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Abstract

The predation rate and selection of specific prey by Mysis relicta in Lake Tahoe depends on both the total
and the relative densities of prey classes. Functional responses of mysids to changes in the density of two
species of calanoid copepod prey were curvilinear in laboratory experiments. In the field and in 2-prey
treatments, preference was usually positive for Epischura and negative for Diaptomus. However, the
preference for Epischura was greatest at the lowest combined densities of prey in the laboratory and
decreased at densities >100 Epischura / m3 in the field. Several hypotheses to explain the inverse relationship
between selectivity and prey density are discussed. Field assemblages of prey vary vertically, horizontally and
seasonally. Potential effects of this heterogeneity on both predator and prey populations are examined.

Introduction

One way to evaluate the impact of a predator on
the prey community is to measure predation rates
and preferences for specific prey types. However,
these parameters are affected by many factors that
undergo changes in the field (e.g. relative and abso-
lute abundances of prey classes; age and size of
predators; hunger, experience and individual abili-
ties to use each prey type). Consequently, the out-
comes of predator-prey interactions are also likely
to be variable, especially in heterogeneous systems.

The pelagic environment is particularly patchy,
with biological and physical mechanisms creating
ephemeral aggregations of animals in some areas
and very low densities in others (Cassie 1959; Dagg
1977; Fasham 1978; Lewis 1978). As a result, the
communities experienced by both predators and
prey continually change. An understanding of the
relations between absolute and relative prey densi-
ties and predator foraging behavior is critical to the
construction of a general theory for the impact of
aquatic predators on their prey. It is therefore very

surprising that so little data exist that compare the
foraging behaviors of predaceous zooplankton at
different absolute and relative densities of prey.

In this paper the effects of heterogeneity in the
distributions and abundances of their zooplankton
prey on several aspects of the foraging behavior of
the pelagic predator, Mysis relicta, are examined.
Three general questions were addressed. First, what
is the relation between predation rate and prey
density in the laboratory and field? Second, do
predator preferences change as a function of rela-
tive prey density? Third, what are the effects of the
changes in total prey densities on prey selection and
predation rate?

The predation rates and prey preferences of My-
sis relicta were measured experimentally over a
range of prey densities and estimated from the gut
contents of animals captured in Lake Tahoe, Cali-
fornia-Nevada.

Three species dominate the pelagic crustacean
community in Lake Tahoe. These are the predator
Mysis relicta Loven, and two species of calanoid
copepod, Diaptomus tyrelli and Epischura neva-

Hydrobiologia 93, 133-143 (1982). 0018-8158/82/0932-0133/$02.20.
© Dr W. Junk Publishers, The Hague. Printed in the Netherlands.



134

densis(Richerson 1969; Goldman 1981). Cooper&
Goldman (1980, 1982) demonstrated that Mysis
was both size (large predators took large prey) and
species selective (Mysis preferred Epischura over
Diaptomus). Although similar in size as juveniles,
Epischura average 0.2 to 0.3 mm larger than Diap-
tomus as adults. Diaptomus however has a much
more vigorous escape response. They suggested the
preference for Epischura was due to the greater ease
with which Mysis captured this prey. In contrast,
Rybock (1978) measured positive preferences for
Diaptomus on several occasions in the field. Based
on our laboratory experiments and in situ mea-
surements we demonstrate below that both the pre-
dation rates and the preferences of Mysis vary as a
function of the absolute and relative density of
prey. On this basis positive preferences for Diap-
tomus are predicted in some situations.

Methods

The temporal abundances of the zooplankton
were determined from samples (three replicates on
each date) collected as a part of the Lake Tahoe
research program (Goldman 1981) at a central in-
dex station. Large scale horizontal distributions
were inferred from additional samples (one tow at
each station) collected throughout 1977-1981 at 20
stations around the lake (described in Morgan
1979) and at three stations in a protected embay-
ment of Lake Tahoe (Emerald Bay). Samples were
collected with an 80 jim mesh net, towed vertically
from 150 m to the surface (volume of sample calcu-
lated from calibrated flow meter). These are the
average densities of animals in a volume of approx-
imately 50 000 1.

An opening-closing Tucker Trawl (similar to that
described by Hopkins et aL. 1973) was towed horiz-
ontally to capture animals from specific depths.
The trawl netting was 80 /Am Nitex mesh with a
mouth area of m2 while under tow. Tow depth was
estimated from standard 'wire length-wire angle'-
conversions, and tow speed was measured with a
digital flow meter. The density of animals per cubic
meter was the average density in a volume of ap-
proximately 25 000 1. By counting the zooplankton
from 10-15 depths(one tow each) from 150 mto the
surface, the vertical distribution by age-class and
species was determined.

Mysids were collected after sunset throughout
the year by vertical tows (200 m to surface) using
paired Bongo nets (0.75 m dia, 500,m mesh). In the
laboratory, similarly sized adults (16 to 18 mm,
sorted visually) were placed individually into glass
containers with 3 1 of lake water, which had been
filtered through a 60 jim mesh net to remove other
zooplankton. Mysids were acclimated to laborato-
ry conditions (one animal per 3 1, 8-10 °C, dark or
red light) and starved for 12 to 24 h. Only those
individuals which remained vigorous were used in
the predation trials. Prey individuals were collected
simultaneously and acclimated to laboratory con-
ditions at higher densities at the same time. Males
and females were used and randomly assigned to
treatment jars on all experimental dates.

The following procedure was used in all the
experiments. At the start of the experiment, the
appropriate number of prey were pipetted into each
jar. Only adult calanoids (visually sorted) of similar
size and normal vigor were used. Each treatment
was replicated 3 to 18 times, with a replicate being a
jar containing one mysid and the treatment density
of prey. After each feeding period of 3 to 24 h, the
number of prey which had been eaten or killed was
counted, and any fragments of dead, wounded, or
non-vigorous prey removed. Prey density was res-
tored to the original treatment density and the
experiment repeated. The predation rate (more cor-
rectly a mortality rate) was taken as the number of
prey killed by a single Mysis during each feeding
period. The predation rates for each mysid over all
repetitions of the experiment were measured separ-
ately, and means and standard errors calculated
accordingly. There were no significant trends in
predation rate over subsequent repetitions of the
trials.

Controls (without Mysis) consisted of the highest
treatment density of either Diaptomus of Epischu-
ra. Mortality in these controls was very low (less
than % per 6 h) There was no difference between
species in mortality in the controls. Adult Epischu-
ra are omnivorous in Lake Tahoe (Folt 1982).
However, their predation rate on adult Diaptomus
is extremely low. In fact, although we have seen
an adult Epischura feeding on an adult Diaptomus
in extremely crowded conditions, we have been
unable to measure a significant predation rate on
adults in any experiments. Hence, the mortality of
Diaptomus due to predation in experiments with
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Table 1. Experimental design for all of the laboratory experiments. E = Epischura; D = Diaptomus.

Expt. Date Feeding # Mysids per # Repetitions N No. of Treatments
period (h) treatment of each treatment (axb) total prey (No. E / No. D)

(a) (b) per3 1

A. 18 IX80 6 5 4 20 5 40 0/5,0/10, 0/20, 0/40
B. 26 X 80 6 9 I 9 8 16 0/8,0/16

26 X 80 6 18 I 18 8 0/8
26 X 80 3 3 3 9 2 4 0/2,0/4
26X80 4 6 1 6 4 16 0/4,0/8,0/16
26 X 80 2.5 6 1 6 4 16 0/4,0/8,0/16

C. 19 X 81 6 8 1 8 16 16/0,0/16
21 X 81 6 8 I 8 21 36 21/0,36/0

D. 26 X 80 4 4 2 8 8 8/0.0,/8,2/6,4/4,6/2
E. 26 X 80 3 3 3 9 8 2/6,4/4,6/2
F. 19 X 81 12 4 1 4 16 8/8

14 8 1 8 16 8/8
G. 17 IX 80 6 4 3 12 40 5/35. 10/30,20/20,30/10,35/5
H. 19 IX80 24 5 2 10 40 5/35, 10/30,20/20,35/5
I. 25 V] 77 12 5 1 5 60 10/50,20/40,30/30,40/20,50

25 VI 77 12 3 I 3 60 150 60/0,90/0,150/0
J. 9 Vill 80 12-18 4 3 12 40 0/40,40/0,20/20

6-24 3 4 12 40 40/0

both prey is assumed to be due to Mysis.
Specific details for each experiment are listed in

Table 1. The functional response curve for Mysis
with Diaptomus as prey was constructed from the
data collected in several experiments (Table 2). The
predation rates were all corrected to 6 h rates; how-
ever, the treatments with low densities were termi-
nated after 3 or 4 h before all prey were killed. Three
values were collected in 2-prey trials in which the
Diaptomus density was close to the total density
(e.g. the predation rate at 6 prey per 3 1 came from
treatments with 6 Diaptomus (D) and 2 Epischura
(E); 30 prey per 3 1 from treatments with 30 D and
10E; 35 prey per 3 1 came from treatments with 35 D
and 5E). The mortalities (as the number of Diap-
tomus killed per number available) in these treat-
ments were not significantly different from values
measured in -prey treatments at similar densities.

The functional response curve for Epischura was
also constructed from data collected in 1- and 2-
prey trials (Table 2). The high density treatments
(40, 60, 90, 150 prey. 3 1-1) lasted 6-24 h. The raw
data from these experiments (and I, Table ) were
generously supplied by S. Cooper for our analyses.
However, since a large proportion of the original
prey remained after this period, we felt justified in
including these points on the functional response
curve. Nevertheless, they may have slightly under-

estimated the actual 6-h rate. As for Diaptomus,
several 2-prey treatments with densities of Epischu-
ra near to the total density of prey were included
(Table 2).

Preference was calculated using the formula:

#E killed #D available
C(E) = X Murdoch(1969),

#D killed #E available

where C(E) is preference for Epischura (E) and
1/C(E) is the preference for Diaptomus (D). The
value ranges from 0 to I for negative preference and
I to for positive preference. The number of prey
available is assumed to remain constant during the
experiment. This assumption is appropriate when
the prey are not significantly depleted, such as in the
field or in the laboratory if prey densities are res-
tored periodically. The C(E)'s in the laboratory
experiments were thus calculated from the means of
the treatments over all repeated trials. This measure
was used in order to compare the laboratory prefer-
ences to those measured in the field. The use of the
term 'preference' to describe the frequency of speci-
fic prey classes in the diet may be misleading. In this
research, positive preference for Epischura simply
means the number of Epischura killed was greater
relative to the number available than the similar
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Table 2. Specific treatments used to construct the functional
response curves. N(i) = initial number of prey at the start of each

trial; H = length of each trial in hours; E = 35 the experiment
(Table ); N = the number of mysids in each treatment multip-
lied by the number of times the trial was repeated;* indicates
2-prey treatments.

A. Diaptomus
N(i)

2
4
5
6
8

10
*10

16
20

*30
*35

40

B. Epischura
N(i)

*4
*6
8

16
21

*30
*35

36
40
60
90

150

H

4
3,4
6
3,4
2,5-6
6
6
6
6
6
6
6

E

B
B
A
B
B,D
A
G
B,C
A
G
G
A

N

9
21
20
14
49
20
12
22
20
12
12
20

E

B
B
D
C
C
G
G
C
J
I
I
1

H

3,4
3,4
4
6
6
6
6
6
6-24

12
12
12

ratio for Diaptomus. It does not imply that Diap-
tomus were rejected in favor of Epischura.

If preference for particular prey items by Mysis
was affected by the length of the feeding trial, the
use of different feeding periods in some of the
experiments may have biased our results. We tested
for the effect of the length of the feeding period on
the preference (Table 3). The values of C(E) in all
treatments at each total density and feeding period
were pooled and the mean C(E) calculated for that
density and time. The mean C(E) was then com-
pared among experiments which lasted different
lengths of time. There were no significant differen-
ces between C(E)'s measured in experiments which
had the same number of prey but lasted different
lengths of time (t-test p>. 10). Hence, we concluded
that the C(E)'s measured in our experiments were
comparable.

Table 3. Comparison of preference by Mysis in experiments
lasting different lengths of time. N = number of measurements
of predation rate used in the calculation of preference; CE =-
preference for Epischura; significance of difference between
CE'S.

Total density N Feeding CE ± stnd Sig. of dif-
(# per liter) period (h) error ference

13.3 60 6 1.615 ± 0.173
13.3 40 24 1.658 +0179 >
20.0 25 12 1.924 0.280 
2.7 36 3 4.28 ± 1.029. > NS
2.7 24 4 4.77 + 0.993

The field predation rate of Mysis was estimated
as the average number of prey taken per Mysis
during the night (see Rybock 1978 for details). Noc-
turnal feeding was quantified by counting the prey
parts in the stomachs of 20 mysids captured as they
began their upward migration (at sunset) and in 20
others as they moved downward at sunrise. Anim-
als were collected at the Index Station using paired
Bongo nets towed vertically from depth to the sur-
face. They were preserved with formalin imme-
diately after capture. Twenty individuals (when
available) were selected for analysis of stomach
contents. Stomachs from all 20 animals were placed
into one petri dish. Each stomach was torn open
with forcepts, rinsed until all contents were free and
the contents preserved with formalin and Rose
Bengal.

The stomach contents (of the 20 mysids per tow)
were pooled and suctioned through 0.45 Aum Milli-
pore filters at 35 cm Hg vacuum. After clearing the
filter with 25% gluteraldehyde the entire filter was
examined under a phase microscope.

Analyses of stomach contents were used to ob-
tain counts of prey remains in the stomachs of the
'mean' or average Mysis captured in the vertical
Bongo tows on nine dates from October 1977 to
October 1978. Predation rates were calculated as

PR= (A-B)CF + SLR,
HRS X

where Pr = number of prey eaten Mysis-l h ;
A,B = prey parts in stomach after (A) nocturnal
and before (B) nocturnal feeding; CF = correction
factor, or # prey eaten. # prey parts in gut-l; HRS =
time in hours before and after sampling (corrected
for time it takes Mysis to reach upper waters);

----

-----------
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SLR stomach loss rate (prey parts lost from sto-
mach h 1); X = number of prey parts · prey .

Measurement of B was necessary because, during
upward migration, AIysis stomachs contain a por-
tion of prey remains from the previous night. The
correction factor (CF) considers number of prey
parts per prey and, more critically, the fact that
remains in Mysis stomachs may be lost between the
times of stomach removal and examination of con-
tents. In addition, parts could be macerated beyond
recognition during ingestion or missed in counting
because they were obscured on the filter by debris
or by occasional air pockets. CF also considers
incomplete ingestion of prey, where the prey part is
ingested but most of the prey is not, or vice versa.
Stomach loss rate (SLR) considers maceration
while in the stomach, excretion and any other loss
of prey parts from the Mysis stomach over time. A
common mistake with analysis of gut contents is the
failure to consider such losses for each of the food
items, usually referred to as differential digestion
rates. Both CF and SLR were measured in labora-
tory studies where Mysis were fed a known number
of prey (Rybock 1978).

The species of prey in the gut were distinguished
by examining the prey remains (see Rybock 1978
for complete description of the method). The mysid
stomachs contained recognizable remains of all the
Lake Tahoe zooplankton, as well as some diatoms,
other algae, pollen and detritus. However, only the
mandibles of the crustaceans were used in the calcu-
lation of predation rates and selectivity because: I )
they were identifiable to species and preserved in-
tact after feeding, and 2) number of prey parts was a
known function of number of prey.

tically migrating mysids moved from as deep as 450
m to the surface after sunset. Deep-living adults
spent 12 to 13 h migrating and 5 to 9 h feeding. The
bulk of the migrators on one date (Rybock 1978)
spent 4 to 5 h from 20 to 60 m, and less than 3 h
from 60 to 150 m. Some mysids of all age classes
were routinely captured from 0 to 20 m, hence they
penetrated the thermocline.

The vertical distributions of the copepods were
stratified, particularly during months of the year
when a strong thermocline existed (Richerson 1969;
Rybock 1978). For example (Fig. ) in June 1980,
most of the adult population was located in a nar-
row band 20 m deep around the thermocline. Ri-
cherson (1969) found that most of the zooplankton
were just below the top of the thermocline during
the summer, and more evenly distributed (0-60 m)
in the winter. Therefore, the average density (as
copepods per liter) underestimated the density ex-
erienced by zooplankton at specific depths signifi-
cantly. Comparisons between the zooplankton den-
sities measured at depths of peak abundance with
the mean density, indicated the peak density was up
to 13 times greater than the mean density of adults
and copepodids (Table 4).

On any given date, variability in zooplankton
abundances within or among sites was substantial.
In 1978, the average standard error for three repli-
cate tows was 20% of the mean. Frequently, the
difference between high and low tows was 100%.
Large differences in densities were also measured
among the 20 stations around the lake sampled on
the same dates (Table 5).

The ratio of Epischura to Diaptomus also varied.
Epischura declined prior to Diaptomus in 1978

DENSITY (/m 3)

Results

The absolute and relative abundances of the
zooplankton species varied over several scales of
time and space (Richerson 1969; Morgan 1979;
Goldman 1981; Folt 1982). Temporal variations in
abundance were measured among and within years.
The average copepod abundance (from 0 to 150 m)
varied I to 2 orders of magnitude during the spring
blooms and autumnal crashes (Goldman 1981).
Day- and nighttime distributions of the copepods
also differed, since both species moved into surface
waters at night (Goldman, unpublished data). Ver-

2:

0

Fig. 1. The vertical distribution of calanoid copepods in Lake
Tahoe in June 1980. D = Diaptomus E = Epischura.
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Table 4. The difference between the density experienced by 90% of the copepods, and the average density of copepods in a vertical tow,
Lake Tahoe. DA = Adult Diaptomus; EA = adult Epischura; A + C = adults plus copepodites of both D and E; Density is the number
per m3; X = multiplication factor for the differences.

Date Tow Density Difference*
depth
(m) DA EA A+C DA EA A+C

Vertical'
29 June 77 0-150 263 54 570 -

Horizontal2

28 June 77 0 506 314 6830 2X 6X 12X
28 June 77 10 485 302 7202 2X 6X 13X
28 June 77 20 192 28 5233 IX 0.SX lox
28 June 77 30 1140 686 2638 4X 13X 5X

Vertical'
30 June 80 0 150 110 74 943

Horizontal2

30 June 80 0 1071 429 4961 lOX 6X 5X
30 June 80 10 518 455 4435 5X 6X 5X

X(DA + EA)= 5X X(A + C)=8X

*Difference between the average density measured in the vertical tow at that site and the horizontal tows at the depths where
approximately 90% of the adults were aggregated.
'Averages of three tows.
2One tow.

(Table 6), the ratio went from 5.5 to 0.2 in 3 weeks.
Certain samples contained such a high ratio of eith-
er species that there was effectively a one-species
assemblage of prey at that time.

These data demonstrated several important
points: 1. Densities much greater than the average
densities throughout the water column were en-

Table5S. The abundance (no. animals Q-I ) of adults (A) and adults
plus copepodites (A + C) of Diaptomus and Epischura; at 20
stations around Lake Tahoe. Reported are the means of the 20
stations + standard errors for each date; the range of each value
before and after they were correted for vertical stratification,
using the correction factors from Table 4.

19 May 77 14 Aug. 78 12 Dec. 78

A
X+SE 0.24± 0.13 0.56± 0.19 0.05 0.03
A+C
X±SE 0.91± 0.58 3.00± 1.34 0.44 0.27
A
Range 0.04 2.82 0.20 4.03 0.004- 0.63
A+C
Range 0.10-12.20 0.92 28.59 0.04 - 5.72
A
RangeX5 0.18 14.08 0.98 20.15 0.02 - 3.14
A+C
Range X8 0.80-97.60 7.36-229 0.32 -45.76

countered by mysids that migrated into the epilim-
nion and fed there. 2. Mysids separated spatially or
temporally were likely to have encountered differ-
ent absolute and relative densities of the two prey
species. 3. Individual mysids that fed at several
depths during the night or moved about horizontal-
ly would experience patchiness in the prey com-
munity.

Total prey density in our predation experiments
ranged from 0.67 to 20 copepods per liter (except
for calculations of the Mysis functional response to

Table 6. The ratio of adults(A) and copepodites(C) of Epischura
(E) to Diaptomus (D) on seven dates 1978. The numbers in
parentheses are the actual numbers of E over D per m3 measured
in vertical tows (0 150 m).

Date Ratio Ratio
adult E/ D adult + copepodids E/ D

11 Jan. 4.5 (192/43) 3.1 (227/74)
21 Mar. 1.2 (323/278) 0.7 (470/676)
27 Apr. 0.8(166/195) 1.3 (731/571)
25 Jun. 0.1 (49/572) 0.7 (936/1420

9 Aug. 5.5 (46/8.3) 5.7 (316/55)
28 Aug. 0.2 (1/5) 0.6 (22/36)
28 Sep. 0.1 (1/12) 0.8 (48/62)
29 Dec. 2.1(11/5) 0.7 (19/29)
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Epischura density). During 1977-1978 the average
density of copepods at the index station (adults plus
copepodites) ranged from 4 prey per liter during the
summer to 0.02 prey per liter in December. Using
the rough correction factors (Table 4) for vertical
stratification, the density of adults and copepodids,
above 30 m, ranged from0.16 to32 per liter. Refer-
ring to Table 5, it is apparent that much greater
densities of animals were measured at other stations
(up to 20 adults per liter). Hence, the densities
chosen for this study were within the range expe-
rienced by the prey and predator populations, on at
least some occasions.

Using the field data on Mysis predation rate and
the average density of Epischura collected at the
same time as the mysids, the functional response of
Mysis to changes in Epischura density was estimat-
ed (Fig. 2). There was an increase in predation rate
as Epischura density increased; however, the shape
of the curve could not be determined. There were
too few points at high densities, and the precise
density of prey each mysid experienced was un-
known. Diaptomus density related to mean preda-
tion rates similarly, but variability was greater. Sea-
sonal changes in the mean predation rates of Mysis
were primarily correlated with the density of Epi-
schura (r2 = 0.803, Figure 3). Other factors (e.g.
changes in Mysis size, water temperature, Mysis
density or the ratio of adult to copepodite prey)did
not individually produce correlation coefficients
greater than 0.300. Based on the field data, we
simply concluded that the mean predation rates in
the field increased with prey density. The shape of
the curves describing this relationship for both prey
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Fig. 2 In situ functional response curve for Mysis relicta. The
prey density is the mean density of Epischura from three repli-
cate tows. O = index station; X = Emerald Bay; A = laboratory
data added for comparison (adapted from Rybock 1978).
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Fig. 3. Seasonal changes in the prey density and mean field
predation rates of Mysis relicta (M). Each depicted density of
Epischura is the mean of three replicate tows at the index station
(from Rybock 1978).

types were determined from the laboratory experi-
ments.

The functional responses of adult mysids to
changes in the density of both Epischura and Diap-
tomus were measured in the laboratory (Fig. 4).
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Fig. 4. Functional response curves for Mysis relicta. Depicted
are the means + standard error of the predation rates at each
density of prey per predator. These values are the means of the
predation rates of each mysid per treatment at each repetition of
the trial. Curves were visually fitted.
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Although the predation rate of Mysis was usually
greater when Epischura were offered as prey, the
overall shapes and magnitudes of the responses
were not very different at densities greater than 3
per liter. The functions describing the relationship
between predation rate and prey density were both
curvilinear. Our results were consistent with those
of Cooper & Goldman (1982), who found a de-
crease in the clearance rate of Mysis as the density
of both prey types increased above a certain level.

Rybock found Mysis capable of handling and
ingesting an adult Epischura in 7 min (not including
search and capture time). A maximum predation
rate of 8 prey per hour could only occur at densities
which effectively eliminated search and capture
time. The maximum predation rates measured in
the field and the laboratory were lower than this
hypothetical maximum rate. Even before reaching
these rates the functional response curve already
had begun to level off, indicating that handling time
limits search time, or time spent resting between
feeding, or satiation limits the predation rate at
high densities of prey.

The effect of absolute and relative prey densities

CE

CE

IKt x

~o ~ 500 1000 1500

EPISCHURA (#/m 3 )

2 Xl X-

0 500 1000 1500

DIAPTOMUS (#/m 3 )

10 

XxX \lx/ix/
500 1000

TOTAL PREY (#/m 3)
1500

Fig. 5. Preference for Epischura by Mysis in the field as a
function of Epischura, Diaptomus, and total prey density (Epi-
schura plus Diaptomus).

on the preference for either prey species by Mysis
was examined. In Fig. 5, the average field density of
Epischura, Diaptomus and the combined density of
both prey was plotted against the preference for
Epischura measured at each density. Based on the
field data, C(E) was greater than I for 6 of the 9 field
dates which indicated a positive preference for Epi-
schura over Diaptomus. There was a significant
decrease in C(E) as the abundance of Epischura
increased above 100/ m3 (p <0.05,r 2 = 0.52). A sim-
ilar (but not statistically significant) decrease in
C(E) occured with the total prey density. There
were too few data points at high prey densities to
determine the relationship of C(E) to Diaptomus
density.

In the laboratory, Mysis were offered Epischura
and Diaptomus at different ratios (0.143-7) and at 3
different total abundances (8, 40 and 60 prey per
3 1). Preference of Mysis for Epischura was plotted
as a function of the ratio of Epischura to Diapto-
mus. These curves were compared between the
three total densities (Fig. 6a, b). Identical trends
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were found when preference was calculated with the
measure proposed by Manly (1974; see Folt 1982).

C(E) increased slightly at all three total densities
as the relative abundance of Epischura, increased.
This trend was most pronounced at the lowest total
density. The values of C(E) were greatest for all
ratios at the lowest total density (8 prey per 3 1). The
mean C(E)'s for all treatments at each total prey
density were calculated and plotted in Fig. 6b. The
mean preference at the lowest prey density was
significantly higher than mean preference in either
of the other experiments (p <0.02). The mean
C(E) at the two highest total prey densities did not
differ significantly. Apparently, the mechanism
which resulted in a greater representation of Epi-
schura in the diet was more effective at low prey
densities. Possible explanations are presented be-
low.

Discussion

In this paper we examined some effects of life in a
changing environment on the feeding behavior of a
pelagic predator. Specifically, the effects of changes
in density and prey type on predation rate and the
selection of prey were measured. Despite probable
differences between individuals in the field in their
past histories and abilities to use certain prey items,
a positive correlation between predation rate and
prey density was demonstrated. The preference by
Mysis for specific prey items was also correlated
with the density of prey. However, in this instance,
an increase in total prey abundance was associated
with a decrease in the preference for the preferred
prey, Epischura.

Changes in the predation rate of Mysis as a func-
tion of the density of both prey types were curvili-
near (Fig. 2). At low densities, even relatively small
differences in the number of available prey (e.g.
from 4 to 6 prey per predator per liter) resulted in a
measurable difference in mean feeding rates. The
functional response curves for both prey increased
at a decreasing rate above 6 to 7 prey per predator
per liter (termed threshold density). Thus at high
densities, large differences in the number of availa-
ble prey (e.g. from 7 to 13 prey per predator per
liter) did not result in a significant change in the
mean predation rates. Variations among individu-
als (as the standard error about the mean predation

rate) in their predation rates on the same food
resulted from either differences in ability to capture
prey successfully, in the feeding history of animals
(hunger, experience), or in their responses to cap-
ture and handling stress prior to the laboratory
acclimation period.

The Type II functional response curve described
by Holling(1959) was hypothesized to represent the
response of invertebrate arthropod predators to
changes in prey density. However zooplankton
predators have been reported with Type I (Dodson
1975; Jamieson 1980), Type II (Jamieson 1980; Pas-
torak 1980); bell-shaped (Pastorak 1980) and Type
Ill (Akre & Johnson 1979; Johnson & Crowley
1980) functional response curves. A Type 11 re-
sponse occurs when the time a predator spends
handling prey (e.g. catching, killing, eating, resting
and grooming) reduces search time, and sets an
upper limit to the number of prey that can be eaten
per unit time. Handling time can be significant for
zooplankton predators (Li & Li 1979; Kerfoot et al.
1980). Therefore, it was expected that the function-
al response curves for Mysis on both prey would
rise at a decelerating rate with increases in prey
density.

Sigmoid responses (Type Il1) have been found
for a range of vertebrate and invertebrate preda-
tors. Many biological factors result in curves this
shape. For example, if the ability of the predator to
capture prey increased with the number of encoun-
ters with the prey (hence prey density), handling
times would decrease at higher prey densities. This
could cause an increase in predation rate with prey
density as depicted in a Type III functional re-
sponse curve. The functional response curves for
Mvsis with Epischura as prey fit the Type II model,
since there was a decelerating rise in predation rate
as Epischura density increased. In contrast, a sig-
moid curve provided the best visual fit when Diap-
tomus were the prey available. The greatest differ-
ences between the responses to the two species
occurred at the lowest prey densities. This result
indicated that differences in the ability of Mysis to
capture successfully either species or the ability of
either species to escape were greatest at lower densi-
ties.

Variation in the abundance of prey each predator
encounters can result in large differences among
individual predators in the amount of food eaten
during a nocturnal feeding migration. A predator
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Fig. 7. Hypothetical functional response curve.

with the hypothetical functional response curve de-
picted in Fig. 7, which spent the night in a patch
with a constant density of 10 prey per predator,
would have consumed 24 prey. However, if it spent
half of its time with a constant density of 2 prey per
predator and half with a density of 18 prey per
predator, it would have consumed only 20 prey that
night. When the functional response is non-linear,
the predation rate of the predator at the average
density of prey is not equal to the average of the
predation rates in different sized patches.

An even greater cause of variation among indi-
viduals in the number of prey consumed results
when predators spend disproportionate periods of
time with high or low densities of prey. For exam-
ple, a predator foraging all night with a constant
density of 18 prey per predator would have con-
sumed over 35 prey that night.

We have demonstrated that great differences ex-
ist spatially and temporally in the distribution and
abundance of the zooplankton in Lake Tahoe. One
effect of this heterogeneity on the mysid population
was hypothesized to be large variation among indi-
viduals in the number and type of prey consumed.
Large variations in growth rate and fitness among
mysids which were separated in the lake for ex-
tended periods of time could occur, if the numbers
of prey available differed among those areas and
were below the threshold density.

However, in different areas of the lake (or differ-
ent times of the year)where the abundance of prey
per predator was above the threshold density, the

predation rates of individual mysids would not vary
greatly. Any variability in growth and fitness in
these areas may not correlate strongly with prey
abundance.

In both the laboratory experiments and the field
collections, Mysis usually included a dispropor-
tionately high ratio of Epischura to Diaptomus in
its diet. However, in -prey experiments, Mysis
preyed effectively on Diaptomus and in some cases
preference for Diaptomus in the field was positive
(Fig. 5). Changes in prey preference by Mysis may
result in part from a change in the ability of Mysis
to prey on Diaptomus. Several potential causes of
the measured change in Mysis predation rate on
Diaptomus are: ) Mysis becomes more adept at
capturing and handling Diaptomus as a function of
the number of encounters (of density) with Diap-
tomus; 2) the ability of Diaptomus to escape de-
creases with encounter frequency or density; or 3)
additional interactions (e.g. Folt & Goldman 1981)
between Diaptomus and Epischura affect the es-
cape ability of Diaptomus. At present we are unable
to determine which of these mechanisms causes the
decrease in predation rate by Mysis on Diaptomus
at low density.

If in the field the density of Diaptomus is low, or
high densities are infrequently encountered or en-
countered for short periods of time, we would ex-
pect a higher proportion of Epischura in the diet of
mysids. In fact, positive preference for Diaptomus
may only occur when there is a great increase in the
density of Diaptomus for a prolonged period. This
may explain why, despite the ability of Mysis to
prey effectively on Diaptomus in the laboratory,
average field predation rates on this species were
low.

We demonstrated that both feeding rates and
prey preferences of Mysis relicta depended on the
abundance of prey. The impact of changes in the
composition and density of the prey community on
both predator and prey populations can only be
evaluated if variations in the field densities are mea-
sured and individual responses at each density are
known.
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