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INTRODUCTION

Recent work (Janzen, 1969 and 1971a, C. C. Smith, 1970 and 1975, Elliott,
1974 and Fox, 1974) has shed much light on the coevolution of seed plants and
seed predators. Much of this research has been directed towards responses by
seed predators to anti-predator strategies of plants.

Animals store seeds for future use by two major patterns: (1) larder-
hoarding, or storing seeds in a large cache or a very concentrated area in an
animal's home rangé (Shaw, 1934, Hawbecker, 1940, Eisenberg, 1962 and C. C.
Smith, 1968), and (2) scatterhoarding, or burying small caches at dispersed
sites in an animal's home range (Brown and Yeager, 1945, Morris, 1962 and
Smythe, 1969).

The pattern of seed storage employed by an animal seems to be related to
its ability to defend caches against interspecific competitors. The number
of competitors for a seed may be related to the hardness of the protective

structure surrounding the seed. Tamiasciurus has no interspecific competitors

for its most abundant food, conifer seeds, because no other community member has
the ability to cut the cones and extract the seeds from under the scales.

These squirrels store cones in a very large central larder (C. C. Smith, 1968).
Squirrels of the genus Sciurus, however, compete with several mammals

(Goodrum et, al., 1971) and birds (Hay, 1887 and Kilham, 1958) for relatively

thin-shelled acorns. The number of vertebrate competitors that fox (S. niger)

and gray squirrels (S. carolinensis) have for thick shelled black walnuts

(Juglans nigra) and hickory nuts (Carya spp.) is only one or none (USDA, 1965).

Mixed caching strategies apparently will not work for reasons explained later.
The inability to defend caches may stem from (1) almarked size difference
between the scatterhoarder and competitors and/or (2) a difference in activity
time between the scatterhoarder and competitor species, Desert rodents are all
nocturnal and larderhoard (Shaw, 1934, Hawbecker, 1940, Eisenberg, 1962 and

Smigel and Rosenswelg, 1974). Shaw (1934) and Eisenberg (1962) described
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defense of larders by individuals against inter-‘and Intraspecific competitors.
Several nocturnal species compete for acorns with gray and fox squirrels, which
are diurnal (Goodrum et. al., 1971). Moreover, some have a larger body size
than squirrels (i.e., wﬁiteutail deer and raccoons). Indeed, Sciurus is unable
to defend caches against competitors, and is a scatterhoarder. Several

tropical rodents (Morris, 1962 and Smythe, 1969) along with Peromyscus leucopus

and Clethrionomys gapperi (Abbott and Quink, 1970) have been found to be unable

to effectively defend caches against interspecific competitors and scatter-
hoard seeds. When given nest boxes that could exclude larger competitors,
P. leucoEusllarderhoarded seeds in the nest box (Howard and Evans, 1961).

Scatterhoarding not only provides a future food source for an animal, it
is also a means of seed dispersal for many plants. Stebbins (1971) regards
animal dispersal of seeds as more effective than wind dispersal. If a scatter-
hoarder is unable to eat its entire store of seeds, it aids in the dispersal
of the food species (Smythe, 1969). The effect of insect predation on seeds is
also reduéed by scatterhoarding (Janzen, 1969).

Certain foresters have suggested that nearly all walnut aﬁd hickory trees
originated from nuts planted by squifrels (Cornwell and Mosby, 1966 and
Svirdenko, 1971). Dispersal from the parent tree is important in walnuts be-
cause of its intolerance of shade and toxic substances it produces in its root
zone (USDA, i965).

In considering seed scatterhoarding by animals, then, it is important to
understand the benefit to both the seed food species and the scatterhoarding
animal{s). The purpose of this study is to model seed-scatterhoarding
strategies by animals., The model and one prediction of the model are tested

with fox squirrels dispersing black walnut seeds.



DEVELOPING THE MODEL

The model begins with a dichotomy: 1If the seed storer can defend its
caches, 1t is a larderhoarder. If it cannot, its burial strategy can be con-
sidered for the model below.

The size of a cache is often equal to the number of seeds an animal
carries to a burial site (Hay, 1887, Balda and Bateman, 1971, Eisenberg, 1962,
Reller, 1972 and pers. obs.). In the case of the fox squirrel this would be
equal to one acorn or one black walnut,

It maj require more energy expenditure by an animal to bury caches
farther apart, simply because more time must be spent in locomotion. The
maximum energetic benefit a scatterhoarder can receive from a buried cache is

the energy of the cache (E ) minus the energy cost of burying and pro-

cache

cessing the cache (BO), which is assumed to be constant for all intercache
distances. The decrease in benefit to the animal, then, is linearly propor-

tional to distance between caches (d) and has a slope Bl (Fig. 1). Bl is

simply the energy cost of transporting a cache a given distance. Benefit can

)-Bld.

Since the scatterhoarder cannot successfully defend its caches against

be represented by the simple equation: Benefit = (EcacheuBO
interspecific competitors, the energy benefit of a buried cache cannot be
reaped if the cache does not escape predation by naive competitors. With in-
creasing intercache distance one would expect a sigmoidal increase in proba-
bility (P) of caches surviving naive discovery by competitors (Fig. 1). A
similar relationship was found in carrion eating crows (Croze, 1970). Upon
finding a cache, a competitor will form a search image for more caches. The
strength of this species~specific search image is the amount of searching time
a competitor wiil spend and distance it will_cover searching for more of a
particular food once it has been found. The reward (energy of the cache) will
determine the search image strength. If caches are buried very close to-

gether (Fig. 1,A), they have a small cﬁance of surviving nalve predation, and



a small increase in intercache distance wiil not markedly increase P. (Fig.
1, B). Caches buried at distances beyond the range of a competitor's search
image will have a P value of nearly 1.0, and even large increases in d will
result in only small increases in P (Fig. 1,C). This probability curve can be
derived by direct measurement and will be represented by the equation

P = Bz(l—e-BBd). 32 and 33 are species specific curve constants.

The optimal scatterhoarding strategy would be to maximize the product of
the P and Benefit curves (Fig. 1) as a function of intercache distance. This
1s shown in Fig. 2 to yield a nearly bell-shaped curve with an intermediate
intercache distance being optimum.

Three predictions follow from this model:

1. One prediction is represented in Fig. 3. Let 8 represent the arc
surrounding a source of seeds containing habitat suitable for seed burial by
animgls, If optimal intercache distance is maintained by members of a scatter-
heoarding population, the average cache should be taken R units from the source
if p = 360°, 1If 6 is halved (=180°), then R must increase by a factor of V2
in order to maintain that same density of caches. An example of § = 180° may
be a seed source next to a large lake. If 68 = 120° {(e.g., seed source on a
riverbank where the river makes a 120° bend), the average cache should be RY3
units from the source in order to maintain that constant density. Thus, Re =
R3600 -%?i for a given number of caches (seeds).

2. The optimal intercache distance should be less for low-energy caches
than for high-energy caches. The Benefit line in Fig. 1 would be lowered

(E would be less) and the P curve would be shifted toward the origin, as

cache
the strength of the competitor's search image would be less for a smaller
reward.

3. If constant intercache distance is maintained, the average cache

should be taken farther from the source when more seeds are avallable. For any



taken RY2 units farther from the source. If N is tripled, R should increase
by a factor of Y3 in order to maintain constant intercache distance. If D

¥ N 360

(=density of buried caches) is maintained, then R = =5 5 D is in terms of
caches per unit area (=§E2)' Cache size 1s assumed constant. A tree which
exhibits mast yearing and has its seeds dispersed by scatterhoarders would have

its seeds dispersed farther during high mast years if this strategy is employed.

I will now provide a test for the model and the first prediction.



METHODS AND MATERIALS

I. Burial experiment:

The field sites for the burial experiﬁent were located In 2 woodlots on
the Ft. Riley Military Reservation .8 km. south of Keats, Riley County, Kansas.
Five study grids were located in a woodlot on the west bank of Wildcat Creek.
Along the western edge of this woodlot were a milo field and a pasture which
was burned every other year. The sixth study grid was in a woodlot on the
opposite bank of Wildcat Creek. A milo field was on the eastern side of this
woodlot. The vegetation of these plain woodlands of the Kansas Flint Hills
is described by Barker (1969). Squirrels and their large nocturnal competitors
(white~tail deer and raccoons) were seen on the area.

Survival of black walnuts buried at different distances apart was studied,
On 18 October 1975 6 grids of 64 burial sites were set out. The burial sites
were arranged in columns and rows 8 ft. apart in 2 grids, 15 ft. apart in 2
grids and 30 ft. apart in 2 grids. Five of these grids were arranged in 8
colum x 8 row fashion. The grid on the easterﬁ bank of Wildcat Creek, due
to the long and narrow shape of the woodlot, had 4 column x 15 rows and 1
column x 4 rows. Three of the 4 productive walnut trees in the woodlots were
located in the grid on the western bank of Wildcat Creek where burial sites
were 30 ft. apart.

A strip of masking tape was fastened around the circumference of the
trunk or convenient branch at breast height of the 2 trees nearest to most
burial sites. The burial site numberr(l—64 in each grid) was inked on the two
tapes so that two identical numbers faced each other. When no trees were near
a burial site, two sticks were placed in the ground approximately 1 m, from
the burial site on opposite sides, and the site numbers were labeled as above
at the-tips of the sticks. When only one tree was near a burial site, it was

taped at breast height, and the burial site number with 2 arrows pointing

downward were marked on the tape. All metal that could be detected with a



Sears Jetco metal finder was removed from the burilal sites.

In preliminary work on the area, burial sites were marked by tongue
depressors stuck into the ground approximately .3 m. from each buried walnut.
The squirrels apparently received visual cues for buried walnuts from the
tongue depressors, as they removed 790 out of 800 buried walnuts within one
week. To eliminate such visual cues in the study, masking tape was fastened
at breast height around 159 tree trunks ("bogus trees') outside of the grids
in both woodlots.

Walnuts collected in the Manhattan, Kansas area were husked and covered
on one half with aluminum foil. A strip of Scotch tape was then attached
along the outer perimeter of the foil-walnut interface. Only walnuts unin-
fested by insect larvae were used. Squirrels showed no preference between
walnuts wrapped in aluminum and "untreated" walnuts in preliminary work on the
study site.

On 25 October 1975 one prepared walnut was buried in each of the 384
burial sites. Walnuts were buried foil side down, 2-4 cm deep to simulate
actual squirrel efforts as described by Cahalane (1942) and Allen (1943). The
nuts were buried halfway between two trees (or two sticks) bearing the same
numbers. Where solitary trees were used to identify burial site locatioms,
walnuts were buried directly below the correspoﬁding number and arrows. Wads
of Scotch tape were similarly buried at 145 locations between the "bogus"
trees to test for possible olefactory cues squirrels may receive from tape on
the walnuts. None of thése wads of tape were disturbed by squirrels;

Grids were checked daily for nut predation by searching the ground at
each marked burial site with the metal finder. When the presence of foil was
not detected at a burial site, that walnut was recorded as "taken". Pre-
liminary work showed this to be quite an effective method, as the instrument

was well able to detect smaller bits of metal buried greater than 7 cm. below



the ground. It also appears that the squirrels remove the foil and tape
before taking a nut away. These materials were found above ground at all
burial sites where predation occurred in preliminary work, and in all but two
cases durlng the actual test.

After each daily check, the numbers of nuts in each grid surviving preda-
tion (i.e., 64 - number '"taken" up to that point) was recorded. A summation
of these daily counts, in nut-day units (1 nut-day = 1 nut surviving 1 day),
was made when the experiment was terminated after 31 days (Table 1). One-way
analysis of variance (Snedecor and Cochran, 1967) was used to compare survival

within and between the 3 internut distances used for burial.

II. Parent-sapling measurements:

Between 1 June and 9 August 1975 20 isolated, mature walnut-producing
trees were found in Riley and Pottawattomie Counties, Kansas. A walnut tree
was considered mature if it had a breast height circumference (BHC) greater
than 0.5 m. A tree was studied only if (1) it was at least 125 m. from the
nearest mature walnut tree and/or (2) it was at an end of lineaily positioned
mature walnut trees. When trees were multitrunked at breast height, BHC was
calculated as that circumference giving an area equal to the summation of the
cross—sectional areas of the trunks at breast height.

From maﬁs made of the locations of the 20 parent trees, 6 (the arc
surrounding the parent containing habitat suitable for nut burial) was cal-
culated for each parent tree, Rivers, lakes, rocky cliffs and large, open
fields (Allen, 1943) were considered habitat unavailable to squirrels for
walnut dispersal. If any such "barrier" was located less than 20 m. from a
tree's canopy edge, 8 was calculated in the following manner (Fig. 4): Along
each side of the woodlot bordering a barrier, a line 103 m. long was drawn
parallel to the parent so that the perpendicular from the parent bisected this

line, I used 103 m. because that was the farthest distance a sapling occurred



from a parent in this study. Each half of the bisected line(s) was again
bisected, and lines connecting these bisection points to the parent were
drawn. 8 was then the difference between 360 and the sum of the angles formed
by the parent and these points. |

Distances and compass directions saplings occurred from the parents were
measured. Only saplings beyond 5 m. from the edge of the parents' canopies
were used in data analysis. Five meters was estimated as a fair distance a
walnut could be dispersed by gravity and rolling. According to USDA (1965},
walnuts are dispersed to a limited extent by gravity. TFor reasons discussed
later, it would be disadvantageous to a squirrel to bury nuts under or near
the canopy of the source of nuts.

To eliminate as much overlap of parents' seedling shadows as possible,
measurements ﬁere taken only for saplings not between 2 walnut parent trees
when the measured producer was at an end of linearly positioned mature walnut
trees., 8, hoﬁéﬁer, included all habitat suitable for burial. Linearly
positioned trees generally had a small 0 and were occasionally close together
(<25 m. apart), so some saplings measured from end trees may have arisen from
seeds of another producer. Thus, R values (average frunknsapling distance for
saplings > 5 m, from the canopy edge) may be shorter than that distance the
squirrel actually disperses a walnut. Because the model predicts large R
values for small 6, such measurements would give weaker support for the
prediction,

Again, considering only saplings greater than or equal to 5 m. beyond a
parent's canopy edge, 1 looked at several possible relationships between the
average trunk-sapling distance (R) and 8 for each parent. For each producer
the R-value and its 62 were calculated. Multiple regressions of the models
R = 6 + BHC of parent and R = & + 82 were run. Single regressions of the

= 2 = =
models (1) R = 7, (2) R = 1og106, (3) logloR 8 and (4) logloR logloe were
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also computed. In these regressions, R is the dependent variable.

ITI. Dispersal Observations:

The site for dispersal observations was the southeast quarter of Sunset
Cemetery in Manhattan, Riley County, Kansas. The Cemetery was fairly open,
the grass was mown approximately every 10 days during the study by the main-

tenance crew. Black walnut and Burr oak (Quercus macrocarpa) lined the 4 edges

of the cemetery. 1975 was a very high mast year for both species in the area.
A casual walk through the entire cemetery resulted in the sighting of 20
squirrels. The squirrels in the cemetery were semi-tame.

From 19 August to 12 September 1975, 6 squirrels were ohserved in Sunset
Cemetery so that they could be identified from the rest of the local squirrel
population. Poor trap success in the area prompted use of this identification
method. Some individual squirrel characteristics were: (1) Squirrel No. 1 was
trapped and hair on the dorsal side of the right shoulder was slipped with
scissors, leaving an unmistakable bare spot; (2) No. 2 was a female with hair
conspicuously missing from the tail; (3) No, 3 was a very large female having
slightly mottled coloration; (4) No. 4 was a very large, very active dominant
male, He repeatedly chased away other squirrels and often did acrobatics on
the ground; (5) No. 5 was a very small male, possibly born that spring. His
tail seemed longer and narrower than the rest; (6) No. 6 had distinct black
markings on the muzzle, much darker than any other squirrel., Number 6 con-
centrated much of his activity as near to No. 4 as the latter would allow.
Prior to burial observations the squirrels were often seen eating black wal-
nuts from trees on the cemetery grounds, I removed as many walnuts as possible
from these trees to increase the squirrels' interest in the nuts I supplied.

From a common central point (CCP) I sighted the 8 multiples of 45°
compass readings and placed marker flags at 5 m, intervals along these sighted

lines (Fig, 5). A tongue depressor was set Into the ground next to each
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marker flag., At the CCP I piled 375 black walnuts and observed squirrels
eating and burying the nuts. Locations of each squirrel's burial sites, along
with the numerical order in which each squirrel buried a nut, were charted on
a map made of the site (Fig. 5). Squirrels were identified with a pair of
7%x35 binoculars. Walnuts were removed from the CCP and flags were removed
from the sighted lines after each observation session. Before the walnuts
were replaced at the CCP, the flags were replaced next to the tongue depressors
at the beginning of each session. Squirrels were observed from 21 September
to 24 October 1975 (160 total hours). If the identity of a nut-burying
squirrel was unknown or undetectable a '"?" was logged on the map at that
location.

For eachrnut buried, the distance to the nearest nut buried by the same

squirrel was determined and used in the data analysis.



RESULTS

I. Burial experiment:

The survival (S) of walnuts buried in replicate samples at 3 different
densities is shown in Table 1. Any nuts removed from a grid were considered
lost to an hypothetical squirrel employing that burial strategy. As nuts were
buried farther apart, a significant {p < .05) increase in survival from pre-
dation was seen over the 31-day test (Table 1). Percent of walnuts surviving
predation in a grid of 64 ranged from 87.5 (56 survivors) to 4.7 (3 survivors).

There was little variation in this survey within grids of the same inter-
cache distance, with a single exception. The 2 grids at intercache distance
= 30 ft. had 56 and 29 survivors respectively. The higher survival occurred
in the isolated grid on the east side of Wildcat Creek, Three walnut-
producing trees were found in the grid with 29 survivors, perhaps influencing

squirrel foraging activity.

IT. Parent-sapling measurements:

A fairly high correlation (r2 = .48) between 10g10R and 6 was found
(Fig. 6). The following models yielded lower r2 coefficients: '(l) R=10
x? = .30), @ % =0 +6% (x¥ = .3), (3) R=1log 0 (x” = .36), (4) log R =
logloﬁ (r2 = ,46). BHC of the 20 parents explained an insignificant (r2 = ,04)
amount of variation., I found no obvious biological explanation for the
correlation differences for the log regressions. Because R and 0 were ex-
pected to have a curvilinear regression, however, it was expected that the log
regressions would have higher correlations than the untransformed regressions.
BHC of the 20 parents had an insignificant (r2 = ,03) correlation with 6.

The F-test value (16.3) of the analysis of variance for loglOR = f§ was

highly significant (p << .0L).

IIT. Dispersal Observations:

No buried nuts were seen removed and eaten or relocated by squirrels
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during the study.

Clearly, there is more variation among the 62 of internut distance
within squirrels than among mean distances between équirrels (Table 2). A
Bartlett's test for equality of variances revealed a significant (p < .05)
inequality of these within squirrel variances. Thus, use of analysis of
variance and other parametric tests (e.g., Dunnett's least square difference)
of equality of means is invalid. A test for equality of means for hetero-
genous varilances (Sokal and Rohlf, 1969) revealed no significant difference
between these mean distances.

Interestingly, the grand mean of intercache distances between squirrels
was 9.2 m, (32.7 ft.), a distance which épproximates that yielding the highest
survival in the burial experiment (Table 1).

Squirrel No. 1 buried only one walnut and died. Squirrel No. 4 buried the
most (28) during the study period. Average internut distance ranged from 7.8
m. to 16.0 m. (Table 2).

The average walnut was taken 38.1 m. from the CCP and no walnut was
buried less than 15 m. from the CCP (Fig. 5). With few exceptions, the
squirrels seemed to bury walnuts in a more or less exclusive area of their

home ranges.



DISCUSSION

The type of hoarding is based on a continuum of intercache distance.
There is no sharp distinction between scatterhcarding and larderhoarding. To
determine where on the continuum a particular dispersal system lies, it is
necessary to know intercache distances of individuals in a population of seed
storers.

Although the regression for log R = 6 was significant, much variation

10
was still unaccounted for. As mentioned, R = ;3-232 and some of the variation

in the aboye regression might well be explained if N could be measured for

the 20 parent trees. Measuring the number of saplings is not indicative of a
season's nut production, as many parents had different ages of saplings
(measured by BHC of saplings). It was thought that a correlation between
parent BHC and R should exist. An older producer, it was reaséned, makes more
nuts than a younger one. Findings by USDA (1965) and Naughton (1970), however,
seem to indicate that crop size is not directly proportional to age of parent.
The most productive years for black walnut are between the ages of 20 and 35
years (Naughten, 1970)., The resulting iow correlation between BHC of parent
and r seem to support this conclusion. To test the prediction AR =/§§ for a
given 6, populations of squirrels could be given different sized mast crops
and then observed burying the nuts. Animal-scattered tree species exhibiting
mast yecring should have seeds dispersed farther in high mast years than in
low mast yesrs as the number of nuts (N) is increased in the former case.

The number of nuts at the CCP may have been greater than that normally
available to squirrels for burial in autumn. A period of increased food con-
sumption and lipcgenesis occurs in late summer and early fall, a time when
walnuts are eaten in large quantitizs and a large part of a mast crop may be
eaten before it is dispersed (Short and Duke, 1971 and pers. obs.). My
observations of nut burial in the cemetefy occurred after the main period of

lipogenesis, which may help explain some of the difference between the R
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value for the cemetery (38.1 m.) and for the 2 parents where 8 = 360° (15.5
and 25.5 m.). The openness of the cemetery may also have added distance to
the R value. The burial observations, then may have simulated those of a high
mast year.

It is expected that tropical trees having mast every 3-4 years have
wind-dispersed seeds (Janzen, 1974). Boreal forests show this same trend
(C. C. Smith, 1970 and Mattson, 1971). Temperate hardwoods seem to be excep-
tional since several of those exhibiting mast yearing have their seeds dis-
persed by scatterhoarding animals. Individual oaks seldom bear heavy seed
crops in consecutive years (Downs, 1944) and black walnuts produce only
about 2 large crops every 5 years (Brinkman, 1957).

One important advantage of mast yearing is to reducg the number of seed
predators. If a seed producer relies on an animal seed predator for dispersing
its seeds, having long intermast periods would be maladaptive. Holding off of
mast by 1 or 2 years by animal dispersed plant species may be adaptive for
reducing numbers of insect predators and parasites of seeds so that as many
seeds as possible escape predation. Janzen (1971la and 1974) aﬁserved mast
year intervals to be shorter for plants which have tﬁeir seeds dispersed by
animals than by wind.

For these reasons it would be expected that long intermast periods in
wind-dispersed species would select for extended diapause in insects which
prey on and parasitize these seeds. Support for this prediction was shown by
Keen (1958) for western conifers and hardwoods and from Michelbacher and
Ortega (1958) and Johnson (1969). By varying intermast length, seed trees can
avoid predation by insect species adapted to a set diapause period.

As mentioned, fox squirrels have several vertebrate competitors against
which it cannot defend acorn caches, but few or no competitors for black

walnuts and hickory nuts. Two questions Immediately arise: (1) Why don't
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the squirrels scatterhoard acorns and larderhoard walnuts and hickory nuts,
and (2) since acorns are lower in caloric reward to the squirrel (Smith and
Follmer, 1972) than walnuts and hickory nuts, why don't the squirrels ignore
acorns and larderhoard walnuts and hickory nuts when all foods are abundant?
The first question is easily answered. 1If an animal scatterhoards one type of
seed and larderhoards the other, it cannot effectively defend its larder
against conspecifics when looking for its scattered hoard. A strategy com-
bining scatterhoarding and larderhoarding by an individual would thus be an
energy waste. As for the second question, Smith and Follmer (1972) stated
that both acorns and walnuts are needed by fox and gray squirrels during times
of low food abundance. Data bty Allen (1943), Brown and Yeager (1945) and
Moore (1957) indicate that both types of food are used heavily from late fall
througk spring. The high energetic content per gram of walnuts and hickory
nuts are especially useful during mating and active periods when a large
volume of food in the stomach would be undesirable, Acorns are eaten more
rapidly, thus reducing exposure time during inclement weather. The added
weight in the stomach from several acorns would not be a hindrance in the
nest (Smith and Follmer, 1972). The walnut's thick shell may be adaptive by
"forcing" squirrels to use alternative foods during cold weather (thus de-
laying predation may enable more walnuts to germinate later) as well as
serving as protection from insect predation and parasitism.

To budget for losses to competitors, a seed storer should bury mere
seeds than necessary (o éatisfy its energy requirement for periods of food
shortage. Here abiotic factors (mainly weather) may stfongly influence how
many buried seeds will germinate. From Kleiber's (1961) formula, a 0.75 kg.
squirrel will expend about 5004 kcal (basal) in a 90-day period (about the
length of a winter). A walnut contains about 12.7 kca; of food usable to the

squirrel (Smith and Folimer, 1972), so this squirrel requires the energy
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from about 394 walnut kernals to satisfy just bésal metabolic requirements

for a 90-day period. According to Seton (1928), fox squirrels are easily
capable of scatterhoarding this many black walnuts, These figures are a

gross estimate, as metabolism decreases in late autumn and winter (following
the period of lipogenesis) and food consumption rates gradually decrease until
spring (Short and Duke, 1971). Because periods of food scarcity may be of
unpredictable lengths in different habitats (M. C., Smith, 1968), it may be
advantageous for scatterhoarders to store as much food as possible.

As mentioned, no walnuts were buried in the cemetery less than 15 m, from
the CCP. It may be to a squirrel's advantage not to bury nuts under or near
the mast tree's canopy. Seed predators are ''density-responsive” in that
predatory search may decrease with decreasing density of seeds (Janzen, 1974).
The highest seed density often occurs at the source. Dispersal may serve as
a means for lowering olefactory cues for seed predators (Janzen, 1969 and
Wilson and Janzen, 1972). Those seeds which germinate under or near the
canopy of-an isolated parent may arise from seeds undetected or rejected by
squirrels. Cahalane (1942) found that squirrels recovered 99% of nuts they
had buried. Dice (1927) and Seton (1928) stated only a fraction are re-
covered. Dispersal by scatterhoarding, then is beneficial to both the plant
and animal disperser,

The tot#l welpght of seed embryo, endosperm and protective structures is
of great importance when considering dispersal mechanisms. Clearly, heavy
nuts such as black walnuts and acorns cannot be effectively wind-dispersed.
Embryo and endosperm size are controlled primarily by abiotic factors
(Salisbury, 1942 and Baker, 1972) and have a secondary effect on the distri-
bution of reproductive energy into ant;predaﬁor defenses (Salisbury, 1942},
Seed predators, then, exert selective pressures for these defense mechanisms,

Because additional energy put into seed protection will result in fewer number
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of seeds produced per season, there is an optimization of seed size and
numbers of seeds a parent could produce to maximize individual fitness (Smith
and Fretwell, 1974).

There was much more variation within each squirrels burial strategy than
between the mean internut distances maintained by the squirrels (Table 3). By
varying intercache distances about a mean optimum distance, scatterhoarders
may prevent competitors from getting a search image for regularly spaced
caches. Maintaining an overall optimum intercache distance in a more or less
exclusive part of a scatterhoarder's home range, as the squirrels in the
cemetery seemed to do (Fig. 5), would reduce loss of caches to naive compe-
titors.,

The results suggest existence of an optimum intercache distance that

maximizes net energy benefit to a scatterhoarder.
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Table 1: Survival of black walnuts buried in replicate samples at 3 internut

distances.
DISTANCE BETWEEN NO. SURVIVAL %
NUTS (FT.) ' "TAKEN (NUT-DAYS) SURVIVING

30 ' 8 1945 87.5

35 1209 45.3

15 50 577 21.8

33 543 : 17.2

8 60 323 6.3

61 209 4.7

F(2,3) = 10.2 P<.05



Table 2:

SQUIRREL
NUMBER

2

3

Burial strategies of 5 squirrels in the cemetery.

NO. OF NUTS

BURIED

15

19

28

MEAN DISTANCE
BETWEEN NUTS (M)

10.5
10.5

7.8
16.0

15.6

23

251.2
104.3
61.3

134.0
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Fig. 5:

Map of burial sites of squirrels in Sunset Cemetery.

Squirrel No. 1,
Squirrel No. 4,

@= Squirrel No. 2, A= Squirrel No. 3,
Y= Squirrel No. 5, (= Squirrel No. 6.

Symbols:
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1
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Fig. 6: Regression of logloR = . The regression r2 = L47.
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ABSTRACT

The patterns with which granivores store seéds for future use is determined
by their ability to defend caches of seeds against interspecific competitors.
Scatterhoarding of seeds is employed by a species if it is somehow unable to
defend its stored food from other species. This inability may be due to a
size differential, or the fact that hoarder and competitors are active during
different times of the day. Although more energy must be expended to increase
intercache distances, loss to naive competitors decreases over time if caches
are widely spaced apart. A mathematical model predicting optimal intercache
distances is presented.

One prediction of the model is that as the arc (8) of habitat suitable
for seed burial surrounding a seed source is decreased, the average distance
a cache is taken from the source (R) should increase by the factor ngI in
order to maintain an optimal intercache distance. Because a scatterhoarder
acts as a seed disperser, distance of saplings from a parent tree should be
indicative of R.

Three field tests of the model and that prediction were coqducted: (1)

Replicate samples of Juglans nigra seeds buried at 3 intercache distances were

maintained, and their survival from predation by Sciurus niger in time

recorded; (2) Distances J. nigra saplings occurred from 20 isolated parent
trees, along with § for each parent, were measured; (3) 8. niger individuals
were observed.scatterhoarding_g. nigra and the intercache distances maintained
by individual squirrels were measured. Average intercache distances maintained
by the observed squirrels very closely approximated one which was found to
yield high survival of walnuts from naive predation in the first test. The
10810 of average parent-sapling distance as a function of 6 had a fairly

high correlation (r2 = ,47). The results suggest maintenance of optimum

intercache distance by S. niger. The coevolution of mast trees and seed dis-

persal by animal scatterhoarders is discussed.





