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Summary. The search behavior of the grazing stream insect
Baetis tricaudatus (Ephemeroptera: Baetidae) was examined
in field and laboratory experiments. Regardless of food
abundance in experimental habitats, nymphs spent signifi-
cantly more time in food patches than predicted if they
had moved randomly with respect to patches. A significant
reduction in movement rate within patches relative to move-
ment rate between patches largely accounted for these re-
sults. The movement pattern within patches was highly sys-
tematic and in agreement with predictions of optimal forag-
ing theory since food was uniformly distributed within
patches. Between-patch search movements were affected by
food abundance in the most recently grazed patch. Search
intensity after departure from a patch was positively related
to food abundance in the patch while movement rate after
patch departure was inversely related to patch food level.
These effects produced between-patch movement patterns
that were suboptimal in the experimental habitats because
they resulted in revisitation of previously depleted patches.
However, differences between experimental and natural
habitats in the spatial occurrence of patch types suggest
that Baetis between-patch search behavior may be adaptive
in natural habitats.

Introdaction

The food resources of many foragers are patchily distrib-
uted in the environment. If feeding efficiency is an impor-
tant determinant of fitness, natural selection should favor
behaviors which promote efficient location and utilization
of patchily distributed food. The strategic rules which ani-
mals should follow to maximize feeding efficiency in patchy
habitats (e.g., Charnov 1976, McNamara 1982) have been
translated, for some cases, into within- and between-patch
movement rules that should be employed to maximize net
rate of energy intake (e.g., Pyke 1978a, 1978b, 1979, 1981;
Zimmerman 1979, 1982). The appropriate optimal move-
ment rules depend upon the amount of information a for-
ager has available and can use in making decisions, the
distribution of food resources within patches, and the distri-
bution of patches in a habitat (Oaten 1977; Pyke 1978a).
Studies of Pyke and Zimmerman explicitly demonstrate the
intimate relationship between search behavior and foraging
efficiency. However, such relationships have been examined

for a relatively restricted group of animals (largely nectari-
vores) and further developments in optimal foraging would
benefit from a broader treatment of behavioral mechanisms
used to solve foraging problems (Krebs 1978).

The microdistribution of attached microalgae on which
most stream grazers feed is poorly known. Considerable
variation in periphyton (largely diatom) abundance be-
tween stones (Jones 1974; Pryfogle and Lowe 1979) and
within stones (Munteanu and Maly 1981) apparently occurs
in streams, yet little is known if such variation is perceived
as patchiness by grazers. Recent studies (Hart and Resh
1980; Hart 1981) indicate that the larval caddisfly grazer
Dicosmoecus gilvipes perceives and responds to patchiness
in periphyton abundance both between stones and on single
stones. Similarly, movement patterns of the mayfly grazer
Baetis tricaudatus on the top surface of stones (Wiley and
Kohler 1984) suggest an allocation of foraging effort largely
to relatively small areas, a pattern that would be expected
if Baetis movements reflect responses to patchiness in peri-
phyton abundance. The objectives of this study were: 1)
to test the hypothesis that Baetis forages efficiently (sensu
Sih 1982) in patchy habitats by spending more time in
patches than predicted if individuals moved randomly (with
respect to patches) in a habitat, 2) to define the search
mechanism of Baetis through examination of search behav-
ior in response to variation in resource abundance and pat-
chiness, and 3) to compare observed within- and between-
patch movement patterns with those predicted by optimal
foraging theory to evaluate the adaptiveness of the Baetis
search mechanism.

Study animal

Baetis tricaudatus Dodds is a relatively small, lotic mayfly
that occurs commonly and often abundantly in small to
intermediate sized streams throughout North America
(Bergman and Hilsenhoff 1978; Morihara and McCafferty
1979). In the study area it is bivoltine with spring- and
summer-emerging generations. It occurs largely on the top
and sides of stones throughout the day and night in regions
of relatively fast current velocity (Kohler 1983). Baetis tri-
caudatus gut fraction (mass of gut+contents/body mass)
shows little diel variation (S.L. Kohler, personal observa-
tion). Therefore, I assume that nymphs graze periphyton
more or less continuously and that all movement patterns
discussed below are foraging-related.
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Field experiments
Methods

Research was conducted at Hunt Creek on the grounds
of the Hunt Creek Trout Research Station (Michigan De-
partment of Natural Resources), Montmorency Co., MI.
Within the study area, Hunt Creek is a second order stream
with relatively stable flow and thermal regimes. Summer
water temperature seldom exceeds 16° C although diel fluc-
tuations may reach 6-7° C. McFadden et al. (1967) give
a more detailed description.

The study site was a 15 m long riffle between two small,
moderately shallow pools that was characterized by rela-
tively uniform current and depth. Summer current velocity
at 2.5 cm above the bottom ranged between 25 and 45 cm/s
while depth ranged between 15 and 25 cm.

Cement artificial substrates (9 x 11 x 2 cm) were used in
all experiments. Substrates were placed so as to create dif-
ferences in food abundance between two groups of sub-
strates. One group of 12 substrates was placed on the stream
bottom in a region that was shaded for most of the day.
Another group of 12 substrates was elevated 10-15cm
above the bottom in a region that was not shaded. Each
elevated substrate was held by a buret clamp attached to
a steel rod driven into the stream bottom. There were two
columns of rods; each column containing three rods. Each
rod supported two substrates with the top surface of sub-
strates oriented parallel to the current. Substrates were giv-
en 3-4 wk for periphyton colonization. Substrates placed
on the stream bottom were subject to grazing pressure from
the dominant grazers in Hunt Creek, Glossosoma nigrior
(Banks) (Trichoptera: Glossosomatidae) and Baetis tricau-
datus. Elevated substrates, however, were not colonized by
Glossosoma. Preliminary studies showed that this difference
allowed elevated subsirates to aitain significantly greater
periphyton biomass levels than non-elevated substrates.
This difference was augmented by increasing phosphate lev-
els delivered to elevated substrates as phosphorus is known
to be limiting to primary producers in streams (Elwood
et al. 1981). A 19 L carboy was placed on a scaffold about
2 m upstream of each column of elevated substrates. Car-
boys contained approximately 3000 mg PO,-P/L solutions
made from phosphoric acid and stream water. Solutions
were released slowly from about 0800 to 2000 (carboys were
refilled when necessary) for 4-7 days before the start of
an experiment. During this period, animals (largely blackfly
larvae and Baetis) were removed daily from elevated sub-
strates.

Bach group of substrates was subdivided into two
groups: four experimental substrates and eight substrates
for replicate periphyton biomass estimation. Experimental
substrates were selected from elevated substrates for appar-
ent uniformity in periphyton biomass and distribution.
After removing all animals, periphyton patchiness was man-
ipulated on experimental substrates by scraping areas of
the substrates with a hard brush to remove periphyton.
There were two patchiness treatments: 1) low patchiness =
20, 1 cm? periphyton patches/substrate, and 2) high patchi-
ness=9, 1 cm? periphyton patches/substrate. Patches were
regularly spaced on top surfaces and were separated on
all sides by 1 or 2 cm on low or high patchiness substrates,
respectively. Scraped periphyton from top surfaces was
rinsed into jars and preserved with 4% formalin. Periphyton

was also removed from the sides but was not saved. Two
substrates were treated in this manner each day between
1400 and 1600 and placed in the stream at locations chosen
for similar current velocities and depths. One substrate from
each of the two-groups (non-elevated, elevated) was chosen
at random each day. Each treatment combination was repli-
cated once. Two non-experimental substrates from each
group were sampled at random each day and periphyton
was scraped from top surfaces, rinsed into jars, and pre-
served with 4% formalin.

Periphyton biomass was estimated gravimetrically using
standard procedures (Clark et al. 1979). Periphyton was al-
lowed to settle to the bottom of sample jars for several
days before about 75% of the sample volume was decanted
using a syringe. Samples were then centrifuged at 1,000 G,
decanted, and rinsed several times with distilled water. Sam-
ples were transferred to tared crucibles, dried at 105° for
24 h to determine dry mass, and then ashed 1 h at 550° C
to determine ash free dry mass (AFDM).

The foraging behavior of Baetis individuals colonizing
experimental substrates was monitored continuously using
time-lapse cinematography. A detailed description of the
technique is given in Wiley and Kohler (1981). Briefly, each
substrate was filmed at 2 frames/min using an 8§ mm camera
mounted on a tripod and focused through a plexiglass port
which broke the surface of the water. Filming always com-
menced no later than 1800. Exposures were made with the
aid of a strobe flash which provided very short duration
(0.00005 s), low intensity (<20 lux) flashes. At a filming
rate of 2 frames/min, such a flash has not been observed
to affect Baetis behavior (S.L. Kohler, personal observa-
tion). A filming rate of 2 frames/min was chosen as it al-
lowed continuous filming of each replicate without chang-
ing film during a trial and movements of individuals could
easily be followed and subtle changes in activity levels de-
tected. Each experimental substrate was filmed for about
18 h.

Films were analyzed frame-by-frame using an 8 mm an-
alytical projector. Baetis movements were followed and re-
corded using a digitizing tablet interfaced with a microcom-
puter. Movement rate calculations were standardized by
the body length of each individual to allow comparison
of movement rate between Baetis generations.

Experiments were conducted in May and September,
1981. These dates fell during the later stages of Baetis devel-
opment in spring- and summer-emerging generations, re-
spectively. Water temperature (daily range: May, 7-14° C;
September, 9-14° C) and current velocity did not differ ap-
preciably between dates. The September experiment was
conducted to obtain information on Baetis foraging behav-
ior at two additional levels of food abundance. As a result,
observations were made at four levels of periphyton abun-
dance. These will be referred to by their rank abundance
with the lowest level assigned a rank of one. The lowest
and highest periphyton abundance levels were attained in
September. Also, high patchiness substrates were not suffi-
ciently colonized by Baetis in May to merit inclusion of
that treatment in the experimental design. Therefore, that
treatment was omitted from the September study.

Results

While on top surfaces, colonizing individuals spent most
of their time within periphyton patches regardless of food
abundance (Table 1). If nymphs moved at random across
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Table 1. Time allocation of animals colonizing substrates of varying food abundance. Periphyton abundance is the mean value for
manipulated, filmed substrates. Values in parentheses are the range observed on unmanipulated replicate substrates. Expected propc_)rtion
of time spent within patches is the value predicted if animals moved randomly over the top surface of substrates. P value is the
probability that the observed and expected proportions are equal (#-test)

Periphyton abundance Number of Total time observed (h) Proportion of time spent within patches (¥ +SE)
(g AFDM/cm?) individuals
observed Day Night Observed Expected P

48(40-81) 7 0 3.8 0.714+0.03 0.20 <0.001
111(93-128) 6 134 7.1 0.824+0.06 0.20 <0.001
171(144-180) 8 6.1 7.5 0.754+0.05 0.20 <0.001
253(214-271) 14 7.6 431 0.67+0.04 0.20 <0.001

1 Patch visitation

Nymphs remained significantly longer on substrate top sur-

2 faces as food abundance increased (Table 2; Kruskal-Wallis
3 50 test, P<0.01). This largely resulted from a significant de-
z crease in patch visitation rate (Table 2; Kruskal-Wallis test,
s . P <0.01) and an increase in the amount of time spent within
4 i patches. The reciprocal of patch visitation rate times the
g, ~__ mean proportion of time spent within patches gives an esti-
§ mate of the average time spent within each patch per visit.
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Fig. 1. Relationships between intrapatch, interpatch, and overall
movement velocity (X + SE) at night and periphyton abundance

top surfaces, they would be expected to spend about 20%
(i.e., 20 cm?/99 cm?) of the time within patches. The pro-
portion of time spent within patches was significantly
greater than 20% in all cases (Table 1) and did not vary
significantly between food levels (ANOVA of angular trans-
formed proportions, P> 0.15).

Baetis movements in patchy habitats can be divided into
two categories: within-patch or intrapatch movements and
between-patch or interpatch movements. Interpatch move-
ment velocity at night (expressed as body lengths (BL)
moved/h) was significantly greater than intrapatch velocity
at all levels of periphyton abundance (Fig. 1; Mann-Whit-
ney test, P>0.05). Intrapatch and interpatch movement ve-
locity and, consequently, overall movement rate decreased
significantly with increasing food abundance (Fig. 1; Krus-
kal-Wallis test, P<0.05). Dunn’s nonparametric multiple
comparisons procedure (Hollander and Wolfe 1973)
showed that differences in intrapatch velocity were signifi-
cant for periphyton abundance ranks 1 vs. 3 (P<0.1) and
1vs. 4 (P<0.05). Interpatch velocity was significantly dif-
ferent for food level ranks 1 vs. 3 (P<0.1), 1 vs. 4 (P<0.05),
and 2 vs. 4 (P<0.05). All possible overall movement veloci-
ty comparisons were significantly different at the 10% level
or less except for the comparison of ranks 3 and 4. Overall
movement velocity at the highest food level was sufficiently
reduced relative to other resource levels such that it did
not differ from intrapatch movement velocities at the lowest
and second lowest food levels (Mann-Whitney test, P>
0.25).

This value ranged from 3.9 to 17.6 min for the lowest and
highest resource levels, respectively.

Baetis frequently revisited patches. Revisiting a patch
before locating a different patch will be refered to as imme-
diate revisitation. This was considered when patch visitation
rates were calculated. The effect of immediate revisitation
on patch visitation rates increased with increasing food level
(Table 2) because immediate revisitation frequency in-
creased significantly with periphyton abundance (Table 3;
x*=17.3, 3 df, P<0.001). Patches were frequently revisited
immediately more than once (Table 3). Pooling data for
the two lowest and two highest food levels, the proportion
of patches revisited immediately more than once was signifi-
cantly greater at higher than at lower food levels (y? =5.53,
1 df, P<0.05).

If a forager reduces the resource levels in a patch, subse-
quent visitors should spend progressively less time feeding
in the patch. Foragers spent less time in patches during
revisits (including immediate revisits) than during first visits
more frequently than not (Table 4). If food levels are re-
duced during first visits, the proportion of revisits which
are shorter than first visits should be greater than 0.5 for
all food levels. This proportion was significantly greater
than 0.5 for all food levels except the lowest periphyton
level (Table 4). Nonetheless, foragers often spent more time
in a patch during a revisit than during the first visit to
the patch. This may partly be a function of the efficiency
of the within patch search mechanism of Baetis for patches
of the scale used in this study. Nymphs were rarely observed
to thoroughly graze a patch before leaving the patch, even
at the highest food level.

Interpatch movements

Laboratory observations indicated that Baetis does not lo-
cate patches visually. Rather, interpatch areas are sampled
by “grazing” and nymphs require mouthpart contact with
algae to indicate that a patch has been located (S.L.. Kohler,
personal observation). Therefore, it is necessary to consider



212

Table 2. Time spent on top surface and rate at which patches are encountered (mean(SE)) at night as a function of periphyton abundance

Rank periphyton Time spent on top surface (h)

Patch visitation rate (#/h)

abundance
n Mean(SE) Range Immediate revisits Immediate revisits
included excluded
1 7 0.49(0.14) 0.09-1.03 10.92(1.10) 10.48(1.21)
2 4 1.89(0.31) 1.24-2.62 6.68(0.91) 6.97(0.77)
3 5 1.93(0.49) 0.94-3.43 4.75(0.86) 3.50(0.53)
4 " 4.49(0.95) 1.03-10.68 3.32(0.29) 2.29(0.29)

Table 3. Proportion of patches visited which were revisited immedi-
ately (before a different patch was visited) once and more than
once

Rank periphyton abundance

1 2 3 4
Number of patches 41 51 36 99
1 immediate revisit 0.049 0.333 0.194 0.374
> 1 immediate revisit 0.000 0.098 0.139 0.162

Table 4. Frequencies of patch revisitation in which foragers spent
more or less time in the patch than the first time the patch had
been visited. P value is the probability that the proportion of revis-
its shorter than the first visit is equal to 0.5 (x* test)

Rank Number of revisits P
periphyton
abundance Longer Shorter Proportion

than than shorter than

first visit  first visit  first visit
1 8 13 0.62 >0.25
2 8 31 0.79 <0.01
3 7 26 0.79 <0.01
4 14 87 0.86 <0.01

Table 5. Proportion of time that foragers moved to the nearest
or second nearest patch. Moves which resulted in revisitation of
the original patch are not included

Rank periphyton »n Nearest Second
abundance nearest
1 33 0.79 0.18
2 43 0.72 0.26
3 29 0.66 0.24
4 101 0.78 0.17

general interpatch movement patterns to describe Baetis
search behavior.

Eight patches generally surrounded a given patch on
a substrate. The four patches immediately upstream, down-
stream, and to the right and left of a patch will be consid-
ered the nearest patches (excluding the original patch).
Patches located diagonally from a patch will be considered
the second nearest patches. Foragers moved to one of the
four nearest patches on most occasions (Table 5) at all food
levels (x*>=2.40, 3 df, P>0.25). The next patch that a for-
ager encountered was rarely outside the eight patches that
normally surrounded the original patch (4.9% of the time

Table 6. Overall directionality of interpatch movements. The pro-
portion of interpatch movement sequences which result in visita-
tion of the nearest patch in one of four possible directions relative
to the original patch. Data pooled over all food levels

n Upstream Downstream  Left Right

158 0.22 0.24 0.27 0.27

Table 7. Total distance (BL) moved (¥4 SE) between successive
patches visited at the extreme levels of food abundance

Periphyton abundance

Low High
Excluding Immediate
immediate revisitation revisitation only
5.72+0.51 8.861+0.67 5.82+0.64
(n=30) (n=94) (n=47)

for all food levels pooled). Baetis moved to either of the
four possible nearest patches with equal probability (Ta-
ble 6). This occurred even though nymphs generally main-
tained a positive orientation with respect to the current
while moving in any direction.

Although food abundance did not appear to affect
search attributes which determine the location of the next
different patch located (i.e., the overall direction of move-
ment), food level did appear to affect other aspects of inter-
patch movement. The mean total distance moved in each
interpatch movement sequence was significantly longer at
the highest than at the lowest food level (Table 7; t=2.57,
P<0.02). In addition, foragers moved a similar distance
in immediate revisits at the highest food level as they did
in moving to a different patch at the lowest food level (1=
0.12, P=0.91). This suggests that search intensity in the
immediate vicinity of a recently departed patch is affected
by food level in the patch. This may provide a simple expla-
nation for the relatively high immediate revisitation fre-
quencies observed at higher food levels.

Laboratory experiments

Methods

Food levels and between patch variation in food abundance
could not be precisely controlled in the field. To obtain
behavioral observations under more controlled conditions,



laboratory experiments which employed a membrane filter
technique to create patches were conducted. All experi-
ments were performed in a constant environment room that
maintained water temperature at 12° C.

A diatom community was maintained on artificial sub-
strates in small (19 L) flowing water systems (Gee and Bart-
nik 1969) which contained stream water and dechlorinated
tap water. To create patches, diatoms were gently scraped
off substrates into a beaker containing 200—400 mL of
water. This suspension was thoroughly mixed and the cell
density (cells/ml) estimated from counts of at least 36 fields
in a Neubauer haemocytometer. The requisite suspension
volume was then filtered through a 47 mm gridded mem-
brane filter (0.45 pm pore size) using low suction to obtain
the desired patch cell density (cells/cm?). The filter was then
carefully placed on the surface of membrane-filtered water
in a petri dish and the dish was covered, placed in a well
illuminated area, and left undisturbed for at least 18 h. By
this time, the diatoms became firmly attached to the filter
and the filter could be submersed. The filter was removed
from the dish and square patches (0.09 cm?) were cut from
the filter along grid lines using a stencil knife. The filter
and patches were kept moist during the cutting procedure.
Using this procedure, diatom densities on filters were al-
ways within 5% of desired densities.

A template was used to mark the desired location of
patches on a cement artificial substrate. A thin layer of
silicon sealant was applied to each marked area and a pre-
cut patch was placed on the sealant. Any excess sealant
was scraped off. The sealant firmly held the patches in place
but did not appear to adversely affect either diatoms or
foragers. At the end of an experiment, patches could be
removed from a substrate with a razor blade, placed on
microscope slides, dried, and cleared with immersion oil
for later inspection.

Artificial substrates contained 25 patches in a rectangu-
lar array with each patch separated by 1 cm on all sides.
Three patch types were used: 1) low=1x 10° cells/cm?, 2)
intermediate=5x10° cellsjcm?, and 3) high=10x10°
cells/cm?®. A single substrate was used in each trial. The
substrate contained two patch types (the low patch type
was always used) arranged systematically so that two adja-
cent patches were not the same type. A substrate was pre-
pared between 0730 and 0900 and placed in a small experi-
mental stream (modified from Vogel and LaBarbera (1978))
containing stream water and dechlorinated tap water.

Baetis tricaudatus nymphs used in this study were col-
lected from Hunt Creek, returned to the laboratory, and
held in moderately large (150 L and 75 L) flowing water
systems (Gee and Bartnik 1969) where they were fed dia-
toms ad libitum. Prior to a feeding experiment, several indi-
viduals were starved 24 h in a small flowing water chamber
(Wiley and Kohler 1980). With the current velocity in the
experimental stream set at 10 cmy/s, a single individual was
placed on the top of the substrate using a wide-bore pipette.
The animal was pipetted into a plastic cylinder placed near
a patch at the downstream end of the substrate. The cylin-
der had small rectangular regions removed from the up-
stream and downstream sides and replaced with netting
to allow water to flow through it. The cylinder was removed
after the animal became established on the substrate. The
current velocity was then slowly increased to 20 cm/s.

Each foraging bout was recorded on film at a filming
rate of 12 frames/min. A trial was stopped when the individ-
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ual stopped feeding or moved off the top surface of the
substrate. Three to five trials were conducted per day be-
tween 0900 and 1500. A new substrate was used after 12
or more patches had been depleted. Individuals were not
used more than once.

These experiments provided information on search be-
havior within patches and after leaving a patch. An addi-
tional experiment provided data on search behavior prior
to locating a patch. Two procedures were followed. The
first was identical to that described above except that the
substrate did not contain any patches. In the second proce-
dure, three barren substrates were placed contiguously in
the experimental stream and 30 individuals (all fed ad libi-
tum or all starved 24 h) were introduced to the substrates
in still water by pouring them from a beaker through a
funnel over the substrates. The animals quickly became es-
tablished on the substrates and the current velocity was
slowly increased to 20 cm/s. Trials began 2.5 h before the
end of the light cycle and lasted for another 2.5 h into the
dark cycle of a natural photoperiod. The middle substrate
was filmed at 2 frames/min using a strobe flash.

Films were analyzed frame-by-frame by projecting them
onto tracing paper and plotting the movements of individ-
uals. Movements were analyzed in 10 frame sequences for
movement velocity and a measure of search intensity which
relates the area searched to the area of the smallest circle
which circumscribes the sequence of movements. Bond
(1980) refers to this measure of search intensity as thor-
oughness, T, and indicates that is may be approximated
by:

T= 1_6"‘Lw/nD2

where L=path length, w=path width, and D=diameter
of the smallest circumscriptive circle. I used body lengths
as the unit of distance in all calculations. Path width was
estimated to be equal to nymphat head capsule width which
was closely approximated by 0.15 BL. Movement velocity
and thoroughness were determined for 10 frame sequences
for all between-patch movements. Within-patch search pa-
rameters were calculated for the entire sequence of within-
patch movements. To allow comparison of movement ve-
locity between all laboratory and field studies, it was neces-
sary to calculate movement velocity for films exposed at
12 frames/min as though they had been exposed at 2 frames/
min. That is, the position of an animal at every sixth frame
was used to calculate movement velocity for films exposed
at 12 frames/min.

Results

Following terminology in Bond (1980), Baetis search behav-
ior in patchy habitats can be classified into three modes
corresponding to search prior to locating a patch (extensive
search), within a patch (intensive search), and after leaving
a patch (post-intensive search). Pooling all observations
within each search category, measures of both search pa-
rameters analyzed varied between search categories (Ta-
ble 8). The differences were highly significant (ANOVA,
P<0.001) as were all pairwise comparisons using the
Scheffe method (P <0.01).

Intensive search

High intrapatch thoroughness values result from a dramatic
decrease in movement velocity relative to between-patch
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Table 8. Overall search parameter values (¥4 SE) for each search
category. Results are based on observation of 60 individuals, of
which 30 are from the day-night extensive search trials

Search n Thoroughness Movement
category velocity (BL/h)
Extensive 51 0.03340.003 190.78 +15.6
Intensive 30 0.741+0.014 35.041+ 1.47
Post-intensive 208 0.1234+0.007 314.47+14.6

rates combined with a highly systematic pattern of move-
ment within patches. Higher (or lower) thoroughness values
could conceivably be attained but it is not immediately clear
if changes in T relative to those values observed would
be advantagéous (in terms of net rate of energy intake)
to foragers. For a given patch, D has an upper bound so
T can be increased only by increasing L. However, increas-
ing L increases the probability that resource points already
visited and depleted within a patch will be revisited. Since
food was uniformly distributed within each patch, an opti-
mum L exists which minimizes revisitation but ensures that
the total surface area of the patch will be grazed. If S is
the length of a square patch, L is optimized when L=(S/
w)S. Assuming no overlap between the S/w paths and, as
before, that w=0.15 BL, the optimum L for square patches
results in 7=0.72. This is very close to the observed value
of 0.74 (Table 8).

Extensive search

Information on extensive search (Table 8) is presented only
for data from the day-night studies. The results are derived
from individuals that moved from side to top surfaces of
substrates at night and proceeded to move across top sur-
faces, apparently searching for food. Such diel microdistri-
butional changes have previously been observed in mayflies
(e.g., Elliott 1968; Bailey 1981) and have been suggested
to be involved with feeding on algae which is most abun-
dant on top surfaces (e.g., Chapman and Demory 1963;
Elliott 1967; Hynes 1970; Waters 1972). Therefore, I as-
sume that these movement patterns best reflect Baetis exten-
sive search on natural substrates. Low extensive search
thoroughness results from the tendency of nymphs to move
more or less in straight lines at relatively high movement
velocities (Table 8). There were no differences between
starved or recently fed animals with respect to either thor-
oughness of search (¢, =1.10, P> 0.2) or movement veloci-
ty (2,9=0.65, P>0.2).

Post-intensive search

The hypothesis that patch quality affects search intensity
after leaving a patch was tested by comparing search pa-
rameters over all patch types for the first 10 frames (50 s)
after a patch was departed (Fig. 2). In some cases, the mea-
sures were based on <10 frame movement sequences if
a patch (either a different patch or the same patch) was
located in <350 s. Visits and subsequent departures from
patches which had previously been visited and grazed to
depletion (i.e., the entire patch surface was white; inspec-
tion under a compound microscope showed that >90%
of the diatoms had been removed) were included in the
analysis. Search intensity immediately after leaving a patch
increased significantly with increasing patch quality (AN-
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Fig. 2. Relationships between movement velocity (solid bar), thor-
oughness (open bar), and patch type for the first 50 s after leaving
a patch. Depleted patches are patches which had previously been
grazed to depletion. Error bars are 1 SE
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Fig. 3. Relationship between thoroughness (7) and movement ve-
locity (V) for all 50 s post-intensive search sequences. The relation-
ship is described by the equation T=7.56V %% R2=0.68, P<
0.001

OVA, P<0.001). All possible pairwise contrasts (Scheffe
method) were significant at the 5% level except for the
comparison between depleted and low food patches. Con-
versely, movement velocity after patch departure decreased
with increasing quality of the preceeding patch (Fig. 2; AN-
OVA, P<0.001). All pairwise comparisons were significant
(P <0.05) except that between low and intermediate patch
types.

The relationships presented in Fig. 2 suggest a negative
relationship between search intensity and movement veloci-
ty immediately after patch departure (Fig. 3). It seems intui-
tive that rapid movement through an area should preclude
thorough search. However, low movement velocity does

ot necessarily ensure thorough search. For example, the

thoroughness value for an individual that takes 10 move-
ments in a straight line at 50 BL/h is 0.045. From Fig. 3,
this thoroughness value would be expected for a substan-
tially greater movement velocity. Therefore, differences in
movement velocity are not sufficient to account for differ-
ences in search intensity and patterns of movement after
patch departure must be considered.

Frequency distributions of the angle turned relative to
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PROPORTION
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-180 -60 +60 +180

ANGLE TURNED RELATIVE
TO PREVIOUS BEARING

Fig. 4.A-C. Frequency distributions of the angle turned relative
to the previous bearing for: A the first 50 s after leaving a high
patch type (n=259), B the first 50 s after leaving low and depleted
patch types (n=204), and C extensive search movements (n=276).
A turning angle of 0° indicates no change in direction between
movements. Positive and negative angles denote right and left
turns, respectively

the previous bearing were significantly different from uri-
form for post-intensive (Fig. 4a, b) and extensive (Fig. 4¢)
search (x* test, P<0.001). In all cases, turns resulting in
a reversal of direction (i.e., +90° to +180°; —90° to
—180°) were rare. However, the proportion of such turns
after leaving the high patch type was significantly greater
than during extensive search (y*=21.7, 1 df, P<0.001) or
than after leaving low quality and/or depleted patches
(*=10.4, 1 df, P<0.01). If only turns between —90° and
+90° are considered, the frequency distribution of turning
angles for movements after leaving the high patch type does
not differ from a uniform distribution (}?=3.345, 11 df,
P>0.25). The other frequency distributions are significant-
ly nonuniform between —90° and +90° (P> 0.25) but are
not significantly different (Kolmogorov-Smirnov two-sam-
ple test, P>0.1). Also, movements after leaving the high
patch type have a greater tendency to be in the same direc-
tion as that of the previous movement (52%, rn=230) than
movements prior to encountering a patch (45%, n=257),
but the difference is not significant (y>=1.9, 1 df, P>0.1).
Therefore, extensive search movements and movements
after leaving low quality or depleted patches are more direc-
tional and have a greater tendency to alternate right and
left turns than movements after leaving high quality
patches. Both of these factors will tend to produce move-
ments in more or less straight lines (Pyke 1978a) which,
as shown in the example above, will result in low search
intensity, independent of movement velocity. Movements
after leaving high quality patches are not strongly direction-
al and are more likely to result in a reversal of direction
relative to the previous movement. At low movement velo-
cities, this produces movements concentrated around the
previously grazed patch and increases the probability that
the patch will be encountered again.

Search intensity and movement velocity after departure
from high quality patches decayed rapidly to values similar
to those observed for movements after departure from low
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Fig. 5. Changes in thoroughness (o) and movement velocity (o)
over time after leaving a high quality patch. Values are mean +SE.
Sample sizes are 16 for the first two time intervals, 14 for the
second two time intervals, and 10 for the final two time intervals

2 38)
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PROPORTION
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Fig. 6 A, B. Relationships between the time taken to locate the
next, different patch and the quality of the previously grazed patch.
A Travel time (X+SE) to the next patch after leaving depleted
D, low L, intermediate I, and high H patch types. Sample sizes
in parentbeses. B Frequency distributions of travel times after leav-
ing low (open bar) and high (solid bar) patch types

quality patches (Fig. 5). However, the initial response to
having just grazed a high quality patch (i.e., low movement
velocity, high search intensity) was maintained for a suffi-
cient duration that the amount of time taken to locate the
next, different patch (travel time) increased with increasing
quality of the previously grazed patch (Fig. 6a). Travel time
differed significantly between all patch types (Mann-Whit-
ney test, P<0.05) except for comparisons between depleted
and low quality patches (P>0.25) and between low and
intermediate patch types (P>0.1). These results are in
agreement with relationships between movement velocity,
search intensity, and identity of the preceeding patch shown
in Fig. 2. As a result of these relationships, the average
travel time between patches in a habitat will depend upon
the range of patch types available and their respective prob-
abilities of encounter. The greater the range of patch types,
the greater will be the variance associated with the mean
travel time in a habitat. The stochastic aspects of travel
time are more apparent when frequency distributions of
travel time are considered (Fig. 6b). Travel time is reasona-
bly predictable if the preceding patch is of low quality (75%
of the values are <1 min), but not if the preceding patch
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is of high quality. The frequency distribution of travel times
after departure from high quality patches is not different
from uniform (y?=2.53, 4 df, P> 0.25) which indicates that
the probability that the travel time will take on any value
over the range of travel times is equal for all possible values
and very small. Therefore, mean travel time in a habitat
may be highly unpredictable due to variability between and
within patch types in the time taken to locate another patch
if the preceding patch of a given type.

Discussion

The hypothesis that Baetis perceives and responds to spatial
heterogeneity in periphyton abundance was strongly sup-
ported. Individuals spent on average >70% of their time
within periphyton patches when food was present on only
20% of the surface area of a habitat. Upon encountering
a patch, the rate of movement was sharply reduced and
the degree of turning between moves increased relative to
search movements between patches. Similar results were
reported by Hart (1981) for the stream caddisfly grazer
Dicosmoecus gilvipes and similar movement patterns, char-
acteristic of area-restricted search (Krebs 1978), have been
frequently observed in other insect predators, parasitoids,
and herbivores (Jones 1977; Hassel and Southwood 1978).
Area-restricted search is simple behavioral mechanism
which may allow foragers to optimally allocate time to
patches of varying quality in a habitat (Krebs 1978). Con-
clusions concerning optimal patch use by Baetis are not
warranted from data presented here and will be considered
elsewhere (Kohler in prep.). However, it is possible to ad-
dress questions concerning the adaptiveness of the Baetis
search mechanism in patchy habitats from these data.

Within-patch search

The within-patch movement pattern which maximizes the
net rate of energy gain by a forager is largely determined
by the distribution of food within patches (Pyke 1978¢).
If food is uniformly distributed within patches, the optimal
search behavior is to move through a patch in a highly
systematic fashion such that all points in a patch are visited
and previously visited points are not revisited (Pyke 1978c).
Such behavior ensures that the net energy intake rate within
a patch of given quality is maximized since all resource
points within the patch are utilized in a2 minimum amount
of time. In the laboratory experiments, the technique used
to establish patches ensured that the distribution of diatoms
within patches was nearly uniform, although some hetero-
geneity undoubtedly occurred. It is unlikely that such heter-
ogeneity was detected by Baetis for two reasons. First, dia-
toms covered virtually the entire surface of patches except
at the lowest cell density where the distance between cells
was still considerably less than Baetis head capsule width.
Second, observations of Baetis grazing movements indi-
cated that cells were consumed in groups (estimated at up
to 750 cells per “bite” at the highest cell density) which,
together with the first observation, would mask over micro-
scale variation in diatom abundance within patches. There-
fore, Baetis within-patch movements should have been
highly systematic. Mean intrapatch search thoroughness
was nearly equal to the optimal thoroughness value calcu-
lated assuming systematic search. Therefore, Baetis search
behavior is consistent with a movement rule that should
maximize net energy intake rate within patches.

Between-patch search

Baetis movements between patches in these studies were
affected by the quality of the most recently grazed patch.
After leaving a high quality patch, movement velocity was
slower and movements were less directional than after leav-
ing a low quality patch. This resulted in more intensive
search of the area near a recently grazed patch if that patch
was of high rather than low diatom cell density. If another
patch was not encountered shortly after a high quality patch
had been departed, movement velocity increased and search
thoroughness decreased rapidly until values similar to those
observed after leaving low quality patches were ap-
proached. Bond (1980) observed similar decays in velocity
and thoroughness in movements of green lacewing larvae
after larvae had contacted prey.

In the field and laboratory studies, these movement pat-
terns resulted in frequent immediate revisitation of high
quality patches while low quality patches were rarely revis-
ited. Pyke (1978a, 1978c¢) suggested that interpatch move-
ments of optimal foragers should be strongly directional
to minimize the probability of revisitation. Zimmerman
(1979, 1982), however, showed that movements can be ran-
dom with respect to direction and still result in maximiza-
tion of net rate of energy intake if the probability of reen-
countering a patch during a foraging bout is low. Clearly,
the structure of a habitat (i.e., the distribution of patches
and patch types) determines which interpatch movement
pattern results in maximized foraging efficiency. Baetis in-
terpatch movements were not optimal for the habitat struc-
ture used in the laboratory and field studies as they often
resulted in revisitation of depleted patches. These results
could be used to test optimality predictions for interpatch
search only if: 1) the habitat structure employed in the
experiments is similar to that experienced by Baetis in na-
ture, or 2) foragers had sufficient experience with the experi-
mental habitats to be able to compensate for any structural
differences between experimental and natural habitats
(McNamara and Houston 1980). Since all foragers were
naive with respect to the experimental habitats, the latter
condition was not met. There is also evidence that the first
condition was not met. Munteanu and Maly (1981) found
that the upstream and downstream thirds of glass micro-
scope slides oriented parallel to the current supported sig-
nificantly higher diatom densities than the center third.
They suggested that eddy formation at the upstream and
downstream edges of slides, and a corresponding reduction
in shear stress in these areas relative to the center, could
account for these abundance patterns. Stevenson (1981) ob-
served diatom accumulation on substrates and modified to
create five distinct flow regimes across substate surfaces
and found over eight-fold differences in diatom abundance
between upstream and downstream regions with highest
concentrations occurring in regions of eddy formation with
turbulent flow and relatively low shear stress. These studies
suggest that patches of a given general type (i.e., relatively
high or low cell density) are likely to be distributed conta-
giously in natural habitats (e.g., on stone top surfaces) with
relatively high quality patches occurring largely in upstream
and downstream regions and relatively low quality patches
occurring largely in center regions. Patch types did not have
clumped distributions in the laboratory habitats (see Meth-
ods). While this precludes testing optimality predictions for
interpatch search, observed movement patterns can be com-



pared with those expected in habitats having contagiously
distributed patch types to provide a preliminary evaluation
of the adaptiveness of the Baetis interpatch search mecha-
nism.

Interpatch movements patterns exhibited by Baetis in
the experimental habitats seem well suited to exploit habi-
tats where patch types are contagiously distributed. If, after
grazing a high quality patch, the probability of locating
a similar patch nearby is high, search intensity should be
high (i.e., low movement velocity and directionality) upon
leaving the patch. Similarily, search intensity should be low
after grazing a low quality patch if the probability of en-~
countering a similar patch nearby is high. Baezis movements
after patch departure were consistent with these predictions.
Movements after leaving a low quality patch in natural
habitats should incorporate a strong upstream-downstream
directionality component as this would increase the proba-
bility that the next patch located is of higher quality than
the previous patch. Interpatch movements after leaving low
quality patches were strongly directional (Fig. 4b) and re-
sulted in the next patch located being immediately upstream
or downstream of the previous patch three times as fre-
quently as it was immediately to the right or left of the
previous patch. Also, while searching for another patch,
post-intensive search parameters quickly decayed and ap-
proached asymptotes characteristic of extensive search.
Baetis extensive search movements were highly directional
and were predominately upstream-dowstream oriented in
24 of the 30 individuals observed. If high quality patches
occur largely in upstream and downstream regions of
stones, extensive search movements that are largely up-
stream-downstream oriented should maximize the probabil-
ity that a high quality patch will be located in a given
search time. In general, between-patch search behavior of
Baetis appears adapted to exploit habitats in which patch
types are contagiously distributed. Note that it is the loca-
tion of patch types on stone top surfaces that may by pre-
dictable and not the location of individual patches. Conse-
quently, the observed effects of previous patch quality on
travel time may apply to natural habitats but should depend
strongly on the density of patches within patch type regions.
Therefore, determining the extent that deterministic patch
choice models (e.g., Schoener 1974) apply to Baetis foraging
behavior will require further information on periphyton dis-
tribution patterns. As Hart (1981) suggested, more informa-
tion regarding periphyton heterogeneity on several spatial
scales (e.g., between stones, within stones, within stone top
surfaces, within regions on stone top surfaces) would allow
better interpretation of the adaptiveness of grazer search
behavior in stream habitats.
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