. \Water |evel was maintained by
a standpi pe in the downstream end; nakeup water was added at
approximately 1.0 L/mn. Water was al so passed through a
mechanical filter and ultraviolet light sterilizer by a
separate punp unit. After leaving the filtration unit, water
passed through an electrical heating unit and a cracking col um
before being discharged into the raceway and a prey hol di ng
tank (see below). Lighting, conprised of three 50-W

i ncandescent |ights evenly spaced above the raceway, was
controlled by a timer to sinulate anbi ent photoperi od.

Pl exi gl as wi ndows covered with nylon screen were inserted at
even intervals along the side of the raceway and curtains
erected around the perimeter to permt observation wthout
disturbing the fish. An alumnumtank (1.2 mlong, 0.7 m wide,
0.6 mdeep) was installed at the upstream end above the raceway
to hold juvenile salnon prior to predation trials. The tank
could be partitioned into two equal size conpartnments with a
renovabl e divider and received raceway water that re-entered
the raceway via standpipes. Fish were released into the
raceway by renoving the standpipes. Screening covered the tank
and raceway to prevent fish from junping out.

To facilitate fish observations, we installed a video
system consisting of two caneras, one underwater and the other
above the raceway (Figure 9). The underwater canera was
nmounted on a PVC frame at md-water level in the downstream end
of the raceway. The above tank canmera was nounted on rafters
above the raceway towards the downstream end. Both caneras

51



Zs

Figure 9. Diagram of the raceway used for selective predation experinents. Arrows
indicate direction of water flow A = recirculation punp; B = filtration unit; C =

heater: D = cracking colum; E = prey holding tank; F = makeup water inlet; G =
Pl exiglas w ndow, H = video caneras; | = outflow drain.



coul d be connected individually to a time |apse video recorder
and nonitor. To clarify images and estinate northern squawfi sh
reaction distance, we analyzed and i mage enhanced vi deo tapes
usi ng JAVA vi deo anal ysis software (Jandel Scientific, Corte
Madera, California).

Experinental design.-W evaluated the efficacy of the
raceway system by conducting a series of prelimnary selective
predation trials using stressed and unstressed juvenile spring
chinook salnon. These trials allowed us to evaluate the
conduct of predation experinents in this type of system assess
the relative inportance of several variables (e.g. starvation
period, experinment duration, etc.), and refine experinenta
designs for future, nore rigorous tests.

Experiments were conducted from August to Cctober, 1989.
Prior to all trials, chinook sal mon were graded by size, cold
branded on either the right or left side, and held separately
in 0.6 mdianmeter, 100 L tanks for at least two weeks to allow
recovery. For each trial, 10 northern squawfish were
transferred fromthe circular tanks to the raceway; 50 chinook
sal non from each cold branded group were transferred to and
hel d separately in the holding tank. One group of right- or
| eft-branded prey was randomy designated as the treatnent
(stressed) group; the other group served as controls. Al fish
were held for at least 1 week to acclimate to the new environs
and maintained as described previously. I ndi vidual northern
squawfi sh were used for a maximum of two trials.

To begin a trial, predators were starved for 24 h prior to
introducing the prey. At 0700 h on the norning follow ng
predator starvation, the group of prey designated as treatnent
fish were subjected to three acute handling stresses separated
by 1 h, @ procedure nodified after Barton et al. (1986). Qur
obj ective was to use a stressor severe enough to elicit
physi ol ogi cal stress responses simlar to those obtained by
Maul e et al. (1988) for chinook salnon subjected to the bypass,
collection, and handling procedures at McNary Dam  The
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handl i ng stress consisted of netting the fish out of the
alum numtank, holding themin the air for 30 s, and returning
themto the tank for recovery. At 0.5 h following the third
stress, 10 fish fromeach group were netted and i medi ately
placed in a | ethal dose of M5-222 (200 ng/L). The fish were
then renoved fromthe anaesthetic and bled into an amoni um
heparini zed capillary tube after severance of the cauda
peduncle. Plasma was obtained by centrifugation and stored at
-15°C for future assay of physiological indicators (see below.
| medi ately follow ng removal of fish for blood sanples, we
renmoved the tank divider and allowed the renai ning control and
treatment fish to mx for 5 mn; they were then released into
the raceway by renoving the standpipes. Predation was allowed
to proceed for 6 or 24 h (three replicates each): all surviving
prey were netted fromthe raceway and identified and
enumer at ed.

W used the depredation ratio (dp: Barns 1967; Coutant 1973)
to assess predator preference:

dp = i/i,

where i, and i, are the instantaneous nortality rates for
treatment and control fish, respectively; i = -log, S, where S
is the survival ratio, i.e. the nunber of fish at the

end/ nunber at start. A dp value of 1 indicates equa
susceptibility to predation of treatment and control fish

Chi -square analysis was used to test for differences in
survival rate between treatnent and control groups.

Stress Eval uations

To docunent the effects of the nmultiple handling stress
used in the selective predation experinents, we conducted
experinments on chinook salnmon to assess the dynam cs of plasma
cortisol (a primary physiological indicator of stress) and the
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behavioral reaction to a negative stimulus. These experiments
were rel evant because the stress response can be extrenely
pol ynor phic due to genetics, rearing history, species, etc. and
woul d provide objective neasures of the severity of the stress.

Phvsi ol osi cal experinments. -Fifty juvenile spring chinook
sal non were nmai ntained in each of eight 0.6 mdianeter
circular, flowthrough tanks receiving 4 L/mn heated wel |
water (12-14°C). The fish were fed a naintenance diet of
Bi oMbi st feed, held under natural photoperiod, and acclimted
for at least two weeks before experinentation

Tanks were randonmly assigned to one of four treatments:
(1) a single handling; (2) two handlings separated by 1 h; (3)
three handlings, each 1 h apart; or (4) undisturbed controls
This design resulted in tw replicate tanks per treatment. The
handl ing stress was as described previously. Blood sanples
were collected from5 fish just before each stress, and at 0.5,
1, 3, 6, 12, 24, and 168 h after the final stress. The
experiment was conducted on August 7-8, 1989.

Pl asma was obtained and stored as previously described.
Pl asma cortisol was determ ned by 3H-radioimmunoassay (Foster
and Dunn 1974), as nodified by Redding et al. (1984) for use
with salnonid plasma. Al data were tested for honogeneity of
variance (Bartlett's test, Sokal and Rholf 1981). Those found
to be honbgenous were treated by anal ysis of variance followed
by Fisher's Least Significant Difference Test at the 5%
probability level (Ot 1977). Data with heterogeneity anong
the means were either transforned to stabilize the variance or
subjected to a Kruskal-Vallis One-Way Anal ysis by Ranks (Sokal
and Rhol f 1981).

Behavi oral experinments. -As a behavioral indicator of the
effects of stress, we determ ned the response tines for
i ndi vidual fish by exposing themto a sudden, continuous Iight
and neasuring the tinme it took for each fish to swmto cover
as in the protocol of Sigisnondi and Wber (1988). Juvenile
spring chinook sal non used in these experinments were naintained
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as described for the physiol ogical experinents. Behaviora
experiments were carried out in two "Living Stream systens
(Frigid Units, Inc., Toledo, Chio) each 2.13 mlong, 0.60 m
wide, and 0.56 mdeep. Water was conpletely recirculated by an
el ectric punp, naintained at 10-12°c by a cooling unit, and
passed through a two-stage filtering system Di vi der screens
were used to partition the tank into one large (1.1 mx 0.6 m
and one small (0.5 mx 0.6 m) conpartnent. Fitted over the

| arge conpartnment was a pernmanent black plastic cover nounted
on a wooden frame; the cover extended 0.45 mfroma screen
shielding the punp and then angled (90°) down into the water
bef ore stopping approximately 10 cm from the bottom A 75-W
I ncandescent |ight was positioned 40 cm above the small
conpartnent. The small conpartnent, and the renaining open
area of the large conpartnent, were fitted with a renovable

bl ack plastic sheet mounted on a wooden frane.

Fi sh were exposed to one of three treatnments: (1) three
handl i ng stresses separated by |I-h; (2) an agitation stress:
and (3) undisturbed controls. The agitation stress consisted
of filling a 19 L bucket approximately |/3 full with water,
netting fish fromthe experinental tank to the bucket, and
pouring the fish into another bucket |ocated on the floor;
water fell a distance of about 1.0 m The buckets were then
swi tched and the process continued for 4 mn before returning
the fish back to the experinental tank. The behaviora
response was then neasured imediately or after a 1, 3, 6, or
24 h recovery period. The treatnments were randomy assigned to
consecutive days, W th tanks serving as replicates on any given
day.

To conduct a test, six fish were introduced into the smal
conpartnent of each tank and allowed to adjust overnight. The
lights were off and covers in place. The next norning, al
fish (except controls) were rapidly netted out of the tank and
subjected to either the handling stress or the agitation
stress. After the stress, fish were returned to the smal
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conpartment and the cover replaced until the next stress or
until the appropriate recovery tine had elapsed. After the
recovery period, the cover was renoved while sinultaneously
renoving the divider screen and switching on the light. W
switched off the punp/chiller unit 0.5 h before application of
the stimulus to reduce disturbance to the fish. The time taken
for each fish to sw munder the permanent cover was recorded
using an event recorder. A test ended when the last fish
reached cover or after 30 mn, whichever cane first. Genera
notes on the behavior of the fish were also recorded, such as
whet her fish noved in and out of cover and their degree of
excitability. On each day, the initial stress was applied at
0800 h for fish in one tank and 0.5 h later in the second tank;
data fromthe six fish in each replicate tank were pool ed for
anal ysis.

The nedi an response tine was cal cul ated for each pool ed
sanpl e because the data were not distributed normally. Wthin
each recovery period, we used a nonparanetric Kruskal-Wllis
test to determ ne whether the nedians differed anong the
treatment groups. Wien nedians differed significantly, a
nonparanmetric Tukey-type multiple conparison procedure was used
to determne where differences actually existed (Zar 1984).

Resul ts

Al though we present sonme results in a statistical context,
we considered the use of statistics only another part of
devel oping protocols. W reiterate that the results should be
considered prelimnary and caution readers to interpret them as
such.

Live vs. Dead Experinments. -Northern squawfi sh consuned
significantly nore dead than |ive chinook salnon (z = 6.28, p <
0.001). COverall, 65% of the prey consuned were dead. In only
4 of 18 replicates were live prey consunmed at a higher
frequency than dead prey (Figure 10). Dead prey typically sank
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to the bottom of the tank within 1 mn of release.

Injured vs. Non-iniured Experinents.-In all trials,
northern squawfi sh consunmed nore descal ed than non-descal ed
chi nook salnon (Table 10). Overall, > 80%of all prey consuned
were descaled. During all trials, there was a high rate of
regurgitation (Table 10), with nore descaled fish regurgitated
than controls. O all prey attacked and ingested, alnost 60%
were regurgitated.

Stressed vs. Unstressed Experinents.-There was little
evidence for northern squawfish selection of either stressed or
unstressed prey, regardless of experinent duration. For both
the 6 and 24 h experinents, the survival rate of stressed and
control prey did not differ (6 h: x2 = 1.275, P > 0.05; 24 h:

x? = 0.6976, P > 0.05). The depredation ratios of fish in the
6 and 24 h experiments were 1.075 and 0.949, respectively,
indicating that both stressed and control groups were equally
susceptible to predation. Plasma cortisol in stressed fish was
significantly higher than controls for all trials (Figure 11).

Phvsi ol osi cal experinents. -Plasma cortisol responded in a
curmul ative manner with each application of an additional acute
di sturbance (Figure 12). For all groups, cortisol peaked at
0.5 h after the final stress and returned to control |evels by
6 h.

Behavi oral experinents. -The nedi an response tines of
stressed fish were significantly greater than those of controls
imedi ately after the stress and at 1 and 6 h post stress
(Figure 13). Control fish typically darted to cover within 10
s. Fish receiving the agitation stress showed the | ongest
response tine imediately after the stress but responded
simlarly to controls for other recovery periods. The response
tinmes in fish receiving the handling stresses showed a sonewhat
I nconsi stent pattern, being high at 0, 1, and 6 h and |low at 3
and 24 h after the final stress. Response times of all fish
were highly variable, as indicated by the range of tines for
each group (Table 11).
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Table 10. The nunmber of prey available, eaten, and
regurgltated in selective predation experinents using descal ed
and non-descaled prey. Data are fromall replicates of an
experiment conbined. DSC = descaled fish; CON = controls.

Pr ev

Experi ment Avai | abl e Eat en Resursi tated
description DSC  CON DSC CON DSC CON
50% descal e

24 h recov. 60 60 8 0 17 0

50% descal e

1 h recov. 60 60 13 2 14 2

20% descal e

1 h recov. 60 60 10 1 7 4

Table 11. Range of times (s) for juvenile spring chinook
salmon to swmto cover after exposure to a sudden bright I|ight
for fish subjected to an agitation stress, three handl I ng
stresses, or unstressed controls. Recovery tine is the tine
(h) allowed after application of the stresS before testing.

Response Tinme (s)

Recovery

Ti ne Agi tation Handl i ng
(h) Control s Stress Stress

0 0.4-35.7 7.5-1070. 8 2.6-140.8
1 2.3-331.9 0.3-327.5 2.4-682.2
3 0.4-182.8 0.2-568.1 1.0-38.6
6 0.4-41.7 0.2-1535.1 0.4-167.1

24 3.3-679.2 5.6-237.0 1.4-90.4
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Upon exposure to the light, control fish were typically
very excited and swamerratically around the tank before
seeking cover. It was common, however, for stressed fish to
remain notionless or swmslowy on the bottom Wen stressed
fish finally sought cover, they typically did so in a snoother
less erratic fashion. Several fish in all groups repeatedly
darted in and out of cover.

Di scussi on

The primary objective of this work was to develop the
| aboratory and field protocols necessary to evaluate sel ective
predation and prey vulnerability. The |aboratory we used for
live vs. dead and injured vs. non-injured selection experinents
has been in use since 1985 (Lucchetti and Gay 1988). Severa
key attributes were addressed in the design of this |aboratory,
including disease control, water quality, tenperature control
and efficiency and ease of operation. Lucchetti and Gay
(1988) successfully held northern squawfish for up to 6 nonths
with no disease or water quality problens and Beyer et al.
(1988) conducted northern squawfish consunption rate
experiments in this |aboratory. Because of the history of this
wet |aboratory, little nodification was necessary and we
believe it worked well in allowing us to eval uate sel ective
predati on under the sinplest of conditions.

Qur results revealed that northern squawfi sh preferred dead
over live prey by almost a 2 : 1 ratio. In contrast, Irvine
and Northcote (1983) found that underyearling rai nbow trout
Oncor hvnchus nvkiss preferred live over dead prey and concl uded
t hat body novenent was an inportant prey characteristic to
streamrearing trout. Also, How ck and O Brien (1983) noted
that prey novenent increased reaction distance and probability
of attack in largenouth bass Mcronterus sal noides. W believe
our results may provide sone insight into the functional role
of northern squawfish as a predator. [If, for exanple, northern
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squawfi sh prefer dead over live prey, these fish may be nore of
a scavenger than an active predator. This information woul d
question the overall inmpact northern squawfi sh have as
predators on juvenile salnonids. Assumng that food quality
(Krebs and Davies 1978) of live and dead prey are simlar,
sel ecting dead prey nmay be energetically nost efficient. As
Stein (1977) points out, predators should mnimze costs
associated with | ocating, pursuing, capturing, and ingesting
prey while maxi m zing benefits fromprey consunption in terns
of energy gained. O course, nore research is needed to
determ ne whether this situation occurs in the natura
envi ronment .

Qur results suggested that descaled prey were nore
vul nerable to predation than non-descaled prey. Scales are
usual ly lost when snolts are trapped and transported around
dans or when they pass through turbines and spillways. The
i nportance of the integunment conplex in maintaining ionic and
osnoti c balance is well known (Van Qosten 1957) and the effects
of descaling on fish nortality have received nuch attention.
Kostecki et al. (1987) noted that scale |oss was greater in
Atlantic salnon Salno salar that had died within 48 h after
passage through a turbine than in fish that survived | onger or
controls. @G oss and Wahl (1983), assessing the nortality
incurred by mgrating Atlantic salnon passing through turbines
found a significant relationship between fish size and
mortality. Bouck and Smth (1979) found that experinental
renoval of 25% of slime and scales from coho sal non caused no
deaths in fresh water but 75% nortality within 10 d in sea
water. In this study, we held 27 fish that had been descal ed
20% to evaluate delayed nortality. Wthin 2 h, 5 fish had died
and others were showi ng abnornmal swi mmng behavior. Wthin 24
h, 44%of the fish had died and sone abnornal sw mm ng behavi or
was still present. The results of these studies suggest that
descaling per se may contribute little to nortality and that
physical trauma may be nore inportant, as stated by Kostecki et
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al. (1987). It is possible that short term behavioral and
physi ol ogi cal effects of descaling and physical trauma may
affect the performance of juvenile sal non, thereby rendering
them nore vulnerable to predation. Mre research is needed to
fully evaluate this hypothesis.

We constructed the raceway tank to create a |arger, nore
realistic environnent in which to conduct selection
experiments. Several investigators have used |arge, flow ng
systenms to study the ecol ogy and behavior of streamfish (Mason
and Chapman 1965; Reeves et al. 1983; Fausch and Wiite 1983;
Congl eton et al. 1985). From an operational standpoint, we
encountered few problens and the systemwas virtually
mai ntenance free. \Water velocity varied throughout the |ength
of the raceway (Table 12) with a turbulent surface flow created
in the nmost upstream 2.5 mand fl ow snoot hi ng out further
downstream  Because of the single discharge port, two |arge
back eddy areas were created that provided refuge for both
northern squawfish and juvenile salnmon. Sonme inprovenents to
be made in the future would include devel oping an easier way to
collect fish out of the raceway, producing nore uniform
lam nar flow, and using screens to partition the tank into
smal | er areas.

We encountered several problems with our video system which
nust be solved if video is to be used for behavior
observati ons. Al t hough several investigators have
successfully used video as an aid in the study of fish behavior
(Rand and Lauder 1981; Webb 1984a; Blaxter and Batty 1987
Lawr ence and Smith 1989), such filmng was often done using
smal | aquaria where the logistical difficulties were reduced.
The sheer size of the raceway created field of view problens
for both the overhead and underwater canmeras. The overhead
canera field of view covers only a small fraction of the |length
of the raceway; wi de angle lenses or nultiple cameras could be
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Table 12. Water velocities at selected distances fromthe
upstream end of the fiberglass raceway used for selective

predation experiments. Surface, md, and bottom refer to the
position in the water columm where the neasurenent was taken

Water velocity (cms)

D stance (m Surface Md Bott om
Upst ream 1 12.2 73.2 18.3
2 15.2 67.1 36. 6
3 21.3 42. 7 18.3
4 9.1 6.1 12.2
5 15.2 9.1 3.1
6 6.1 3.1 6.1
Downstream 7 9.1 6.1 9.1
used to overcone this problem |t was comon for predator-

prey interactions to occur very close to the underwater canera
and out of the field of view, thereby precluding them from
being recorded on tape. Recent work in the raceway has shown
that partitioning off the area around the canera and using
brighter lights provided underwater videotape of nuch better
quality. Water turbul ence and surface glare were additional
difficulties to overhead filmng. Blaxter and Batty (1985)
used a raft of transparent Perspex set at an angle to elimnate
light reflection during overhead filmng: it is possible that a
nodi fication of that method could reduce turbul ence and gl are
in the raceway. Perhaps the largest filmng obstacle to be
overcome is the ability to filmin the dark. A though infra-
red-sensitive TV caneras have been used successfully to study
fish behavior in the dark (Bl axter and Batty 1985, 1987), the
filmng was done over relatively small areas. Qur prelimnary
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experinments in the raceway indicated that much of the feeding
activity of northern squawfish occurred at night. Indeed
Congleton et al. (1985) were unable to observe northern
squawfi sh behavior in feeding experinents due to the nocturnal
activity of the fish. Cearly, a nore thorough understanding
of northern squawfi sh behavior may be possible if we can solve
the problens involved with filmng in the dark.

Al t hough northern squawfish did not show selection for
stressed prey, conclusions based on this would be prenmature
because these experinents have not been fully conpleted. CQur
intentions in conducting these experinents were to | earn about
the operation of the raceway, evaluate and mani pul ate inportant
vari abl es, observe fish behavior, and refine experinenta
desi gns; generating rigorous data fromthese experinents was of
secondary inportance. W used nultiple acute handling stresses
to produce a stress response simlar to that obtained by Maul e
et al. (1988) for fish passing through the collection system at
McNary Dam  Maule et al. (1988) noted three characteristics of
the collection system the systemwas stressful, the stresses
were acute, and each elenent of the collection system had
cunul ative effects on the fish. Qur nultiple stress protoco
could be described in a simlar manner. Qur peak cortiso
values were simlar to those obtained by Maule et al. (1988)
and | ower than those for fall chinook sal non used by Barton et
al. (1986). ©One mgjor difference in the three studies was
recovery dynamcs--our fish required 6 h for cortisol to return
to control levels versus a recovery period of 12-48 h for fish
used by Maule et al. (1988) and Barton et al. (1986). W
believe that our multiple stress protocol, although
physiol ogically disturbing to the fish, was probably m ssing
some stressful elenents that contribute to changes in prey
vul nerability, notably physical trauma, disorientation, and
fatigue. Future research will attenpt to address this
questi on. '

The effects of stress on fish becone apparent as subl et hal
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changes in a variety of blood constituents (see Mazeaud et al.
1977 and Schreck 1981 for reviews) and as general lethargic
behavi or (Bouck and Ball 1966; Sigisnondi and Wber 1988).

Si gi snondi and Weber (1988) stated that a |ikely consequence of
these effects is increased exposure and vulnerability to
predation. Indeed, several investigators have found that
exposure to tenperature shock or contam nants increased the

vul nerability of prey to predators (Hatfield and Anderson 1972;
Coutant 1973; Coutant et al. 1974). dla and Davis (1989)
found that coho sal non stressed by 60 s of handling showed a
decreased ability to avoid predators, but recovered fromthis
effect in 90 mn. Congleton et al. (1985) reported that
vulnerability to rainbow trout and northern squawfi sh predation
increased in several stocks of spring chinook sal mon subjected
to chronic crowding stresses.

The lack of northern squawfish selection for stressed prey
may have been due to conplications in experinmental design and
behavi or of the juvenile salnon. For exanple, when predation
was allowed to proceed for 24 h, alnost all prey were eaten and
the effects of stress were probably nmuch reduced as tine
el apsed. Reductions in prey availability and consunption of
all prey are inportant considerations in selectivity
experinments (Barns 1967; Coutant et al. 1974). A nore
conplicated problem however, was the schooling behavior of the
juvenile salmon. Just after release, salnon were scattered
random y throughout the raceway. After predator attacks
started, nost sal mon woul d group together, nove to the top of
the water colum, and renain tightly schooled. The advantages
of schooling fish in countering predators has been well
docunented (see Pitcher 1986 for a recent discussion). W
believe that stressed fish gained benefits from the school
even though on an individual basis perfornmance capacity (sensu
Schreck 1981) may be reduced; the end result is apparent random
feeding by northern squawfish. Changes in experinental design,
such as introducing groups separately or using shorter
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experinent durations, nmay clarify selective predation on
stressed fish and should provide needed insight into the
relative vulnerability of stressed fish to predation

Results of both the physiological and behavioral tests
indicate that treatnment fish exposed to predation were
stressed. I n the behavioral response test, although we adapted
our procedures after Sigisnmondi and Weber (1988), the results
were clearly different. Sigisnmondi and Weber (1988) reported
nmedi an response tinmes comonly > 1 min and ranges that often
spanned to 30 + min; we rarely achieved response times > 1 mn
and our ranges were much snaller. There are several possible
expl anations for these discrepancies, including use of
different strains and sizes of fish, different experinenta
systems, and our handling stresses separated by 1 h instead of
3 h. Nevertheless, we agree with the conclusion of Sigisnondi
and Weber (1988) that |ikely consequences of a |arge response
tine |atency and | ethargic behavior are increased vulnerability
to predation or other environnental hazards. G ven that
predators attack using acceleration fast-starts that take <1 s
(Webb 1976, 1984b) even slight changes in behavior could
adversely affect fish survival

W believe our |aboratory experinents have provided sone
interesting results to test in the field, although the results
shoul d be considered prelimnary and sone experinents are not
yet fully conplete. The advantages of |aboratory experinents
are relative sinplicity, and the ability to manipul ate
I nportant variables and have adequate replication. Al though
the realismof |aboratory experinents has often been
questioned, D anond (1986) noted that in some instances,
particul arly physiol ogical or behavioral ecology, |aboratory
experiments can be quite realistic. W believe our results
denonstrated that we have the facilities and experinental
desi gns necessary to perform sel ective predation and prey
vulnerability experinments. Future experinments will be ained at
a nore rigorous evaluation of selective feeding of northern
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squawfi sh, both in the laboratory and field, and eval uati ng how

stress, injury, etc. night affect the relative vulnerability of
juvenile salnon to predation
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APPENDIX A

Copies of this draft manuscript are avail abl e upon request from
the Colunbia River Field Station.

Vigg, S. andCG-C. Burley. 1990. Tenperature dependent naxinum daily
consunption of juvenile salnonids by northern squawfish (Ptychocheil us
oregonensis) from the Columbia River. Can. J. Fish. Aquat.
XXXX-XXXX.

Abstract

Maximum daily consumption rate (Cpax as ration or number) of northern
squawfish (Ptychocheilus oregonensis) from the Columbia River, increased
exponentially as a function of temperature. Predator weight did not explain a
significant independent proportion of variation in Cpax- The mean maximum
daily ration, determined from replicate ad libitum feeding on_iuvenile Pacific
salmon (Oncorhynchus spp. ), was 0.45, 0.67, 3.51, and 4.51 cg°g"* at 8.0,
12.5, 17.0, and 21.5°c, respectively. To quantify the temperature dependent
consumption relation for use in simulation modeling, replicate Cpax data
within the preferred temperature range were fit to exponential and exponential
sigmoid models. Based on a knowledge of thermal relations of northern
squawfish, hypothetical Cpax data at temperature extremes were combined with
our results: this enabled us to fit gamma and Thornton and Lessem (1978)
models over the entire environmental temperature range (0-27°C) observed in
the Columbia River.
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