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FEEDING AND ACTIVITY OF THE CRAYFISH ORCONECTES RUSTICUS

IN A NORTHERN WISCONSIN LAKE

James Garfield Lorman

Under the supervision of Professor John J. Magnuson

Populations of the crayfish Orconectes rusticus were sampled in

quer Sugarbush Lake, Vilas County, Wisconsin, on a day-night and a
diel basis to evaluate patterns of feeding activity and to provide in-
formation for a long-term study of the importance of this recently-
introduced species in structuring aquatic communities of northern Wis-
consin.

Counts and size measurements of exposed (active) and hidden (in-
active) crayfish collected within sampling rings at two depths (1 and 3
m) duripg the afternocon and again after dark revealed an increase in
the number of crayfish exposed at night. However, more adult males were
found exposed than hidden during both day and night, and small crayfish
were more nocturnal than large ones. Crayfish did not appear to migrate

into shallow water at night, but a highef percentage of animals were

found exposed at night at 1 m than at 3 m.

Stomach fullness of crayfish collected in the field over three 24-
hr periods was measured to determine patterns of feeding activity. Full-
ness was expressed as a proportion of the maximum stomach capacity for

a crayfish of a given carapace length, determined by feeding experimental

animals ad 1ibitu§x Results of diel collections revealed increased
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feeding at night, but patterns of feeding reflected differences in
crayfish size and sex, and climatic (photoperiod and temperature) con-
ditioms.

Males collected in June showed little variation in stomach full-
ness throughout 2W-hr sampling; females showed greater variation in
fullness both in respect to time of day and to crayfish size. Animals
collected while exposed in October and November had fuller stomachs
than animals collected while hidden; this difference was largest at
night in October, and was larger for females than males. Crayfish
apparently confined all feeding activity to the night in November.

Stomach analysis of crayfish collected in 2uphr samples revealed
a wide range of food items. Males were more carnivorous than females,
and large crayfish more herbivorous than small ones. Mayfly nymphs were
more common in crayfish stomachs in November than in October and June.

Differences in feeding activity patterns probably reflect differ-
ent foraging strategies and may be mediated by differential respon-
si&eness to zeitgebers. Quantitative analysis of these differences
would require measurements of feéding and digestion rates, length of
feeding bouts and of intervals between bouts, and consumption of dif-
ferent féod items. Calculations of energy flow and analysis of functional

relationships from these measurements allow evaluation of the role of

crayfish in structuring aquatic communities.
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INTRODUCTION
Background

Orconectes rusticus (Girard) is distributed form southern Michigan

and  northeastern Ohio southward and westward through Indiana, Illinois,
Kentucky, and Tennessee to parts of Missouri, Alabama, and Virginia
(Crocker and Barr 1968). O. rusticus was recorded in Lake Superior

(Bundy 1882) and in Racine, Sauk, and Rock Counties in Wisconsin (re-

ported in Creaser 1932). Creaser (1932), however, did not. find 0. rust-
viggi in extensive sampling throughout Wisconsin, and felt that_these
earlier records refer to aberrant forms of 0. propinquus. In the past
few years, we havg obseryed seygral occurrences of 9;.£Egiiggg_in |
northern Wisconsin (Capelli 1975, Table 1), and it is_likelykthat

these occurrences represent recent introd?ctions by fishermen bringing
crayfish as bait from other states. Populations of 0. rusticus have aiso
become established in several Ontario lakes; where summer Vacatioﬁers
from midwestern states are common (Crocker and Barr 19685.

The dense populations of 0. rusticus in several northern Wisconsin
lakes (see Table 1) have in recent years supported some commercial
harvesting and have also led to numerous complaints by lake residents.
In at least six lakes with 9;_rustiéus (Long Lake, Chippewa County;
Sugarbush, Island, and Presque Isle Lakes, Vilas County; Crescent and
Big Bearskin Lakes, Oneida County), residents and commercial crayfisher-
men have noticed an increase in the number of crayfish within the last
10-15 years, coincident with a dramatic decline in the abundance of
aquatic macrophytes. Many residents ciaim that crayfish have destroyed

fish spawning beds and are a muisance to swimmers, Although a change in
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¢m&yfish species prior to the numerical increase can not be confirmed
in most of these lakes, the increase in crayfish abundance in Presque
’ksle Lake has been attributed to invasion by 0. rusticus into water

‘ormerly occupied only by 0. virilis (Sam Readel, Amherst, Wisconsin,

personal communication).

~Study objectives

Casual observations, converéations»with lake residents, previocus
literature on crayfish (for example, Langlois,1935, Abrahamséon 1966,-
Dean 1969;‘Rickett 1974) and quantitative measures of density and bilo-
mass (Table 1) suggest that the introduction of 9;_rustigus can result
in significant changes in the structure of some aquatic communities.
The present study was undertaken as part qf a long-term project to
evaluate both the descriptive and the functional aspects of fhese
changes. |

.These two aspects, descriptive and functional, represent two
approaghesrfo‘détermining the importance of a species in struétufing
a community (Dayton 1975). The descriptive, or numerical, approach at-
tempts to define the relative importance of a species based upon guant-
itative measures such as abundance, biomass, and productivity. The
functional; or mechanistic, approach considers how a species may in-
fluence community structure in ways that can not be explained only in
terms of the species' numerical importance. This latter approach usually

involves experimental manipulations of species composition, and may lead

: to new interpretations of the manner in which communities are structured

(for example, Connell 1961, Brooks and Dodson 1965, Paine 1966, 1969,



Dayton 1975).

The long-term goal of our crayfish study is to apply both of
- -these approaches to the following questions in regard to aquatic
systems recently colonized by QL_rusticus:

1.. Through what mechanisms do crayfish structure aquatic commun-.
ities, and what is the nature and extent of the structural changes that
‘oécur as a result of the operation of these mechanisms?”

2. What factors determine the extent to which the above mechanisms
:operate in a given system, and what is the quantitative relationship
between these factors and the resulting changes in community structure?

A simplified compartmentalization of the lake ecosystem provides
a basis for relating the descriptive and functional aspects of contrcl
of community structure by crayfish (Figure 1). Crayfish are food gen-
eralists, their fecod type and particle size relatively unrestricted by
morphology (Caine 1975). Stomach analysis and direct field.observation
have revealed that crayfish graze on vascular hydrophytes and algae
 (Viosca 1931, Martin and Uhler 1939, Tack 1941, Norton 1942, Sakowicz

and Kompowski 1962, Mason 1963, Kossakowski 1964, Abrahamsson 1966,
MinshallV1967, Prins 1968, Dean 1969, Capelli 1975), feed on detritus
from both aquatic and terrestrial sources (Creaser 193u, Tack 1941,
‘Norton 1942, Mason 1963, Abrahamsson 1966, Minshall 1967, Prins 1968,

Dean 1969, Capelli 1975), and prey on zooplankton (Tack 1941, Norton 1942,
Mason 1963, Abrahamsson 1966, Minshall 1967, Prins i968), benthic in-
vertebrates (Creaser 1934, Norton 1942, Mason 1963, Kossakowski 1964,
Minshall 1967, Prins 1968, Dean 1969, Capelll 1975), and fish (Tack 19u4l,

Minckley and Craddock 1961, Sakowicz and Komposwski 1962, Dean 1969)}



Figure 1. A simplified compartmentalization of the lake ecosystem
emphasizing the relationship of crayfish to energy flow. Arrow
represent the direction of energy flow between various compartments

and within the crayfish population.
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Thus, a large number of direct functional relationships exist between
crayfish and various components of.thé community. The importance of

any one of these relationships in-structuring a specific aquatic commun-
ity depends upon the descriptive nature of the relationship (the amount
of actual energy flow), which in turn depends upon possible switching

of food items by crayfish as various items become more or less available,
and upon the biomass of the crayfish population. The latter is deter-
mined by the total amount of food available, the ability of the crayfish
to exploit this food, by the gross production efficiency of the cray-
fish (assimilation efficiency + growth énd reproduction efficiency),

-and by losses due to mortality and net outward migration. ' Energy losses-
due to mortality. flow through detrital pathways or through invertebrate
(Dye 1874) or aquatic vertebrate (Mason 1963, Crocker and Barr 1958)
predators, or are converted directly back to crayfish biomass through
cannibalism and detritivory by the crayfish population itself (Mason
1963, Momot 19867a).

Both descriptive and functional approaches are needed to answer the
questions posed above. The spécific objectives of the research presented
in this paper are concerned with the nature and extent of crayfish ex-
ploitation of available food. Specific objectives listed below help
evaluate the potential importance of the various functiénal relationships
through which crayfish may structure a community, as well as provide
a data base for further quantitative measures of energy flow within
the ecosystem:

1. Evaluate diel and seasonal patterns of feeding activity from

differences in the quantity of food present in cranish stomachs and



differences in crayfish behavior.

2. Examine stomach contents of 0. rusticus to determine the rela-
tive importance of various food items in the diet of crayfish of dif-
ferent sexes and sizes at different times of the year.

3. Provide quantitative data on the quantity of food present

in crayfish stomachs for calculations of feeding rates and energy flow



METHODS

All sampling was in Lower Sugarbush Lake, Vilas County, a meso-

- %rophic drainage lake (surface area 73 ha, maximum depth 12 m), where
residents have considered the abundant 0. rusticus population to be

& problem for over a decade (Black et al. 1963). Two stations were
chosen for sampling: station 1 is located along the northern shoreline
approximately 300 m east of the outlet to Sugarbush Creek; station 2
is along the extreme northeasternvshoreline. ScirEus is common veg-
etation at both stations in water less than 1 m, with Nuphar abundant

in 1-1.5 m water at station 1, and Potamogeton angustifolius, P, ampli--

folius, Vallisneria americana, and Myriophyllum exalbescens comnon in

1-2 m water at both stations. Substrate in both areas consists of fine

sand, with abundant rocks in station 2.

Day-night ring sampling

We sampled crayfish at two depths during the day and at night to
; monitor diel changes in activity and depth distribution. We used 0.5
or 1.0 @2 metal sampling rings to obtain random samples of crayfish
(Capelli 1975, Stein 1975). Rings tossed in the air along a given
depth contour sank to the lake bottom and SCUBA divers collected all
crayfish within‘the ring. Night samples were made with the aid of un-
derwater flashlights. Sampling was done on three dates in 1974, at
station 1 on 2 August and 4 September and station 2 on 23 August. Ten
ring tosses were madg at each of two depths (approximafely 1 and 3 m)

during the afternoon (1400-1600 CST) and soon after dusk (1900-2230 CST).
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Crayfish that were exposed (most of body visible) and hidden (most of
body under cover of sand, rocks, aquatic vegetation, detritus, etc.)
were céllected separately, sexed, and their carapace lengths measured to
kthé nearest 0.1 mm with vernier calipers.

Because sample sizes were small, sampling dates were combined for
analysis of results. Three-way contingency tables were computed using
factors of carapace length (<£20.0, 20.0-29.9, 30.0-39.9, >40.0 mm),
location (hidden and exposed), depth (1 and 3 m), and time of day (day
and night). I tested the null hypothesis of independence between each
pair of factors and the null hypothesis of lack of interaction amcng
each three-way combination of ‘factors. In addition, I made pair-vwise
tests of independence and a three-way test of interaction among factors
of sex (male and female adults), time, and location. The latter tests
were made for adults only, since young-of-year crayfish were not sexed.
The G-statistic (which has a distribution approximating X2) was used to
test significance since it is more easily computed than-X2 and usually

produces more exdct results (Sokal and Rohlf 1969).

Diel collections

Three 24-hr field collections were made to quantify diel changes
in the weight of crayfish stomach contents and to determine the impor-
tance of different food types in the crayfish diet. Sampling condi-
tions for the 24-hr collecticns are given in Table 2. Collections were
made by hand using SCUBA in 1-3 metérs of water, and a maximum collecting
time was eStablishedvof 30 minutes per sample. In June, we attempted

to collect equal numbers of male and female adults but did not collect
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nimals with respect to location (hidden or exposed). Results.from.
'day-night ring sampling and infcrmal behavioral observations suggested
that differences in location may be important in evaluating feeding
dgetivity, and that the "random" hand collections used in diel sampling
provide a potential bias since percentages of hidden and exposed cray-
‘fish collected may not be representative of the percentages in the actual
population. In October and November, therefore, hidden and‘exposed'
adults were collected by different divers and analyzed separately.
October and November collections were made at station 2 because
crayfish were found to be more abundant than at station 1, making col-
lections more efficient.
Crayfish were frozen on dry ice in the field immediately after-
each sampling period (except in November,_when air temperatures were
low enough to freeze crayfish within a few minutes) and stored frozen
in the laboratory. Individuals were thawed prior to dissection, and' the
sex, carapace length, and molt condition (hard or soft exoskeleton) were
recorded. Intact stomachs were removed, the contents emptied into a
large watch glass, and any sand separated from the food material by
rinsing with distilled water and decanting. Contents were then examined
under a dissecting microscope, and the presence of recognizable food
items recorded. Stomach contents and crayfish were dried separately at.
70-80° C to constant weight and weighed to the nearest 0.1 mg (stomach
contents) or 10 mg (crayfish).
Stomach fullness for each crayfish was calculated as:

P= (Sact/Smax),

where P= proportion fullness, Sact= actual dry weight of stomach contents,
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and Smax= maximum stomach capacity for a crayfish with a given carapace
length. This allowed direct comparisons of the amount of food. in
stomachs of animals of different sizes, eliminating size-related -dif-
ferences in weight of food expressed as a percentage of body weight.
Carapace length is thought to be a better measure for estimating rel-
ative stomach capacity than body weight, since the latter is greatly
influenced by variations due to missing and regenerating appendages

and to sexual dimorphism in chelae size.

To determine Smax, five size groups of 9;_rﬁsticus (Table 3) were
placed into five separate flow-thru aquaria (water from Trout Lake,
maintained at 22.5 * 0.5° C), starved for 48 hours, then allowed to
feed on frozen brine shrimp ad libitum for 1 hour. Previous observa-
tions indicated that 1 hour was sufficien? for crayfish to feed to
satiation. Crayfish were then frozen and their stomachs later dissected
as described above for animals collected in the field. No significant

difference existed between weights of stomach contents of male and fe-

‘male crayfish, so the maximum stomach contents (g dry wt) from each

group was used to calculate a regression of log weight vs. log carapace
length. The resulting equation was used to calculate Smax.

Twelve molting crayfish with soft exoskeletons were found in June.
All had empty stomachs and were excluded from further data analysis since
the behavior of crayfish is markedly different during ecdysis (Norton
1942, Bovbjerg 1953). Frequency histograms of proportion stomach full-
ﬁess were made for each of the 12 sampling times in June. Separate hist-
ograms were made for hidden and exposed crayfish for each of the six

sampling times in October and November. Means and 95% confidence limits



Table 3. Size groupings of 0. rusticus used in ad
libitum feeding experiment for determination of max-
imum stomach capacity.

Carapace length (mm)

Mean Range ‘ Males Females Total
45,1 4y, 5-45,5 4 1 5
34,9 34.5-35,5 5 0 5
25.2 24.6-25.9 5 5 10
14.3 13.3-15.8 2 2 "
11.6 T 10.2-12.9 2 2 oy

Total 18 10 28
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were calculated for the data in each histogram. Stomach fullness and .
number of crayfish with empty vs. not empty stomachs ('"stomach empti-
ness') were treated as dependent variables and were tabuvlated for
each date according to factors of time df day, sex, carapace length,
and location (in October and November). Each of these factors was
tested for significant effects on stomach fullness using the Kruskal-
Waliis one-way analysis of variance (Siegal 1965). Two- and three-way
interactions were tested using nonparametric analysis of variance (Wilson
1956). For the above tests, I used NPAR, a statistical computer pro-
gram developed at Michigan State University and provided by the Social
Science Data and Program Library Service, University of Wisconsin-lMadison.
Tests for significance of the above factors on stomach emptiness were
made using the G-statistic calculated from three-way contingency tables.
In calculations of G-values, day sample times were combined and night
sample times combined. Thus, only two levels of time (day and night)
were used in tests on stomach emptiness. For analysis of variance
- tests, sample times were kept separate (12 levels of time in June, 6 in .
October and November).

During stomach analysis, counts were made of whole animals found
in each stomach. Animal parts were identified as completely as was prac-
~tical. For presentation of results, food types were classified into.
categories of plant material, insect order (Ephemeroptera, Plecoptera,
Odonata, Tricoptera, Coleoptera, Diptera), crustacean order (Cladocera,
Copepoda, Ostracoda, Amphipoda, Decapoda), molluscan class {Gastropoda,
Pelecypoda), fish parts, and unidentifiable animal material. Frequency

of occurrence (percentage of stomachs containing a given item on each
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date excluding empty stomachs) was calculated for each of these categor-.
ies and for an additional category consisting of all animal material.

I used three-way contingency tables to test the significance of samp-.
ling date, crayfish size, and sex on the presence of the four most
abundant food categories (plant material, animal material, Diptera,

and Ephemeroptera).
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RESULTS

Day-night ring sampling

Numbers of crayfish at 1 and 3 m depths did not differ between day
and night, among different sized crayfish, nor between hidden and ex-
posed animals (Table 4). A higher percentage Qf crayfish at 1 and 2 m
were exposed at night than duriné the day, and this day-night differ-

- ence was greater at 1 m than at 3 m (Table 5). This three-way inter-
action was statistically significant (Table 4).

A higher percentage of small crayfish (<20.0 mm) were hidden than
observed for larger crayfish (Table-G). However, the percentages of
hidden crayfish in the smaller two size groups are lower at night and
higher during day than in larger animals. In addition, crayfish less than
20 mm comprised a much higher percentage (§O%) of the total number of
crayfish found during the day than they did at night (39%); the reverse
was true for crayfish in the 30-40 mm size class (6% during the day, 26%
at night). Statistical results are summarized in Table 4.

In adults, a significant interaction existed among factors of

sex, location, and time of day (G= 10.306, p<0.01). The percentage

of adult males exposed changed very little at the two sampling times;
more were exposed than hidden at both times (Table 7). The percentage
of females exposed, however, changed from 10% during the day to 75%

at night.

Ad libitum feeding and diel collections

‘The regression of log weight stomach contents vs. log carapace

length calculated from ad libitum feeding provided a good fit in relation




Table 4. Summary of results from two-way independence
and three-way interaction tests among factors of size
(four categories of carapace length), time (day or night),
depth (1 or 3 m), and location (hidden or exposed).
G-values based on contingency tests using combined

data from day-night sampling on three dates. Total

n=%4, (%% prob< 0.01, #* prob< 0.05)

Hypothesis tested G - af
Depth x time independence 0.152 1
Depth x size independence 2.762 3
Depth x location independence 0.006 1
Location x time independence 18.232%% 1
Location x size independence 28 . 472%% 3
Size x time independence 12, 450%% 3
T x L x D interaction 7 . 540%% 1
T x S x L interaction 16,590%%* 10
T x S x D interaction 4,868 3

S x L x D interaction 1.780 3
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Table 6. " Percentage of crayfish of four size classes hidden
and exposed during day and night sampling. Number of cray-
fish in each cell is shown in parentheses.

Time

Size Location
Day Night Total
20 mm hidden 87 (32) w7 (7) 81 (39)
exposed 3 (1) 53 (8) 18 (9)
total 100 (33) 100 (15) 100 (u8)
20-30 mm hidden 56 (9) 0 (0) 30 (9)
exposed uy (7) 100 (14) 70 (21)
total 100 (16) 100 (14) 100 (30)
30-40 mm  hidden 0 (0) 50 (5) 38 (5)
exposed 100 (3) 50 (5) 62 (8)
total 100 (3) 100 (10) 100 (13)
40 mm hidden o (0) o (0) 0 (0)
exposed 100 (83) o (o) 100 (3)

total 100 (3) 0 (0) 100 (3)




Table 7. Percentages of male and female adults exposed and
hidden during day and night sampling. Number of crayfish in
each cell is shown in parentheses.

Sex
. Males Females
Location
Day Night Day Night
Hidden 4o (8) 36 (5) _ 90 (18) 25 (8)
Exposed 60 (12) g4 (9) 10 (2) 75 (18)

Total 100 (20) 100 (1u) 100 (20) 100 (24)
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to maximum weights of stomach contents of animals collected from field
collections (Figure 2). -

Food was present in most crayfish at all times but general trends
in stomach fullﬁess‘are evident. Stomachs were fuller at night on all
dates, and exposed animals collected in October and November tended to
have fuller stomachs than hidden animals (Figure 3).

Trends are more visible in graphs of mean stomach fullness and
percentage of animals with empty stomacﬁs (Figures 4 and 5). Alithough
crayfish were observed feeding during the day in June, stomach contents
indicated maximum feeding activity at night (Figure 4). Stomachs con-
tained significantly more food late in the night (2300-0300) than early
in the night (1900-2100). Except during early morning hours when all
stomachs sampled contained food, 4-16% of stomachs were empty. An in-
crease in fullness after dawn (0700-1100) may represent a second peak
in feeding, but it is not statistically significant.

Exposed crayfish in October showed a pattern similar to crayfish
collected in Juhe (Figure 5). Fullness increased after dark, although
the rise was not as marked as that in June. In October, none of those
exposed at night had empty stomachs. Hidden crayfish had opposite
trends, a decrease in‘fullness and an increase in percentage empty oc-
curred at dusk. The difference between exposed and hidden crayfish in
proportion fullness and percentage crayfish with empty stomachs was lar-
gest after dusk.

In November, feeding was apparently limited to the night, as no

:animals were exposed during day. For both hidden and exposed animals,

fullness increased and percentage empty decreased during the night.



Figure 2. Weight of stomach contents vs. carapace length for crayfish
collected in the field during three diel collections (n=501) and for
crayfish fed ad libitum in the laboratory (n=28). Regression
representing maximum stomach capacity calculated from ad 1libitum

data (r2=0,996).
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Figure 3. Frequency histograms of stomach fullness for 12 sampling
times in June (a) and for hidden (=—-) and exposed (---) crayfish

from 6 sampling times in October and November (b).
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Figure 4. Mean stomach fullness (a) and percentage empty (b) vs. time

for June collection. Vertical bars are 95% confidence intervals.
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Figure 5. Mean stomach fullness (a) and percentage empty (b) for

October and November collections. Vertical bars are 95% confidence

intervals.
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Hidden crayfish showed a gradual decrease in fullness and an increase
in pefcentage empty. during the day.

Mean fullness and percentage empty are summarized for factors of
sex, size, date, and location in Table 8, and results of statistical
analysis of time, sex, size, and location are in Table 9. Main effects
of time and crayfish size on both proportion fullness and stomach empti-
ness were significant in June. 1In addition, there was a significant
interaction effect on proportion fullness among factors of time, size,
and sex (Figure 6; to clarify relationships, successive 2-hr samples are
averaged and the smallest and largest size categories, which had small
sample sizes, are not shown). Stomach fullness of males changed little
throughout the 2u4-hr collecting period and did not differ greatly between
different size groups; feeding appeared'to_peak at night in females,
but this peak was most pronounced in the 30-40 mm size category.

Location had a significant effect on stomach fullness in October
and November and on emptiness in October. Interactions were signifi-
cant in October for time, location, and emptiness (Figure 5a) and for time,
location,»sex, and fullness (Figure 7). Females exhibited greater vari-
ation in fullness through time than did males. Hidden females showed a
significant increase in stomach fullness at 0700, while fullness of

hidden males decreacsed.

Stomach analysis

The most common food, plant naterial, occurred in more than 90% of
animals sempled in each month (Table 10). Terrestrial leaf fragments

and unrecognizable vascular tissue comprised the bulk of the plant mat-
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Figure 6. Relation of stomach fullness to time of day in
male and female crayfish. of different sizes collected in

June diel sampling. Horizontal lines represent averages of
successive 2-hr sampling times. Solid line 20-30 mn carapace
length; dashed line 30-40 mm carapace length. Sample sizes

are given for each line.
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Figure 7. Relation of stomach fullness to time of day in
male and female crayfish found hidden and exposed during -
October diel sampling. Vertical lines represent 95% con-

fidence intervals. -
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Table 10. Frequency of occurrence of each food category in crayfish
stomachs from three collection dates.

Food type Date
June October November Total
n=237 n=128 n=9u n=459
Plant material 89.6 3.0 80.4 95.9
Animal material 77.2 81.3 83.0 79.5

unid. animal

material 11.0 19.5 7.5 12.8
Insecta
Ephemeroptera 45,2 4g.2 67.0 50.8
Plecoptera 3.0 0.0 0.0 1.5
Odonata 0.4 2.3 0.0 0.9
Tricoptera 2.3 3.1 3.2 . 6.3
Coleoptera 0.0 0.0. 2.1 0.4
Diptera 11.8 8.6 9.6 10.5
unid. insect 0.4 0.0 0.0 0.2
Crustacea
Cladocera o.b 3.1 18.1 4.8
Copepoda 0.0 2.3 9.6 2.6
Ostracoda 6.8 2.3 3.2 4.8
Amphipcda 3.4 0.0 10.6 3.9
Decapceda 6.8 7.8 3.2 - 6.3
unid. crustacean 4.6 4,7 3.2 b,y
Mollusca
Gastropoda 3.4 1.6 0.0 2.2
Pelecypoda 0.8 0.8 0.0 0.7
unid. mollusca 2.1 0.0 0.0 1.1
Fish 1.7 1.6 0.0 1.3
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erial, but filamentous green algae (Nitella) and fragments of vascular
hydrophytes could be recognized in a few cases.

Animal material was present in 80% of the crayfish. Ephemerop-
terans were by far the most important animal food (frequency of occur-
rehce, 51%); the genus Ephemera was the most common mayfly but Hexagenia,

Stenonoma, and Caenis were also present. Dipterans (Chironomidae) were

the second most common animal food (10%). Other recognizable animal
foods included plecopterans (1.5%), odonates (0.9%), tricbpterans”
(Oecetis, 6.3%), coleopterans (0.4%), cladocerans (4.8%), copepods (2.6%),
ostracods (4.8%), amphipods (3.9%), decapods (crayfish, 6.3%), gastropods
(2.2%), pelecypods (0.7%), and fish (scales and bones of Percidae, 1.2%).

Size, sex, and date had significant effects on food composition
(Table 11). The percentage containing plant material increased signi-
ficantly with size of crayfish for all dates combined but not for in-
dividual dates (Figure 8),.

Since the average size of crayfish collected in June was greater
than those collected in October and November (see values for n in each

of the four size classes in Table 8), I tested the effect of size X date

interaction on the presence of plant material. Because the interaction

G-value was negative, it was necessary to perform an alternative set of
partitions (Sokal and Rohlf 1969). This analysis (Kullback 1953) re-
vealed that the effects of date on the presence of plant ﬁaterial (Table
11), can be explained solely on the basis‘of differences‘in size on the
three dates. Size differences also appeared related to fhe percentage
of stcmachs containing animal material (Figure 8), but this trend was

not significant.
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Figure 8. Percentage of crayfish stomachs of four size
groups containing plant and animal material. Numbers over

bars indicate sample size.
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The frequency of occurrence of animal material was significantly
higher in males than in females in October (89% and 73%, respectively)
and for all dates combined (84% and 76%). In October, the presence of
mayflies differed significantly between males and females. Mayflies
were present in 538% of the males in October but only 38% of the females.
The percentage of animals containing mayflies differed significantly on
the three sampling dates. Percentages for June, October, and November
were 45, 49, and 67, respectively. The percentage of cfayfish contain-
ing dipterans did not differ significantly with either size, sex, or

date.
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DISCUSSION

The concept of feeding strategy has recent developed as a

characteristic subject to optimization through. election (Imlen
1966, MacArthur and Pianka 1966, Schoener 1971). ..gometimes
simply defined as the choice of taking or ignoring lar food
item encountered (Pulliam 1974), feeding strategy udes aspects
of the relation of feeding rate to food density (Hollim  '§§§}, timing
of feeding activity, and extent of foraging range (Schoenex-1971).

Below, I discuss my results as they relate to three key aspects of

foraging strategy: diet, foraging period, and foraging space.

Diet

Stomach analyses showed that O. rusticus consumes a wide range of

food types, a result consistent with other crayfish studies (Creaser
1934, Tack 1941, Norton 1942, Mason 1863, Abrahamsson 1966, Minshall
1967, Prins 1968, Dean 1969, Capelli 1975). Although crayfish can
therefore be considered food generalists (Schoener 1971), feeding does
involve some degree of food selection (Mason 1963, Alan Covich, Wash-
ington University, personal communication). Males of 0. rusticus eat
more animal material than females; large crayfish eat more plant mat-
erial than small ones (Table 11, Figure 8). The shift from an animal
to a plant diet as crayfish grow larger has been reporfed'previously
(Creaser 1934, Mason 1963, Abrahamsson 1966). The decrease in percent
occurrence of animal food with increase in crayfish size seen in O.
rusticus (Figure 8) was not significant, but the use of presence-ab-

sence indices of feéding activity reduces the validity of testing such
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differences.

Differences in crayfish diets could result from variation in costs
involved in securing different food items. -For example, small crayfish
might be more efficient than large crayfish as predators on small active
prey (Abrahamsson 1966). Differences in energetic requirements could
explain dietary shifts: an increase in herbivory in larger animals could
result frem a reduction in protein requirements or a need to generalize
the diet in order to meet increased energy requirements (Schoener 1971).

Explanations of sex- and size-related differences in crayfish re-
quire nutritional as well as energetic (caloric) informati&n. Addition

of vegetable matter to the diet of brown shrimp (Penaeus aztecus) in-

creased protein level and decreased vegetable matter in food (Venkatar-
amiah et al. 1975).

Differences in percent occurrence of mayflies in stomachs on
the three dates (Table 10) may reflect changes in prey abundance or
changes in feeding strategy due to climatic (temperature and photo-
period) differences. Peterson grab samples taken on dates of diel col-
lections contained approximately equal numbers of mayfly nymphs in Cet-
ober and November, but samples were not taken in June. Climatic changes
could affect feeding strategy by affecting energy requirements, efficiency
of prey capture, and activity patterns of both crayfish and prey.

Variation in diet probably reflects different optimal foraging
strategies associated with sex, size, and climate differences. However,
explanation of these differences requires more detailed information on
‘nutritional and energetic requirements of crayfish, and costs and gains

of food items, and the relation of diet to food availability.
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Foraging period

Field measurements of activity

Most studies on crayfish activity have been conducted under con-
trolled laboratory conditions (Roberts 1944, Rice and Armitage 1974,
Crawshaw 1974, Page and Larimer 1975, Capelli 1975); few have quantified
activity patterns under natural conditions. Tack (1941) studied fela—
tive day and night activity of O, immunis in the field by comparing day
and night trap catches and by counting numbers of crayfish seen active
in a marked area during the day and at dusk. The validity of the two
methods used to quantify activity in my study requires some discussion:

1. Day-night ring tosses. Activity in crayfish is associated
with movement outside of cover (Tack 1941, Penn 1943, Roberts 19uL). My
observations on 0. rusticus during day and night indicate that exposed
animals are active, either feeding, moving slowly along the bottom using
periopods in apparent search for food material, or stopping for short
periods of grooming. During the mating season (fall, winter, and spring),
some exposed animals can be observed copulating. Crayfish found under
cover appear inactive, usually in a crouched position with appendages
drawn close to the body. Location can therefore be used as a measure of
general activity; but without measurements of feeding rate and percentage
of time spent feeding in exposed animals, it only provides an indirect
measure of feeding activity.

2. Diel collection. Stomach fullness depends not only upon feeding
rate, but also upon digestion rate and@&éngth of time since last feeding.
Without knowledge of these additional parameters, stomach fullness pro-

vides only a general measure of feeding activity and not a specific
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measure of feeding rate.

Patterns of feeding activity

Diel differences in percentage animals exposed and in stomach
fullness indicate that most activity in 0. rusticus occurs at night,
although the extent of nocturnal behavior varies with crayfish sex and
size, and with differences in climate (temperature and length of day).

Crayfish have been considered primarily nocturnal (Girard 1852, Huxiey

.. 1880, Ortmann 1906, Chidester 1908, 1912, Tack 1941, Roberts laul,

Crawshaw 1974, Capelli 1975), although diurnal activity has been reported
in 0. propinquus (Van Deventer 1937, Capelli 1975) and 0. immunis
(Tack 19u1).

Crayfish feeding behavior can be viewed as successive periods of
activity (crayfish exposed) and rest (cray%ish hidden). Some of the
variation in stomach fullness is associated with differences in sex and
size (Table 9); however,va large proportion of the variation can only
be explained by individual differences in patterns of activity and rest.

Photoperiod is an important factor controlling activity in cray-
fish under laboratory conditions (Roberts 1944, Rice and Armitage 1974,
Crawshaw 1974, Page and Larimep 1972, 1975). Reduced light intensity at
dusk is the most important stimulus for onset of activity in crayfish

(Roberts 1944, Page and Larimer 1972, 1975), as well as in other decapods

A(Hagerman 1870, Honegger 1973, Lehmann et al. 1974%). Variations-in feed-

ing patterns due to differences in crayfish sex or size, or due to sea-
sonal changes probably reflect differential responses to zeitgebers,

Small crayfish and females appear to respond to light-dark changes to
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a greater degree than large males. Since susceptibility and respensive-
ness to fish predation increases with decreasing crayfish size (Stein
1875), nocturnal behavior in small crayfish may be related to reduced
fish predation at night.

Crayfish responsiveness to photoperiod appears to exhibit season-
al differences. Stomach fullness of hidden crayfish remains fairly
constant throughout the night in October, but exhibits a gradual in-
crease in November (Figure 5). This difference may be caused by a
delay in the onset of feeding by a higher percentage of the population
in October than in November. Further support for this is provided by
differences in percentage of hidden animals with empty stomachs on the
two dates (Figure 5). A high percentage of stomachs are empty through-
out the night in October, but no stomachs are empty after the first
night sample in November. Feeding in Noveﬁber is more synchronized
than in June or October, occurring over a relatively short period at

night. Seasonal change in the number of activity periods occurs in

shrimp (Crangon vulgaris, Hagerman 1970) and in many other animals

(Schoener 1971).

Patterns of feeding activity in crayfish can be explained at
least partly in terms of energy requirements. Metabolism is higher in
male than in female crayfish (Rice and Armitage 1974); thus, males may
need to feed during the day to meet higher energy requifements. Simi-
larly, reduced energy requirements at lower temperature could explain

the lack of diurnal feeding in November.
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Toraging space

Little quantitative information is available on the foraging
range of crayfish. Crayfish are reported to migrate to shallow water
during the night to feed (Crocker and Barr 1968). 0. rusticus did not
appear to exhibit Ihis behavior, but more crayfishbwere exposed in shal-
low water than in deeper water at night (Tables 4 and 5). In addition,
more small crayfish were found during the day than at night, -and more
large crayfish were found at night. Unless samples were size~biased
due to reduced visibility at night, which I believe is unlikely, this
suggests that crayfish migrate into deeper or shallower water than that
sampled. Migrations could be related to changes in temperature with

depth. When provided with a temperature gradient, 0. immunis selects

i —

lower temperatures during the day than at night; daily movement into
deeper, cooler waters may reduce predationﬂand lower energy expenditure
during periods of inactivity (Crawshaw 197u),

Vertebrate predators typically have larger home ranges than herb-
ivores (Schoener 1971). Since stomach analyses indicate that male and
small crayfish use predator tactics more often than do female and large
crayfish, home ranges might be expected to be larger in the former.
Baited traps catch a higher percentage of male and large crayfish than
are present in the population (Capelli 1975, Lorman, unpublished dat;).
This could reflect a wider foraging range for these animals than for
females and small crayfish. However, my own observations on behavior
of crayfish in the vicinity of baited traps suggest that aggressiveness

also affects which crayfish are caught. Aggressiveness is influenced by

sex and size of crayfish, males being dominant over females and large
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individuals over small individuals (Bovbjerg 1956, Stein 1975).
Evidence suggests that foraging crayfish differ in their use

of space; however, a complete analysis of how these differences reflect

maximization of fitness requires a knowledge of the temporo-spatial

availability of food items (Schoener 1971).

Conclusions

As food generalists, crayfish directly interact with many other
components of the community and possess a variety of mechanisms with
which they can potentially structure the community (Figure 1). As de-
tritivores crayfish affect energy flow through detrital pathways in
two ways: (1) Detritus assimilated by crayfish is converted to a form
readily available to other components of the community (e.g., fish pred-
ators). (2) Detrital particles ingested b;t not assimilated are re-
duced in size, thereby increasing the surface area available for colon-
ization by decomposing micro-organisms. As herbivores, crayfish reduce
the abundance of aquatic macrophytes, affecting members of the community
that utilize macrophytes for shelter or food and changing the qualitative
or quantitative nature of primary production. As carnivores, crayfish
influence other community members through predation or competition.

The ability to feed on a wide variety of food types allows cray-
fish to be opportunistic, changing strategies to optimize foraging ac~-
cording to specific conditions. Since feeding patterns determine the
qualitative and quantitative nature of exploitation of available foeod by
the crayfish population, it is of interest to know how specific aspects

of foraging strategy change in response to such factors as food availability,
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energy requirements, and predation pressure. Possible responses include
changes in diet (type and breadth of food items), feéding period (length if;
of feeding bouts and of intervals between bouts, timing of bouts in

relation to photoperiod, and degree of synchrony of bouts among members

of the population), and foraging space (extent of foraging movements).

Patterns observed in the diet and timing ofbfeeding activity of
0. rusticus reflect differences in responses between (1) male and
Temale crayfish, (2) crayfish of different sizes, and (3) crayfish
feeding under different climatic (témperature and photoperiod) conditions.
Patterns also appear to have highly individualistic components, since
behavior is not highly synchronized even among crayfish of the same size
and sex. This lack of synchronization may itself be an adaptive strategy;
the distribution of activity bouts throughqpt the day may increase the
efficiency of exploiting food rescurces by reducing the number of cray-
fish feeding at any one time.

Foraging strategy is one aspect of feeding behavior; a second is
energy flow, including quantitative measures of daily ration, assimila-
tion efficiency, etc. If digestion rates are known, measures of pro-
portion fullness over 24-hr periods from this study can be used to cal-
culate daily raticn (Bajkov 1935, Darnell and Meierotto 1962, Keast and
Welsh 1967, Lawton 1971). Measurements of digestion and feeding rates,
lengths of feeding bouts and of intervals between bouts, and consumption
of different food items provide information necessary for quantitative
analysis of both foraging strategy and energy flow. Such an analysis is
necessary to evaluate the role of crayfish in structuring aquatic commun-

ities.
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