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ABSTRACT 

Animal foraging behavior is shaped by patterns and processes that operate on 

several temporal and spatial scales. In chapter 1, I briefly review the meaning and 

importance of temporal and spatial scales. The remainder of this dissertation 

presents two studies of the foraging behavior of animals. In each study, it was 

necessary to examine the behavior from a broader temporal or spatial scale to gain 

a clearer understanding of the behavior. 

In chapter 2, I examine the foraging behavior of the Long Jawed spider 

(Tetragnatha elongata). In North Carolina, the spider exhibits the counter intuitive 

behavior of relocating its web daily in rich habitats, but rebuilding its web on the 

same site for many days in a row in poor habitats. I conducted field experiments to 

test a risk-sensitive foraging model of this behavior, but its predictions were not met. 

I argue that the model implicitly assumes a homogeneous distribution of prey on a 

large scale, and that this assumption renders the model inappropriate. I develop an 

alternative hypothesis to explain the behavior of Long Jawed spiders: that the higher 

density of spiders in rich habitats results in more frequent interactions between 

spiders, and that these interactions provoke spiders to relocate more often in rich 

habitats. I report the results of density-reduction experiments, which corroborate my 

hypothesis. I discuss the relevance of this study for risk-sensitive foraging theory. 
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In chapter 3, I examine the foraging and storing strategy of the Eastern Gray 

Squirrel (Sciurus carolinensis). I argue that early germination and susceptibility to 

insect damage renders white oak (WO) acorns more perishable than red oak (RO) 

acorns. Therefore, I predict that squirrels should eat WO acorns immediately, and 

bury RO acorns for future use. I tested this prediction by presenting RO and WO 

acorns to free-ranging squirrels in Ohio. The squirrels ate most of the WO acorns, 

and buried most of the RO acorns, confirming my prediction. I also present the 

results of an experiment designed to reveal whether squirrels used tannin and/or fat 

content of acorns to distinguish between acorns of different species. The results of 

this experiment were inconclusive. In another experiment, I buried a large number 

of acorns, and assessed samples of acorns retrieved at intervals through the fall/winter 

season. I found that tannin levels in RO acorns did not decline during their 

interment, rendering an alternative hypothesis untenable. Further, I confirmed an 

earlier assumption: stored WO acorns do suffer more insect damage than RO acorns. 

I hypothesize that the storing and foraging strategy of squirrels may affect 

the distribution of oaks, and review evidence from the literature that supports this 

hypothesis. Finally, I argue that Clark's Nutcracker (Columbiana nucifraga) may 

employ the same strategy as it forages for pine seeds, and again review evidence from 

the literature to support this hypothesis. 



Chapter 1 

Ecological Scales 

Focusing Oil only one scale will give a distorted picture of the system, 

a single frame in a multi-dimensional motion picture. 

Simon A. Levin (1988) 

INTRODUCTION 

Ecologists, like any other group of professionals, are subject to fads (but see 

Abrahamson et al. 1989). Interest in particular topics will surge, then wane. 

Enthusiasm for a body of theory, or a class of explanations peaks. Then, the "hot" 

topic cools as attention becomes focused elsewhere. Recently, interest in ecological 

scales has surged, and as Morris suggests, "Current fashion dictates that ecologists 

come to understand the influence of temporal and spatial scales ... " (Morris 1988). 

However, this surge of interest may prove to be more than a passing fashion for 

ecologists. Levin (1989) asserts that biologically important patterns in ecosystems can 

be detected on almost every temporal and spatial scale. It is clear to most ecologists 

that processes acting over a few minutes or a few meters interact with longer and 

larger processes. That interaction is often critical in determining the behavioral 

decisions of animals, and the course of their evolution. Undoubtedly, we must come 

to some understanding of the influences of different scales if we are to understand 

the ecology of animal behavior-- regardless of the dictates of current fashion. 
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In this dissertation, I present two studies of animal foraging behavior. In each 

case, previous studies had yielded a confused, distorted picture of the behavior, 

because they focussed narrowly on one scale. An awareness of different ecological 

scales was critical to understanding the foraging behaviors of these animals. Chapter 

2 examines the foraging strategy of a spider. I test an ingenious, widely cited risk

sensitive foraging model (Caraco and Gillespie 1986), that was designed to explain 

the spiders' behavior. Although this model appears reasonable when examined on 

small spatial scales (on the order of a meter), I show that this model is not 

appropriate, because it depends on unreasonable assumptions about the spatial 

distribution of prey on a slightly larger scale. In chapter 3, I show that squirrels 

differentiate between acorns of different species, choosing some for burial, and others 

for immediate consumption. The storing preferences of squirrels is driven by the 

future value of food items; tney store the less perishable acorns. This behavior may . 

not maximize short-term energy intake, but makes sense in a longer time scale. 

Below, I briefly illustrate the meaning and importance of spatial and temporal 

scales in ecology, by way of a few examples. I explain how attention to multiple scales 

clarified otherwise confusing phenomena, and show how my studies fit into this 

context. 
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SP ATIAL SCALES 

Ecological patterns are distributed in spatial arrays. Food, shelter, mates, and 

predators are all distributed through the environment in variously sized patches. 

Morris (1987) presented a theoretical investigation on the effects of the size of 

patches of habitat on habitat selection behavior. He found that the rules governing 

optimal habitat selection change, depending on the size of the patches under 

consideration. For very small patches, the costs of habitat selection are the typical, 

optimal foraging costs; costs associated with travel between patches, and missed 

opportunity costs. Selection of larger patches requires emigration by the forager, with 

fundamentally different costs in terms of reduced fitness for the emigre'. 

One may find very different answers to seemingly simple, empirical questions, 

depending on the scale at which the question is asked. Consider two species of 

marine fish, one a predator, the other its prey. A superficially simple question is 

whether the abundance of one species is positively or negatively correlated with the 

other. As Rose and Leggett (1990) found, the answer depends on the scale 

considered. Rose and Leggett measured the abundance of predatory cod and their 

prey, capelin, along transects in the Gulf of St. Lawrence. At large scales (4-10 km), 

the abundances of the two fish were positively correlated, but when comparing 

smaller transects (2-3 km long), the abundances of the two fish were negatively 
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correlated. The positive correlation is due to cod following capelin into near-shore 

areas. The negative correlation at smaller scales is due to the capelin aggregating in 

areas of unfavorable temperatures for the predatory cod (thermal refuges). At the 

very smallest scales (5-10 m), Rose and Leggett report positive correlations again, 

dlle to the cod pursuing capelin. The sign of the correlation went from positive to 

negative, back to positive as they considered progressively smaller spatial scales. 

Clearly, one must be aware of issues of spatial scale to interpret even simple 

empirical questions. 

Caraco and Gillespie (1986) present a specialized risk-sensitive foraging model 

to explain the peculiar behavior of the Long-jawed spider (Tetragnatha elongata). 

This nocturnal spider rebuilds its web daily, and thus, is faced with a choice each 

evening: rebuild in the same location, or move to a new web site. Counter to 

expectations, Gillespie found that these spiders relocated daily in rich habitats (very 

abundant in insect prey), while spiders in poor habitats rebuilt their webs in the same 

locations for many nights in a row. A description of the Caraeo-Gillespie model can 

be found in chapter 2. For our purposes here, it is enough to note that the model 

focuses very narrowly on a small spatial scale. This model depends on the differences 

in prey capture rate experienced by neighboring webs, which in rich habitats may be 

considerably less than 0.5 m apart. This spatial variation in prey capture rate does 

exist, but the model implicitly depends on another, larger scale pattern in prey 



17 

availability. Specifically, each medium-sized (5 to 25 m2) block of contiguous habitat 

must have approximately the same distribution of rich and poor web sites. If this 

condition is relaxed, the model predicts that spiders aggregate in the poorest blocks 

of habitat and remain there--a dubious prediction indeed. Consistent with Levin's 

(1989) assertion, I found that prey availability does vary between medium-sized 

blocks. Further, spiders do not aggregate in poorer blocks. 

The Gillespie-Caraco model gave a distorted view of Long Jawed spider 

foraging tactics, because it focussed so narrowly on one, small spati~l scale. It is only 

by considering the variations in prey availability at both small and larger scales that 

I was able to develop a clearer, more consistent picture of their foraging behavior. 

TEMPORAL SCALES 

Students of foraging behavior have known for some time that temporal scale 

affects the behaviors they study. Pyke et al. (1977) note that different behaviors may 

be predicted, depending on whether the goal is to maximize short-term or long-term 

energy intake. Until recently, however, few biologists have incorporated this 

distinction between time scales into their studies. Most studies assume (either 

explicitly, or more often, implicitly) that long-term and short-term energy intake 

maximization can both be achieved by the same behaviors. Early exceptions to this 
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pattern include Jaeger et al. (1981), who studied the foraging behavior of 

salamanders, and Paton and Carpenter (1984), who studied the behavior of 

hummingbirds. Both studies found that their animals behaved in a way that did not 

maximize short-term energy intake, but may have increased long-term energy intake. 

In each case, the presence of competitors was critical, and the behaviors sacrificed 

energy intake early in the foraging bout in order to enhance later foraging, by 

safeguarding against predators. For example, the hummingbirds drained nectar from 

flowers on the perimeter of their territories first, even though this is not an 

economical search pattern. Potential competitors are less likely to feed on a patch if 

the first flowers they encounter are empty, so this behavior may enhance future 

foraging. A similar territorial defense behavior by the salamanders sacrifices early 

intake to protect later foraging. 

Even without competitors, it may be necessary to sacrifice early energy intake 

if one is to maximize long-term energy intake. Mitchell's (1990) rigorous theoretical 

treatment shows that if 2 types of food are distributed in depletable patches, a 

consumer may increase long-term energy intake by accepting some portion of the 

less preferred food type right from the beginning of the foraging bout, even if short

term energy maximization requires selective feeding only on the preferred food type. 

Montgomerie et al. (1984) reanalyzed hummingbird behavior that had previously 

been labeled non-optimal. He found that the hummingbirds were probably 

maximizing net energy per volume ingested, rather than net energy intake per 
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foraging bout. He argues that maximizing net energy per volume ingested maximizes 

long-term energy intake for these hummingbirds. 

In chapter 3, I investigate the foraging and storing behavior of the Eastern 

Gray Squirrel (Sciurus carolinensis). In particular, I examined the different 

preferences squirrels have for acorns of different species. I found that in the fall, 

squirrels prefer to eat white oak acorns, and preferentially store red oak acorns. This 

behavior does not maximize short term energy intake, since squirrels can metabolize 

more energy (and achieve a higher energy intake rate) from red oak acorns (due to 

the higher fat content of red oak acorns; Smith and Follmer 1972). Even if we 

include cached food items as energy intake, this behavior still does not maximize 

short term energy intake; to maximize short-term energy intake, the squirrels should 

prefer red oak acorns for both immediate consumption and storage. However, if we 

consider a longer time scale--the entire fall/winter season--the fate of the stored 

acorns during the winter becomes relevant. I argue that white oak acorns are more 

perishable for squirrels, because they are more susceptible to insect damage, and they 

germinate early. Therefore, squirrels should eat the perishable white oak acorns, and 

store the less perishable red oak acorns for future use. 

Earlier studies on squirrel preferences gave contradictory results, because they 

focussed (explicitly or implicitly) narrowly on short-term energy intake. A clearer 

understanding of squirrel preferences required us to consider longer time scales as 
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well. Again, a clearer picture required a multi-scalar view. 

Different researchers advocate different approaches to the multi-scalar nature 

of ecology. Some argue that we should develop models that can easily be translated 

up and down the spatiotemporal scales. For example, Addicott et al. (1987) propose 

the concept of ecological neighborhood, defined by the most important spatial and 

temporal patterns relevant to the organism under study. They hope that theories and 

models expressed in terms of the ecological neighborhood will translate across scales. 

Others, like Hastings (1990), argue that we should develop different models for 

different ecological scales. I believe that there are merits to both approaches. As 

long as we avoid the mistake of searching for the one true scale of our study 

organism and realize that several scales are relevant, many valid approaches are 

possible. 

My approach to the problem of multiple scales in foraging ecology is not 

particularly complicated. It is, however, straightforward and effective. I merely 

examine each hypothesis and model from the point of view of several temporal and 

spatial scales, to see if the explanation still makes sense. I hope that by providing 

examples, this dissertation will help ecologists move from merely being aware of 

different ecological scales, to carefully taking them into account in their empirical and 

theoretical investigations. 
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Chapter 2 

Web site tenure in the Long-jawed Spider: 

Is it risk-sensitive foraging, or conspecific interactions? 

INTRODUCTION 

Tetragnatha elongata (hereafter, the Long-jawed spider) is a large, common, 

nocturnal orb-weaver found throughout North America. Its relatively flimsy webs are 

constructed with an open mesh, and range in size from 20 cm to over 1 m in 

diameter. Adult males seldom build webs, but adult females build webs almost every 

night. The females forage intensively, presumably to secure enough biomass to make 

eggs and egg cases. Long-jawed spiders almost always suspend their webs directly 

over the water of lakes, ponds, rivers, and small streams. In the mountains of 

western North Carolina, webs are typically less than 1.5 m above the surface of the 

water. 

Gillespie and Caraco (1987) documented a strange pattern of foraging 

behavior for long-jawed spiders in Highlands, NC. A population of spiders on a lake 

experienced high prey capture rates, averaging 2.13 insects/hour. These spiders 

relocated their web sites almost every night (X= 1.3 nights/per site). A few km away, 

a second population of spiders on a small stream experienced low prey capture rates, 

averaging 0.75 insects/hour. Paradoxically, these spiders rebuilt their webs on 
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precisely the same web sites for many nights in a row, averaging 17.9 nights per web 

site. GiIIespie and Caraco (1987) conducted reciprocal transplants of spiders between 

these two habitats. Within three days, spiders from the rich habitat had adopted the 

behavior of poor-habitat spiders, and vice versa. This demonstrates that web-site 

tenure in these spiders is a plastic behavioral trait, and that it is environmentally 

determined. The paradoxical nature of this pattern--relocate often in rich habitats, 

and remain on web sites for many nights in a row in poor habitats--presents a 

challenge to behavioral ecologists. 

Caraco and GilIespie (1986) built a risk-sensitive foraging model to explain 

this paradoxical behavior. The Caraco-GilIespie model (hereafter C & G model) 

focuses on the extreme variability in prey capture rates between web sites, and from 

night to night at each web site. This risk-sensitive model demonstrates that under 

certain regimes of spatial and temporal heterogeneity in prey capture rate, it can be 

advantageous for a sit-and-wait predator to relocate more often in rich habitats. 

However, the C & G model has never been tested (although C & G published their 

model first, they clearly state that they had recognized the paradoxical pattern of 

behavior first, then developed the model to account for it). 

Behavioral ecologists often use risk-sensitive models to explain the behavior 

of foraging animals (reviews in Real and Caraco 1986, Stephens and Krebs 1986, 

Real 1991). However, remarkably few field experiments have been conducted to test 
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risk-sensitive models (Barkan 1990 may be the first). The C & G risk-sensitive model 

has excited particular interest (Houston and McNamara 1988, Morse 1988, Uetz 

1988b, Kareiva et al. 1989, Otto 1989, Lucas 1989, Schmitz and Ritchie 1991, and 

many others), and has already been cited in the secondary literature (Krebs and 

Kacelnik 1991, Mangel and Clark 1988, Uetz 1988a, 1992). For these reasons, a field 

experimental test of this particular risk-sensitive model is timely. Below, I present the 

results of field experiments testing the C & G model. The results do not support the 

model. I also present an alternative hypothesis to explain the patterns of web-site 

tenure in the long-jawed spider. Field experiments confirmed the predictions of this 

alternative hypothesis. First, I give a graphical presentation of the C & G model. 

The Caraeo and Gillespie risk-sensitive foraging model 

The mathematical basis of the C & G model can be found elsewhere (Caraco 

and Gillespie 1986, Gillespie and Caraco 1987; see Mangel and Clark 1988 for a 

dynamic programming version). Here, I give an intuitive explanation. 

The C & G model assumes that prey captures per night at a web site are 

randomly distributed according to a Poisson distribution, and that flying and emerging 

insects provide continuous renewal, preventing depletion at web sites. It also assumes 

fine-scale random spatial variation, such that some web sites provide substantially 
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higher prey capture rates over the long term than others. However, the daily 

variation in prey capture rate at each site is assumed to be so great that spiders 

cannot differentiate rich web sites from poor ones (Caraco and Gillespie 1986, pp. 

1181 and 1184). This situation is illustrated in Figure 1, where I draw a hypothetical 

frequency plot of web sites by prey captures, for the rich and poor habitats. Each dot 

represents a particular web site, and its position on the horizontal axis represents the 

total biomass of prey a spider would capture if she built her web on that site for 50 

nights in a row (50 nights is an estimate of the number of nights an adult spider has 

to secure enough food to build an egg case). In each habitat, some web sites are very 

rich, others poor, still others in between--the exact distribution is irrelevant. Note 

that Figure 1 is not based on actual data, and is for explanatory purposes only. 

The vertical dashed line in Figure 1 denotes the minimum amount of food a 

spider must capture in order to build her egg case at the end of 50 days. In the rich 

habitat, a spider maximizes the probability of securing at least that much biomass by 

changing web sites every night. By the law of averages of large numbers, her total 

biomass captured at the end of 50 nights will be close to the average for the habitat-

which is more than enough to build her egg case. If she stays on one site, she risks 

obtaining too little food, for she may be at one of the poorer sites. The appropriate, 

risk-averse strategy here is to move every night, and average over many sites in the 

habitat. 
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Figure 1. A hypothetical plot of web sites in rich and poor habitats by their prey 
captures. Each dot represents a specific web site. Its position on the horizontal axis 
denotes the total biomass of prey to be captured if a spider built her web on that site 
for 50 consecutive nights (50 nights is an estimate of the amount of time an adult has 
to reproduce). The dashed vertical line indicates the minimum amount of biomass 
a female must capture in order to build her egg case. See text for explanation. 
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Now consider a spider in the poor habitat. Here, most sites do not provide 

enough biomass to build an egg case. Changing web sites every night yields a 50 day 

biomass equal to the average of all sites visited. In a poor habitat, that average will 

not be enough to build an egg case. Working to achieve the average biomass almost 

guarantees failure. Here, the appropriate strategy is to remain on one site for a long 

period of time, accepting the range of variation present in the habitat. A spider 

playing this risk-prone strategy will probably still fail to secure enough biomass, but 

it has a chance of remaining on one of the best sites in the habitat long enough to 

build an egg case. Of course, in either habitat, the best strategy would be to pick the 

best available web site, but recall that temporal variation at each site is assumed to 

be too great to allow recognition of the best sites. 

To summarize, the C & G model predicts that a spider in the rich habitat 

should playa mobile, risk-averse strategy. In the poor habitat, the spider should play 

a risk-prone strategy by remaining on its web site (at least, remain until she is able 

to assess that site as a rich or poor web site). It is the counter-intuitive nature of this 

result that has attracted the attention of behavioral ecologists. 

It should be noted that the C & G risk-sensitive model employs a long-term 

gain function (sensu y of Possinghnm et al. 1990), rather than the short-term gain 

advocated by Real et al. (1990). That is, the C & G model assumes that spiders 

attempt to minimize the probability of failing to secure enough biomass to 
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reproduce by the end of 50 days. 

Finally, recall that Gillespie and Caraco (1987) transplanted spiders from 

one habitat to another, and the spiders changed their behavior within 3 days. This 

suggests that long-jawed spiders assess their new habitat in three days or less. 

This may seem contradictory: if spiders cannot distinguish rich web sites from poor 

ones (or if it takes them 2-3 weeks to do so), how can they assess habitats in ~ 

three days? In fact, it is possible that spiders are able to estimate the mean prey 

availability for a habitat by sampling sites over a few days, even though such short 

samples provide no meaningful estimate of prey availability at each site 

(Appendix). My experimental designs depend on the fact that spiders adjust their 

behavior to new habitats within 3 days. 

EXPERIMENT I: TEST OF THE C & G MODEL 

The C & G model assumes spiders assess which habitat they are in, but it 

does not specify how spiders make that assessment. Any test of this model 

requires some assumptions as to how spiders assess habitats. Here, I assume 

spiders use foraging success to assess their habitat. That assumption allowed me 

to test the model by supplementing the webs of poor-habitat spiders with enough 
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extra food to simulate foraging success in rich habitats. The model then predicts 

that spiders given extra food will relocate their webs more often than control 

spiders. Supplementing spiders in situ controls for a number of habitat differences 

between rich and poor habitats that might also explain their web-site tenures (e.g. 

frequency of web disturbances, predation risks, etc.). I further assume that spiders 

assess their habitat based on biomass consumed, rather than the number of prey 

captured or some other index. There are a number of studies suggesting the 

amount of biomass recently consumed affects spider foraging behavior (reviewed 

in Riechert and Gillespie 1986, Janetos 1986). If spiders count the number of 

prey captured or use some other metric to assess habitats, then my experimental 

design is not appropriate. 

Materials alld Methods 

I worked with Gillespie's original population of poor habitat long-jawed 

spiders, on a small stream adjacent to the Highlands Biological Station. The 

station is in the Blue Ridge Mountains of western North Carolina, at an elevation 

of 1,140 m. The stream is a small outflow from a man-made lake, and courses 

through a mixed stand of conifers and hardwoods, with an understory dominated 

by Rhododendron ssp. The study site consists of a 60 m stretch of this stream. 
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Long-jawed spiders were captured by h:md, and marked as individuals with 

dots of enamel paint on their legs. The total length of the cephalothorax and 

abdomen (excluding the elongated chelicera) was recorded, and females in excess 

of 9 mm in length were defined as adults. Only adult females were used in these 

experiments. Spiders were marked in the field, and immediately returned to their 

webs or web sites. Spiders were given several days to recover from handling 

before the beginning of experimental trials. 

The C & G model assumes that spiders respond to the overall (habitat) 

average of prey availability, but not the availability at specific web sites, because of 

the temporal variation in prey capture rate (Caraco and Gillespie 1986, p. 1184). 

Ideally, the supplemental feedings would cause spiders to assess their habitat as a 

rich habitat (thereby causing a change in behavior), without allowing them to 

distinguish their particular web site as rich. Supplementing each web with a fixed 

amount of biomass does not change the variance of biomass captured, but it does 

decrease the variance/mean ratio. Decreasing this ratio may allow spiders to 

recognize supplemented webs as rich sites. Therefore, two experimental 

treatments were used. In the first experimental treatment (El), webs were 

supplemented every night. In the second (E2), spiders were given twice as much 

food every other night, to maintain a high variance/mean ratio of biomass 

captured. 



31 

Using data from Gillespie and Caraco (1986) for the number and size of 

prey captured in rich and poor habitats, I estimated that providing one Drosophila 

virilis per night to spiders in the poor habitat gave them as much biomass as 

captured by rich-habitat spiders. Drosophila virilis flies have a dry mass of 

approximately 0.5 mg, about 8 times the biomass of a D. melanogaster. This was 

a conservative estimate of the required supplement, to avoid flooding the spiders 

with too much food. Over-feeding spiders could enable them to recognize 

supplemented webs as rich sites. 

Marked spiders were assigned to one of three groups; Control, E1, or E2. 

Control spiders were merely located and observed each night. I noted the exact 

location of each spider's web. If it had relocated, I measured the distance from 

one web site to the next. The webs of E1 spiders were supplemented with one D. 

virilis per night. E2 spiders were given two flies every other night. Live flies were 

placed directly into the webs of experimental spiders. Virtually all flies caught in 

the webs were immediately eaten by the spiders. Observations and feedings were 

conducted between the hours of 21:30 and 02:30. 

I conducted two sets of experimental trials, each lasting 6 consecutive 

nights. In the first, from 5 to 10 July 1988, I supplemented spider webs as 

described above. In the second (11 to 17 July), larger amounts of food were given 

in case I had underestimated the difference between biomass captured by spiders 
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in rich and poor habitats. Here, E1 spiders received two D. virilis per night, while 

E2 spiders received one small cranefly or noctuid moth (mean dry mass of 3.1 mg, 

ranging from 2.5 mg to 3.5 mg) every other night. Several spiders were used in 

both trials, but none appear in the same experimental group in both trials. A 

total of 35 adult female spiders were used in these experiments. 

To verify that prey capture rates during this study were similar to those 

experienced during Gillespie and Caraco's (1987) study, 22 spider webs were 

observed for 1 h each between the hours of 22:00 and 02:00, durit:lg July 1988. 

The number and size of prey captured during each observation was recorded. 

A Priori Interpretatio1l of Results 

Given the assumptions discussed above, the C & G model predicts that 

spiders receiving more prey will exhibit decreased web-site tenures (i.e., move 

more often). The model is based on the idea that high levels of temporal 

variation in prey capture rates prevent individual spiders from assessing individual 

web sites. However, we do not know if the individual spiders themselves are 

sensitive to different levels of temporal variation. It is not necessary for individual 

spiders to be able to distinguish between high and low variance for natural 
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selection to shape their behaviors in accordance with the C & G model. They 

could act in accordance with the C & G model with a simple behavioral rule such 

as "move often when prey capture rate is high, remain on the web site when prey 

capture rate is low." On the other hand, the ability to distinguish between high 

and low variance in prey capture rate may be a very advantageous trait for 

spiders. This experimental design may provide evidence as to whether Long-jawed 

spiders are responsive to different levels of temporal variance in prey capture. If 

the C & G model is correct, and, if spiders use a simple behavioral rule 

(individual spiders are not responsive to temporal variation), I predict decreased 

web-site tenures for both El and E2 spiders. In contrast, if E2 spiders exhibit 

decreased web-site tenures, while El spiders retain their longer tenures, this would 

indicate that spiders are sensitive to temporal variation in prey capture rate. This 

result would indicate that the reduced variance/mean ratio experienced by El 

spiders allowed them to assess their supplemented web sites as unusually rich for 

that habitat: therefore El spiders would elect to remain on their web sites, while 

E2 spiders relocated in response to the extra prey. Other results (such as 

increased web-site tenure by experimental spiders) do not support the C & G 

model. Table 1 summarizes these interpretations. 
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Table 1. A Priori Interpretation of Possible Results. The left column lists possible 
results of the experiments: changes in mean web site tenure by spiders in the E1 
and E2 groups (compared to the C [control] group of spiders). E1 spiders receive 
extra food each night, while E2 spiders receive twice as much food, but every 
other night. See text for details. 

result (in web site tenure) interpretation 
=========================================== 

1) E1 decreases, E2 decreases 

2) E1 does not decrease, 
E2 decreases 

3) E1 decreases, E2 does not 

4) E1 and/or E2 increases 

support for the C & G model, and 
no evidence that individual spiders 
respond to variance in prey 
capture rate 

support for the C & G model, and 
strong evidence that individual 
spiders are sensitive to variance in 
prey capture rate 

ambiguous result 

evidence against the C & G 
model 
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Results 

Prey capture rates in this habitat during my study were similar to those 

reported by Gillespie and Caraco (1987). I recorded a mean prey capture rate of 

0.76 ± 1.62 prey/hour. Almost all spiders caught 0 or 1 prey during observation, 

with the exceptions of one spider who caught 3, and a second who caught 7 prey 

items. As reported in the previous study, most prey captured were less than 2 mm 

in length. 

The C & G model predicts that spiders supplemented with extra food 

should change web sites more often, resulting in shorter web-site tenures. This 

prediction was not met (Figure 2). The differences between experimental and 

control spiders are not significant (Mann-Whitney U, Sakal and Rohlf 1981). In 

both trials, comparisons between Control and E2 spiders may suggest a trend 

(O.2>p>O.1), but this trend would be in the opposite direction from that predicted 

by the C & G model. 

Discllssion 

Some changes in conditions had occurred in the poor habitat between the 

Gillespie and Caraco (1987) study and my 1988 study. Fewer spiders lived on the 
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Figure 2. Mean number of nights control and experimental spiders spent on their 
web sites b~fore relocating. In Trial 1, E1 spiders were given one D. virilis every 
night, and E2 spiders were given two D. virilis every other night. In Trial 2, E1 
spiders were given two D. virilis every night, and E2 spiders were given one Tipula 
spp. (cranefly) or noctuid moth every other night. In both trials, C spiders were 
control spiders, and therefore were not given extra food. The C & G model 
predicted that experimental spiders would spend less time on their sites. The 
prediction was not met. None of the comparisons between groups showed 
significant differences. The apparent trend between C and E2 groups (O.2>p>O.1 
for each trial separately, or combined) is in the opposite direction from that 
predicted by the model. 
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stream than before. Further, spiders did not remain on their web sites for as long 

as during the C & G study. Longer observations of spiders not included in the 

experiments suggest that the average site tenure in July of 1988 was 4 to 6 

consecutive nights, compared to the 17.9 nights reported by Gillespie and Caraco 

(these behaviors persisted during the summers of 1989 and 1990). Nevertheless, 

the basic paradoxical pattern described by Gillespie and Caraco still obtained. 

Spiders in the poor habitat caught the same number and size distribution of prey 

in 1988 as reported previously. Spiders observed in rich habitats still relocated 

their webs almost every night, while spiders in poor habitats retained their web 

sites for several nights in a row, albeit for fewer nights than before. If the C & G 

model was the correct explanation for the pattern described in 1987, it should 

have also predicted my data. However, the data from my field experiments do not 

support the C & G model. While I ran my experiments in North Carolina, Fulks 

independently conducted similar experiments on long-jawed spiders in Georgia, 

and obtained results similar to mine (Fulks, unpubl. M.S. thesis, 1989). There is 

no evidence that long-jawed spiders are more likely to relocate their webs when 

given extra food. Therefore, a closer examination of the C & G model is 

warranted. 

An important assumption of the C & G model is fine-scale spatial variation 

in prey capture rates. This assumption seems to be true, because adjacent webs 

do vary tremendously in prey capture rate. During my study, one web caught 7 



prey in less than 1 hour (reported above), while another web--less than 0.5 m 

away--caught no prey that entire night. However, I contend that the C & G 

model actually implies spatial homogeneity on a larger scale. This implicit 

assumption is explained below. 
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Imagine a stretch of rich habitat along a lake front. Arbitrarily divide the 

habitat into patches of, for example,S m stretches of shoreline. Spiders then 

might easily move from one patch to the next, but are likely to spend several days 

in each patch. According to the C & G model, spiders relocate every night in rich 

habitats, and retain their web sites in poor habitats; therefore, these spiders 

relocate every night. If every patch in this habitat has a rich distribution of web 

sites, there is no problem. However, consider what happens if one of these 

patches has a poor distribution of web sites (i.e., the distribution of web sites by 

prey captures is similar to that found in the poor habitat). A poor patch wiII act 

like a sink for spiders. Spiders in the rich patches will relocate until they happen 

to move into the poor patch. Then, assessing their habitat as a poor one, they wiII 

remain on their web sites for many days--playing the risk-prone strategy. If 

spiders in the rich patches relocate every night, and those in the poor patch retain 

their sites for several days, the effect wiII be to concentrate spiders into the poor 

patch. In a short time, there would be a large number of sedentary spiders in the 

poor patch, and relatively few spiders moving around in the rich patches. A 

similar argument can be made for the underutilization of rich patches in an 
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otherwise poor habitat. 

This implausible scenario is not a direct result of the C & G model, 

because the model does not specify how spiders assess habitats. However, given 

the empirical result that spiders adjust their behavior to new habitats in three days 

or less, this scenario would occur under a wide range of reasonable habitat

assessment methods. In particular, it no longer matters whether spiders use the 

amount of prey biomass captured or even if they count the number of prey. To 

avoid this scenario, the C & G model must assume that spiders rarely encounter 

poor patches in rich habitats (and vice versa). This suggests large scale spatial 

homogeneity: that every patch in a rich habitat has a rich distribution of web sites. 

Unfortunately, most habitats do not appear to conform to this assumption 

of large scale spatial homogeneity. Most habitats are heterogeneous on every 

ecological scale (Levin, 1988, 1989). Even the poor habitat studied by Gillespie 

and Caraco contains relatively rich and poor patches. In July of 1989, I set up 10 

insect traps (paper plates sprayed with an aerosol insect glue) in each of two 

locations within the poor habitat. One trapping location was 15 m upstream from 

the other, although both were well inside the poor habitat study area. These 

trapping locations were chosen because spiders were far more common at one 

location than the other. The traps were suspended by string across the stream, 

about 0.75 m above the water, at an interval of 25 cm. The traps were left up for 



4 consecutive nights. Traps at the site with more spiders yielded a total of 55 

insects (5.5 ± 2.95 insects/trap), while the other caught less than half as many 

insects (total of 21, 2.1 ± 1.29 insects per trap). Lakes and streams are likely to 

have a range of rich and poor patches adjacent to each other. 
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Gillespie and Caraco (1987) studied a rich habitat that was approximately 3 

km away from their poor habitat study site. Since adult spiders are unlikely to 

move 3 km between sites, it is not surprising that the C & G model is not realistic 

for spiders that are able to move frequently between rich and poor areas. 

Nevertheless, this risk-sensitive model does not seem to explain the behavior of 

long-jawed spiders. The model failed to predict the results of field experiments, 

and a reexamination of the model reveals an implicit, critical, assumption that is 

not satisfied. 

An aitemative hypothesis: Conspecijic density effects 

If the C & G model does not explain the paradoxical movement patterns of 

Long-jawed spiders, some other explanation must be found. An alternative 

hypothesis is that conspecific interactions playa role in determining web-site 

tenures for long-jawed spiders. While conducting the feeding experiments, I 

observed occasional fights between adult female spiders. These brief (5-10 s), 



42 

intense interactions occasionally resulted in one spider being killed and eaten by 

the other. More often, I observed a new spider on a web in the exact location 

where a different spider had built her web for the previous several nights. The 

previous resident of the site would often be found without a web, a few meters 

away. I hypothesized that conspecific interactions cause a significant portion of 

the web site relocations of spiders. I further hypothesized that the frequency of 

these interactions is correlated with the density of long-jawed spiders in the 

immediate area. As one might expect, areas with high prey availability tend to 

have dense populations of spiders. Gillespie and Caraco (1987) report 3.13 

spiders per m2 in their rich habitat, nearly six times the density of spiders in their 

poor habitat (0.55 spiders per m2
). Below, I present a field test of this conspecific 

density hypothesis. 

EXPERIMENT II: TEST OF THE CONSPECIFIC DENSITY HYPOTHESIS 

To test the conspecific density hypothesis, I would have preferred to return 

to Gillespie's original rich habitat, mark and track long-jawed spiders for several 

days, then experimentally reduce their population to the density found in poor 

habitats. My hypothesis predicts that spiders would remain on their study sites 

longer in less dense populations. Unfortunately, Gillespie and Caraco's (1987) 
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rich habitat is no longer amenable to this sort of experiment, due in part to real 

estate developments. However, I did find habitats suitable for my experiments at 

the Coweeta Hydrological Laboratory, a watershed reserved for research located 

approximately 35 km west of the Highlands Biological Station, in western North 

Carolina. Here, there are rich habitats over streams. These habitats are small 

and well defined, enabling me to control the density of spiders in each. Although 

I did not measure prey capture rates directly at these sites, the presence of many 

holes and tears in their webs, the fat abdomens of the spiders, and the presence of 

numerous prey in their webs indicated that spiders in these areas experienced high 

prey capture rates. 

Materials alld Methods 

A total of three study plots were set up. Plot 1 was run during the summer 

of 1989, while Plots 2 and 3 were run in 1990. 

Plot 1 was located at 950 m elevation on Cunningham Creek, a very small 

stream high in the Coweeta watershed. This stream runs under a closed canopy 

of hardwoods, with a relatively sparse understory of Rhododendron spp. 

Approximately twenty adult female spiders could be found each night on this study 

plot, which measured ~ 15 m2• I caught spiders by hand, individually marked 
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them, and immediately returned them to their web sites. I censused the plot 

nightly from 9 to 18 July 1989, and recorded the exact location of each spider's 

web. Whenever a spider relocated its web, I recorded the distance from one web 

site to the next. Most spiders were marked within the first two nights of 

censusing, but one or two unmarked spiders typically appeared each night. These 

were captured, marked, and returned to their webs. On 18 July, six spiders were 

randomly chosen as focal animals, and all other adult females were captured and 

removed. The plot was censused nightly from 19 to 27 July, and any non-focal 

adult female spiders found on the plot were removed. 

In 1990, I set up Plots 2 and 3 on Shope Fork, a larger tributary located 

downstream from Cunningham Creek, at an elevation of about 715 m. Both plots 

were located on the upstream edges of gaps in the canopy over the stream. Both 

plots had dead hardwood branches extending low over the water, where spiders 

built their webs. Plot 3 was 425 m downstream from Plot 2. Both plots were 

small (8.3 and 5.3 m2, respectively), and contained relatively discrete, dense 

populations of long-jawed spiders. Before density reduction, Plots 2 and 3 

contained about 27 and 23 adult female spiders, respectively. Thus, these plots 

were smaller and more densely populated than Plot 1. 

On 5 July 1990, I began marking adult female spiders on Plot 2, and 

recorded their locations every night until 19 July. After censusing the plot on 19 
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July, I removed approximately 2/3 of the adult spiders, capturing them by hand 

and moving them > 500 meters upstream. The six remaining spiders were 

designated as focal animals, and all other adult females appearing on the plot 

were removed. The exact locations of the focal animals were recorded nightly up 

to 31 July. On 14 July, I began marking and tracking spiders on Plot 3. I reduced 

the density of spiders in Plot 3 on 30 July, again designating six focal animals. I 

attempted to remove all other adult females, but due to the disappearance and 

reappearance of some marked spiders, eight spiders remained in this plot during 

the second half of the experiment. Plot 3 was censused nightly until 8 August. 

Results 

The results of these density reduction experiments are shown in Figure 3. 

In all three plots, spiders remained on their web sites longer under low density 

conditions. Plot 1 had a natural density of 1.27 spiders/m2, and a density of 0.4 

spiders/m2 during the experimental part of the observations. Comparing data 

from the same individuals at high and low density permits the use of a Matched

Pair design for the Signed-Rank test (Sokal and Rohlf 1981). The six focal spiders 

on Plot 1 remained on their web sites for 2.00 ± 0.71 consecutive nights under 

natural density, and 4.17 ± 1.92 nights under reduced density conditions. This 

difference is significant (p= 0.0315). Plot 2 averaged 3.25 spiders/m2 before 
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Figure 3. Results of the density reduction experiments. In all three plots, 
reducing density resulted in significantly longer web site tenures by the spiders. 
Plot 1 was run in July of 1989, Plots 2 and 3 in July of 1990. In Plots 1 and 2, six 
focal animals were chosen, and there web site tenures were compared under high 
and low density conditions. In Plot 3, new spiders were marked for the low 
density part of the experiment, to control for possible effects of handling (see 
text). Therefore, a matched-pair analyses was not possible, and a Wilcoxon two
sample test was used instead. In all three plots, spiders had significantly longer 
web-site tenures (moved less often) under low density conditions. 
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density reduction, and 0.96 spiders/m2 during the experimental period. Again, the 

spiders moved more often under high density conditions (1.28 ± 0.24 vs 5.44 ± 

2.96 nights, p= 0.0156). 

Two potentially confounding temporal effects suggest themselves. First, 

there could have been seasonal, lunar, or climatic effects that caused spiders to 

move less often in the second half of the experiments, independent of the density 

reduction. Second, it is possible that the shock of capture and handling (to 

measure and mark spiders) left them agitated for several days, such that they 

relocated their webs more often than usual during the first week after capture. 

The timing 'and selection of focal animals at Plot 3 were designed to address these 

possibilities, as explained below. 

Plots 2 and 3 were staggered in time, so that Plot 3 remained at natural, 

high density while Plot 2 was maintained at low density. This controls for the first 

group of potentially confounding effects. To control for the possibility of capture 

shock, only recently marked spiders were used in the second half of the 

experiment at Plot 3. This design does not permit the use of a Matched-Pair 

analysis. However, the greater sample size allowed by considering all the spiders 

in estimating web-site tenure under high density (rather than using only focal 

animals) provides for reasonable statistical power with a Wilcoxon two-sample test 

of location. The initial density at Plot 3 averaged 4.34 spiders/m2, and 1.60 
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spiders/m2 after density reduction. I have useful numbers of observations 

(observed on ~5 nights) for 17 adult females under high density conditions, and 

they retained their web sites for an average of 1.10 ± 0.22 nights. Eight spiders 

appeared in Plot 3 during the density-reduced period, and they retained their web 

sites for 3.60 ± 2.26 nights. The test statistic (Us = 126.5) indicates that this 

difference is significant (p<O.OOI). These results are shown in Figure 3. 

Discussion 

The data from these experiments support the hypothesis that conspecific 

densities affect web-site tenure. Agonistic interactions between spiders may be an 

important mechanism causing this effect. During these experiments, I observed 

several agonistic encounters between spiders, and even witnessed a "domino 

effect:" in the course of one night's observation, spider A displaced B, who 

displaced C. Spider C then invaded the web of D, and killed and ate D. 

Although I did observe instances of cannibalism, most fights resulted in 

displacements rather than deaths. These observations support the idea that 

agonistic encounters are an important mechanism. However, the experiments test 

only the general effect of conspecific density, not the importance of agonistic 

encounters per se. There may be more subtle behaviors in response to high 

densities; spiders may space themselves out without resorting to agonistic 



encounters. Other mechanisms are possible. The experiments reported here do 

not distinguish between different possible mechanisms of the conspecific density 

effect. 

so 

Web-site tenures at the lowest experimental densities were comparable to 

the web-site tenures found in the poor habitat during the years of my study (1988-

90). This suggests that conspecific interactions may account for most or all of the 

difference between web-site tenures in rich and poor habitats. Figure 4 graphs the 

web-site tenures of spiders by the reported densities of spiders for my studies and 

those of Gillespie and Caraco (1987). Note that my experimental densities are 

comparable to the natural densities reported by Gillespie and Caraco (1987). 

However, it should be pointed out that the density experiments were not carried 

out in the original rich habitat. The original rich and poor study sites were in 

Highlands, NC, a few hundred meters higher in elevation than the experimental 

plots in Coweeta. The Coweeta plots were warmer, and may have had higher 

prey availabilities than the rich habitat in Highlands. Gillespie (pers. comm.) did 

not recall observing many aggressive conspecific interactions, and suspects that 

conspecific interactions were not important determinants of web-site tenure during 

the Gillespie and Caraco (1987) study. 



51 

It should also be noted that even though experimentally reducing the 

density of rich plots yielded web-site tenures comparable to those in poor habitats 

during lID: years of study, it did not approach the long web-site tenures 

documented by Gillespie and Caraco (1987). They report poor habitat web-site 

tenures averaging 17.9 consecutive nights, compared to 4 to 6 nights from the 

same population during my years of study. I do not have an explanation, or even 

a compelling hypothesis as to why spiders in the poor habitat did not retain their 

web sites as long during my study. It is possible that changes in the system in the 

intervening years are too great to allow inferences across those years. 

GENERAL DISCUSSION 

The field experimental test reported here failed to corroborate the C & G 

risk-sensitive model. To conduct this test, I assumed that spiders assess their 

habitats by the amount of biomass consumed. One can question the validity of 

this assumption, suggesting other cues spiders might use to assess prey availability 

in their habitats (thereby suggesting other experiments to test the C & G model). 

However, I argue that the model itself is inappropriate, due to an implicit 

assumption of spatial homogeneity in prey capture rate at a large scale. This 

assumption is critical, regardless of how spiders assess their habitats. 
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Figure 4. The density and web-site tenure of spiders under a variety of densities. 

The data for this graph come from this study and Gillespie and Caraco (1987). 

Lines connect points from the same study site, before and after experimental 

reduction of spider density. 
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The density of long-jawed spiders is positively correlated with prey 

availability. I propose that it is the conspecific density that causes the paradoxical 

pattern of behavior observed in these spiders. I present evidence that conspecific 

density may explain difference in web-site tenures between rich and poor habitats, 

at least during my years of study. 

These experiments suggest other, reciprocal experiments. Reducing the 

prey capture rates of spiders in rich habitats is technically difficult, but the results 

would be revealing. Similarly, it is difficult to concentrate spiders into poor 

habitats, because long-jawed spiders transplanted into poor habitats tend to 

disappear (pers. observation). However, if one could confine them without 

introducing artifacts in their behavior, it would be a powerful test of the 

conspecific density hypothesis. More precise foraging models of web-site tenure 

depend on clearly defining how spiders assess their habitats and/or web sites. One 

needs to know the cues spiders use to assess prey availability, and the temporal 

and spatial ranges of those cues in order to build more predictive, testable models 

of the long-jawed spiders' foraging strategy. 

Even if further experiments corroborate the conspecific density hypothesis, 

many questions remain unanswered. We do not know the mechanism(s) by which 

conspecific density affects web-site tenure, or how important agonistic encounters 

might be. We do not know why agonistic encounters occur, nor the factors that 



influence the probability of engaging in or winning fights. A game-theoretical 

analysis in the style of Hammerstein and Riechert (1988) may be the best 

approach. The system is far from understood. 

Comparisons between sites in montane North Carolina and low-elevation Ohio. 
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In June and July 1990, my research assistants and I tried to replicate the 

density reduction experiments on a small creek near Troy, Ohio. This creek 

drains a relatively flat watershed on the southern edge of the glaciated part of 

Ohio, and the study site is near 280 m elevation. We were unable to carry out the 

experiments, because the natural history of Long-jawed spiders is different in this 

area. Comparisons between the Ohio and North Carolina sites bring attention to 

several special characteristics of Long-jawed spiders in the western mountains of 

North Carolina. 

At the study sites near Highlands Biological Station, and at the Coweeta 

Hydrological Laboratory, Long-jawed spiders seemed to experience very little 

interspecific competition. Over 90% of the web-building spiders I observed over 

waterways at night were Long-jawed spiders, the remainder being mostly Argiope 

spp. Argiope spiders chose different microhabitats for web sites, further reducing 

any effects of interspecific competition. Long-jawed spiders usually built their 
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webs within 1.5 m of the surface of the water, with their webs either on a 

horizontal plane or at some shallow angle. Argiopes built their webs higher above 

the water, and always built their webs on a vertical plane. Even potential 

predators of Long-jawed spiders (perhaps other spiders; e.g., Neoscona arabesca) 

were very rarely observed. 

In contrast, Long-jawed spiders at our Ohio field sites built their webs over 

a broad range of heights, ranging up to several meters high. Other spider species 

were far more common at these sites. Spiders that built webs nearer to the water 

were often forced to move by rising water levels. Since the North Carolina study 

sites are high in the mountains, the watersheds are small and heavily forested. 

Therefore, even heavy rainfall rarely increased the height of the water by more 

than several cm, and spiders could remain on their web sites for many days. At 

our Ohio sites, the watersheds are large, flat, and consist largely of agricultural 

and suburban developments. Consequently, even moderate rains caused the water 

level in the creeks to rise by a meter or more (sometimes 2 or 3 meters), which 

in turn caused all accessible spider to relocate (or swept them away). As is often 

the case with doctoral research, fate delivered us the wettest summer on record 

for that part of Ohio in 1990. 



In any event, the North Carolina study sites possess special characteristics 

that one should be aware of when studying Long-jawed spiders: 1) Low 

interspecific competition, and, 2) relatively stable, moderated water levels, which 

seem to permit 3) web sites close to the surface of the water, and at least the 

option of retaining a web site for several consecutive days. These characteristics 

may not obtain over most of the Long-jawed spider's range. 

Risk-sensitive foragi1lg 
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This study of web-site tenure in the long-jawed spider is unusual, in that 

most tests of risk-sensitive foraging have been conducted under laboratory 

conditions. In general, tests of predictions from risk sensitive foraging theory have 

met with mixed results (see review in Stephens and Krebs 1986). Animals do 

seem to be sensitive to variance, but often appear inflexible. Animal psychologists 

usually find laboratory animals inflexibly risk-prone (Hamm and Shettleworth 

1987), and risk-sensitive predictions are often not met (e.g., Zabludoff et al. 1991). 

Behavioral ecologists have elicited both risk-averse and risk-prone behavior by 

some wild animals under laboratory conditions (e.g., birds; Caraco et al. 1991, 

mammals; Barnard and Brown 1985), but others exhibit only risk-averse behavior 

(e.g., birds; Wunderle et al. 1987, bees; Waddington et al. 1981, Real 1981). 
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Real et al. (1990) and Real (1991) explain the constant risk-averse behavior 

of their bumblebees by arguing for a very short-term energy gain function, justified 

in part by assuming a very short memory for bumblebees. Their short-term 

function is controversial (Possingham et al. 1990). Recently, Cartar and Dill 

(1990) were able to invoke risk-averse and risk-prone behavior from closely 

related species of bumblebees, which argues both for a longer term energy gain 

function, and for longer memory capabilities in bumblebees. It is not yet clear 

what role risk-sensitivity plays in determining the foraging behavior of animals. 

Field experimental tests of risk-sensitive foraging have been reported only 

very recently. In the first, Barkan (1990) reported only risk-averse behavior by 

chickadees. Cartar (1991) successfully elicited both risk-averse and risk-prone 

behavior by bumblebees (in contrast to Real, 1981). In this study, long-jawed 

spiders failed to switch from a supposed risk-prone strategy, challenging a widely 

cited example of risk-sensitive foraging. 

The imparlance of shifting focus 

This research demonstrates the importance of deliberately shifting focus 

with respects to temporal and spatial scales. The study of a system often requires 

a narrow focus at a particular temporal and spatial scale. It is therefore important 
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to periodically shift that focus to see if the proposed explanation makes sense 

when considering other spatial and temporal scales. For example, the C & G 

model focuses attention on small scale variation in prey capture rate; differences 

in prey captures from one web to the next web, often less than 0.5 m away. Yet 

there are likely patterns in prey availability at larger scales. A model of foraging 

behavior that focuses on patterns at one spatial scale may not make sense when 

considering larger patterns. Levin (1988, 1989) argues for this sort of multi-scalar 

approach to the study of ecology. . 

In a similar fashion, this research demonstrates the importance of shifting 

focus with respects to functional hypotheses. When we study the behavior of 

animals, we usually do so with a particular functional explanation for the behavior 

in mind. Since the purpose of webs is to catch prey, I first assumed that the 

differences between web-site tenures in rich and poor habitats were due to 

different foraging strategies. However, this study suggests that at least part of the 

difference in web-site tenures is due to different social interactions at high and low 

conspecific densities, which mayor may not involve different foraging strategies. 

Again, it is important to shift focus periodically, and consider the full range of 

factors that may affect the particular behavior under study. 
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Chapter 3 

Squirrel foraging and storing strategies: 

Testing Hypotheses. 

INTRODUCfION 

The eastern Gray squirrel (Sciurus carolinensis) depends heavily on the 

masts produced by nut trees for food during the fall and winter months 

(Thompson and Thompson 1980, Korschgen 1981). The squirrel plays a dual role 

in its relationship with these tree species: it is both an important predator of 

seeds, yet it is also an important seed dispersal agent (Stapanian and Smith 1984, 

1986). In some forests, the squirrels are especially dependent on acorns (Nixon 

et. al. 1968, Lewis 1982). Acorns vary tremendously in their physical and chemical 

properties. In eastern and midwestern USA, oak (Quercus) tree species can be 

grouped into two subgenera which differ in certain acorn properties. The red and 

black oaks, subgenus Erythrobalanus (RO), produce acorns with high 

concentrations of lipids (18-25%), and tannin (6-10%). The white oak group, 

Lepidobalanus (WO), produces acorns with low lipid and tannin concentrations 

(typically 5-10%, and <2%, respectively) (Ofcarcik and Burns 1971, Short and 

Epps 1976). Lipids may be a desirable dietary component of acorns, because of 

their high energy content. Tannins are secondary plant metabolites. They are 

generally regarded as defensive chemicals, deleterious to herbivores and 
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granivores (Feeny 1975, Levin 1976, Zucker 1983, Butler et a1. 1986). Because 

RO acorns have higher concentrations of both lipids and tannins, they present an 

interesting dilemma to the squirrels. 

Previous studies of squirrel food preferences have yielded contradictory 

results. This is true of both laboratory and field studies. Smith and Follmer 

(1972) found captive gray squirrels (and fox squirrels, ~. niger) preferred RO over 

WO acorns. They suggest squirrels prefer RO acorns because of their higher 

energy content (due to the higher lipid content). In contrast, Short (1976) and 

Havera and Smith (1979) concluded from their laboratory experiments that 

squirrels prefer WO acorns. They, and Ofcarcik et a1. (1973) suggest that squirrels 

avoid acorns with high tannin concentrations. Smallwood and Peters (1986) 

offered artificial acorns of different tannin and fat concentrations to free-ranging 

gray squirrels. We found that squirrels avoid high-tannin artificial acorns, 

suggesting that squirrels prefer natural WO acorns. Nixon et a1. (1968) report that 

squirrels prefer WO acorns, and cite earlier field studies to support their 

conclusion. In contrast, Lewis (1980) assessed the diet of wild squirrels by 

collecting and identifying acorn shells remaining from squirrel foraging: he 

concludes that squirrels prefer RO acorns. 

Smallwood and Peters (1986) propose an hypothesis to account for these 

contradictory results. They recognized that squirrel food preferences cannot be 
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studied independently of their storing preferences) as the two may be integrated 

into a single feeding/storing strategy. Most of the foods eaten by squirrels in the 

winter are seeds they have cached into scatter hoards the preceding fall 

(Thompson and Thompson 1980). Long-term considerations about what items to 

store for the winter may affect short-term decisions about what items to eat in the 

fall. Although optimal foraging theorists have been aware of the distinction 

between long-term and short-term maximization processes for some time (Pyke et 

al. 1977), trade-offs between rewards in different time scales are only recently 

being rigorously investigated (e.g., Real et al. 1990, Mitchell 1990)~ 

Smallwood and Peters note that acorns of the WO group generally 

germinate early in the fall, moving much of the reserves of the acorn into a 

taproot (Fox 1982). This taproot is apparently not palatable to squirrels (Smith 

and Follmer 1972). In this sense, WO acorns may be regarded as more perishable 

than RO acorns. Therefore, we hypothesize that squirrels should preferentially 

store the non-perishable RO acorns for future use, and eat the WO acorns 

immediately. This hypothesis explains many of the apparent contradictions 

discussed above. For example, Smith and Follmer (1972) note that their WO 

acorns had already sprouted, accounting for their findings of RO acorn 

preference. Lewis (1982) collected acorn shells left on the snow after squirrels 

had fed on acorns retrieved from their hoards. In accordance with our hypothesis, 

Lewis found a preference for RO acorns in these stored acorns. Smallwood and 
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Peters (1986) conducted their feeding trials immediately after dawn: a time when 

squirrels only feed and do not cache food items. Hence, Smallwood and Peters 

found a preference for WO acorns (See Smallwood and Peters (1986) for further 

discussion ). 

Smallwood and Peters (1986) further hypothesize that squirreis use tannin 

or tannin and fat concentrations to distinguish between RO and WO acorns. 

Assuming tannins do function as defensive chemicals, one might expect dormant 

seeds to be defended with higher levels of tannin. Thus, squirrels might use high 

tannin level as an indicator of dormant, non-perishable seeds, suitable for caching. 

Nesdill and Williams (1988) also suggest that squirrels may use high tannin content 

as a cue to bury nuts. 

Smallwood and Peters (1986) base their hypothesis about squirrel behavior 

on a supposed ultimate (adaptive) advantage to the behavior: squirrels that 

preferentially feed on perishable items, while storing less perishable items for 

future, use should be more likely to avoid food shortages and survive the winter. 

There are, however, other possible advantages to storing RO acorns in the ground 

before feeding on them. Inspired by her findings that squirrels prefer 1-year-old 

RO acorns (Q. rubra) over fresh RO acorns (Sork 1984), Sork (pers. comm.) 

suggests that tannins may leach out of acorns while they are stored in the ground. 

If acorn tannins are deleterious to squirrels, and if tannins do leach out of acorns 
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while they are stored in the ground, then it may be advantageous for squirrels to 

preferentially bury the high-tannin RO acorns, while preferentially feeding on WO 

acorns. While these two hypotheses regarding ultimate advantages of the squirrel 

behaviors are alternatives, they are certainly not mutually exclusive. 

In this chapter, I present the results of three experiments. The first 

experiment directly tests the behavioral hypothesis that squirrels preferentially 

bury RO acorns, while feeding on WO acorns immediately. The second 

experiment tests the hypothesis that tannin and/or fat concentrations of acorns 

are the proximate cue for this behavior. The third experiment tests a critical 

assumption of the alternative, tannin-leaching hypothesis; namely, tannin levels 

decline in acorns stored in the ground during the winter months. 

Other data relevant to the question of squirrel foraging/storing preferences 

were collected during the last experiment. We examined the acorns for insect and 

microbial infestation, and found that one of the WO acorn species (~ alba) is 

more susceptible to damage than RO acorns. I argue that WO susceptibility to 

infestation is another factor contributing to the perishability of WO acorns. 

The results of this study may have implications beyond a clearer 

understanding of squirrel foraging strategies. They may help us understand the 

dispersal of oak and other tree species used by squirrels. Squirrel storing 
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strategies may affect the dispersal and regeneration patterns of tree species 

(Stapanian and Smith 1978, 1984, 1986). Other animal seed hoarders may play an 

important role in seed dispersal, and may affect patterns of regeneration and 

population structure of tree species (e.g., Tomback and Linhart 1990: see Howe 

and Smallwood 1982, Smith and Reichman 1984, Vander Wall 1990 for reviews). 

The perishability of different species of seeds may be a critical factor for many 

animal dispersal agents (Reichman 1988, Post and Reichman 1991). Thus, gray 

squirrel foraging strategies may help us understand forest population and 

community structure for trees dispersed by squirrels. The hypotheses presented 

here may help explain the foraging/hoarding strategies of other seed hoarders, and 

perhaps the dispersal ecology of their plant species as well. In the discussion 

section, I review evidence from the literature supporting the idea that these 

hypotheses may apply to other plant-animal dispersal systems. 



EXPERIMENT I: DO SQUIRRELS PREFERENTIALLY BURY RED OAK 

AND EAT WHITE OAK ACORNS? A TEST OF THE BEHAVIORAL 

HYPOTHESIS 

Materials alld Methods 
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My research assistants and I collected acorns from black oak (Q. velutina) 

trees, members of the RO group (USDA 1974). We collected white oak (Q. alba) 

acorns as representatives of the WO group. These oak species were chosen 

because the acorns could be collected locally, and the local Q. alba and velutina 

acorns were closer in size than other locally available RO-WO pairs. Acorns were 

collected in late September 1985 from the ground under black oak trees on the 

campus of Ohio State University, in Columbus, Ohio USA, and from public parks 

near Dayton, Ohio. It is unlikely that the acorns had been on the ground longer 

than two weeks, due to previous collections and groundskeeping activities. We 

evaluated the acorns by eye and hand, and discarded any that had exit holes from 

larval infestation, appeared discolored or felt underweight. The remaining, 

presumably "sound" acorns were stored in a home freezer at -5 to _3°C, and were 

thawed at room temperature the night before feeding trials. 

Feeding trials were conducted with unmarked, free-ranging gray squirrels 

on the campus of Ohio State University, in Columbus Ohio. This campus is 

comprised of large, manicured lawns lined with mature trees, including many nut-



producing species. The numerous resident squirrels exhibit natural feeding and 

storing behaviors, but are habituated to people, allowing close approach and 

observation. 
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A feeding trial was set by dropping a single acorn in the vicinity of a 

solitary, foraging squirrel. The trial began when the squirrel found the acorn, as 

defined by sniffing at it from close « 1 cm) range. We recorded whether the 

squirrel picked up the acorn, and whether it began to eat the acorn, or buried it. 

If the squirrel found the acorn, we measured how long it spent eating. We 

classified an acorn as rejected if it was eaten for less than 100 seconds (s), as our 

observations indicated that most of the acorn remains uneaten if it is dropped in 

less than 100 s. We also recorded the date, time of day, temperature and 

winds peed with each trial. A trial was discarded if the squirrel seemed disturbed 

by dogs, passersby, raptors, or other squirrels. We recorded the location of each 

trial, and in the few cases where individual squirrels were distinguishable by scars 

or unusual markings, we noted the individual squirrel in the trial. To preserve the 

independence of the trials, we did not offer the same species of acorn twice at any 

location, except at those locations where different individual squirrels could be 

distinguished. We estimate that approximately 35 squirrels were involved in these 

trials. We collected data for twenty-seven acorns of each species. 
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Trials were conducted on 12 different days between 18 October to 9 

November, 1985. Several acorns of each species were tried on each day. We ran 

trials from 1.5 to 3 hours after dawn, a time when squirrels exhibit both feeding 

and caching behaviors (in contrast, Smallwood and Peters {1986} ran trials only 

immediately after dawn, to avoid caching behaviors). 

Results 

Because some acorns of each species were tried each day, there were no 

significant differences between RO and WO acorns in date, time of day, or 

weather during trials. Thus, the results reported here are unlikely to be due to 

confounding effects. 

Most of the RO acorns were buried, while most of the WO acorns were 

eaten. Only one WO acorn was buried. None of the acorns were partially eaten 

before burial. More WO than RO acorns were rejected (Figure 5). I compared 

the distributions of squirrel behaviors towards RO and WO acorns, using a G-test 

(goodness of fit; Sokal and Rohlf 1981 p. 722), and found them to be different 

(p«O.OOl). 
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It is possible to partition the G-values, and compare the proportions of 

acorns eaten and cached between RO and WO acorns (Sokal and Rohlf 1981, 

p.727). RO acorns were more likely to be buried (p=O.02S) and WO acorns were 

more likely to be eaten (O.OOl<p<O.Ol). I cannot conduct a similar comparison 

of rejected acorns, because there were too few rejected acorns. The data 

reported here support our hypothesis that squirrels preferentially eat WO acorns 

while storing RO acorns for future use. 



70 

Figure 5. Number of acorns buried, eaten, or rejected. Numbers beside each 
column specify the exact number of acorns buried, eaten or rejected. RO acorns 
were Q. rubra, and WO acorns were Q. alba. Twenty seven acorns of each type 
were offered to free-ranging squirrels. The squirrels buried significantly more RO 
acorns, and ate more WO acorns, as predicted by the behavioral hypothesis. 
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EXPERIMENT II: DO SQUIRRELS USE TANNIN AND/OR FAT TO 

DISTINGUISH BETWEEN ACORNS? A TEST OF THE PROXIMATE CUE 

HYPOTHESIS 

Materials and Methods 

Smallwood and Peters (1986) made artificial acorns from WO acorn flour. 

Since WO acorns are low in both tannin and fat, we could vary tannin and fat 

levels by adding tannin, or fat, or both to the artificial acorns (doughballs), 

bringing them up to the same tannin and/or fat levels of RO acorns. This allowed 

us to separate the effects of tannin and fat on squirrel preference. However, 

Smallwood and Peters (1986) deliberately avoided caching behaviors by squirrels, 

by running trials during and shortly after dawn, when squirrels rarely cache food 

items. Here, I use similar methods to test the hypothesis that tannins and/or fat 

serve as a proximate cue for squirrels choosing to eat, bury or reject an acorn. 

My research assistants and I collected, sorted, and shelled approximately 

1500 WO (Q. alba) acorns from a public park near Dayton, Ohio in late 

September, 1985. Acorns heavily damaged by insect larvae were discarded. 

Those with little damage had the undamaged portions removed, and were saved 

along with the undamaged acorns. About 4 kg of deshelled acorn meat (cotyledon 

and embryo) were coarsely ground in a shear-type meat grinder, and were dried 

overnight at 60°C. The dried acorns were then ground into flour in a Wiley mill. 
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Acorn flour was divided into 4 equal batches. We added 6% by dry weight 

tannic acid (molecular weight 1701.18, from MCB, Norwood, Ohio) to two 

batches. We added melted, partially hydrogenated vegetable fat (Crisco) to two of 

the batches to double the fat percentage. The additive compositions and the 

labels by which these batches will be referred to are summarized in Table 2. This 

design was chosen to allow comparisons where all but one variable are held 

constant: within tannin groups (A-B, C-D), only fat varies, and within fat groups 

(A-C, B-D), only tannin varies. The amounts of tannin and fat were chosen to 

mimic the levels found in RO acorns. Thus, A is essentially processed WO acorn 

flour, while D is simulated RO acorn flour. 

Vigorous stirring thoroughly homogenized the batches, and enough water 

(approx. 300 mIl 500 g acorn flour) was added to bring each batch to a doughy 

consistency. We used the barrel and plunger of a large bore hypodermic syringe 

to stamp out doughballs of about 1.7 cm in diameter and 5 g in mass. The 

doughballs were stored in a freezer, and thawed before use in the experiments. 

Batches were assigned numbers at random, allowing us to run the preference trials 

blind. 
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Table 2. The experimental design: additions to batches of acorn flour. Natural 
levels of fat and tannin in WO acorns are near 10% and 2%, respectively 
(Smallwood and Peters 1986, Ofcarcik and Burns 1971). For batch D, the totals 
(natural + added) of approximately 20% fat and 8% tannin are similar to those of 
typical RO acorns. 

=========================================== 

0% added tannin 

6% added tannin 

0% 
added fat 

A 

c 

10% 
added fat 

B 

D 
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Doughball feeding trials were run concurrent with the RO-WO preference 

trials of the first experiment. Twenty-seven doughballs of each type were 

presented to the squirrels. Many of the squirrels used in Experiment I were also 

used in this experiment. Although many squirrels received more than one type of 

doughball, we avoided giving the same type of acorn or doughball to any 

individual squirrel more than once. See the Methods section of Experiment I for 

details regarding the feeding trials. See Smallwood and Peters (1986) for a 

discussion of the use of time spent eating each doughball as an index of 

preference for the different kinds of doughballs. 

Results 

We presented 27 doughballs of each type to the squirrels. Only one was 

buried (a doughball from batch 13: only fat was added). It is not worthwhile to 

attempt a statistical analysis of a single caching event. Apparently, the squirrels 

did not find the doughballs suitable for caching. There were no significant 

differences in the amount of time spent eating between doughballs from different 

batches (SAS ANOV A procedures with raw and transformed data; no p-value was 

below 0.3). The mean time spent eating a doughball of each batch is presented in 

Figure 6. These experimental results offer no support for the hypothesis that 

tannin or fat levels are used as caching cues by squirrels. 



Figure 6. Mean time spent eating (± s.e.) doughballs from batches A-D. See 
Table 1 for the fat and tannin composition of each batch. Twenty seven 
doughballs of each type were offered to the squirrels. There were no significant 
differences between any of the batches of doughballs in time spent eating. 
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EXPERIMENT III: DO TANNIN LEVELS DECLINE IN BURIED ACORNS? 

A TEST OF AN ASSUMPTION OF AN ALTERNATIVE HYPOTHESIS 

The main purpose of this experiment is to find out whether tannin levels 

decline in buried acorns. In the course of this experiment, we collected data on 

insect and microbial infestations of buried acorns, because these infestations in 

stored acorns may reduce the value of the acorns for squirrels. If some species 

are more susceptible to infestations, those species may be considered more 

perishable. 

Contrary to the findings of Experiment I, Fox (1982) reports that gray 

squirrelS do bury WO acorns. According to Fox, squirrels prevent germination by 

"notchingll the acorns: removing the embryo by biting a small notch into the apex 

of the acorn. One might expect buried notched acorns to be more susceptible to 

infestations. In this experiment, I examine the consequences of notching out the 

embryos of WO acorns. 

Materials alld Methods 

Acorns for this experiment were obtained in late September and early 

October 1988. I purchased some of the acorns from Scheffield's Seed Company, 
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in Locke, NY, USA). These included Q. rubra (RO, collected from sources in 

Missouri), and Q. alba (WO collected from sources in Ohio and Iowa). Others 

were collected from private grounds in eastern Kansas. These included additional 

Q. rubra acorns, and a second WO species, Q. macrocarpa. I sorted the acorns by 

hand, and any acorns showing exit holes, discolorations, or seeming to be 

underweight were discarded. 

We planted acorns in two garden plots in the fall of 1988. Plot 1 was 

located in a suburban backyard in west-central Ohio, 10 km south of Dayton. The 

plot had been used to grow strawberries, tomatoes, string beans, parsley, and bell 

peppers during the previous several summers, and lay fallow during the winter 

months. The soil was mostly bare, well-tilled and aerated. On 25 October, we 

buried 66 RO and 80 WO acorns (Q. rubra and Q. alba, both purchased from 

Scheffield) in a regular array in a plot of 10 m2
• Each row was laid approximately 

20 cm apart, with the acorns planted in 20 cm intervals. RO and WO acorns were 

alternated within and between rows, so that most acorns were surrounded by 4 

acorns of the other species. Acorns were buried approximately 2 cm deep, to 

mimic squirrel caching habits (Barnett 1977). A strip of hardware cloth over the 

plot prevented pilferage by squirrels and other rodents. 

To mimic the squirrels behavior of excising embryos from WO acorns (Fox 

1982), I used a small knife to remove embryos from half (forty) of the WO acorns 
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before planting them. The remaining 40 were buried intact. All RO acorns were 

buried intact. 

Plot 2 was set up on 2 November 1988 in another suburban back yard. 

Plot 2 was located in northeastern Ohio, approximately 20 km south of Akron. 

Sixty RO and 60 WO acorns were cached in a pattern similar to that of Plot 1. 

All of the acorns buried in .Plot 2 were collected from Kansas, and the WO acorns 

used here were Q. macrocarpa. All of these acorns were buried intact. 

We retrieved samples of 10 to 30 acorns of each species from each plot at 

irregular intervals from 7 December 1988 to 17 April 1989. Each acorn was 

cleaned of dirt and weighed. I examined each acorns for insect larvae exit holes, 

splits in the shell, and protruding radicles. Each acorn was shelled, chopped into 

1/8 pieces, and visually inspected. I scored each acorn on a scale of 0-10 for 

insect damage to the cotyledon (0 = no visible damage, 5 = 50% of cotyledon 

eaten by insect larvae, etc.). Acorns were similarly scored for fungal damage, but 

I am less certain of my ability to recognize fungal damage. These data do not 

bear on the question of whether tannins decline in buried acorns, but they may 

offer further support to the original hypothesis of ultimate advantage: that WO 

acorns are not stored because they are more perishable (elaborated in 

DISCUSSION below). 
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After removing the frass (feces remaining from insect damage), the 

cotyledons from each acorn were sent to Prof. Stanley Faeth at Arizona State 

University for tannin analyses. Hydrolyzable and condensed tannins were assayed 

separately. Condensed tannins were measured using a modified acidified vanillin 

method (Broadhurst and Jones 1978), while hydrolyzable tannins were analyzed 

with a modified iodate technique (Bate-Smith 1977). See Faeth (1986) for details 

of the tannin assay procedures. Although these assay procedures may not give an 

accurate absolute measure of the physiological or ecological effects of tannins 

(Martin and Martin 1982, Hanley et al. 1992), they are repeatable. Therefore they 

can be used as a relative measure of tannin levels for within-experiment 

comparisons, and to see if tannin levels change over time (Faeth 1986). 

Working in Prof. Faeth's laboratory, Kyle Hammon assayed samples of 

each acorn for bacteria and fungi. Acorn fragments were surface-sterilized by 

immersion in 70% ethyl alcohol (4 minutes), followed by immersion in 50% 

chlorox bleach for 8 minutes, followed by a rinse of 70% ethyl alcohol. Surface 

sterilization was intended to eliminate any microbial contaminants obtained during 

the preceding analyses and handling. Acorn fragments were then plated onto a 

non-selective growth medium (potato dextrose agar) and incubated at room 

temperature (23°C) for two to four weeks. Plates were discarded after four 

weeks if no microbial growth was observed. Hammon classified microbial growths 

as bacterial, fungal, or both by examination with a light microscope. 
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Results 

Tannin assays did not reveal any significant decline in hydrolyzable or 

condensed tannin levels in RO through the months of burial in the ground (Figure 

7). This is true for both hydrolyzable and condensed tannins, in both plots. 

Regression analyses (SAS Regression) did show a significant relationship between 

the number of days buried and the dry weight percentage of tannins in RO acorns 

for hydrolyzable tannins in Plot 1, and condensed tannins in Plot 2 (Table 3). 

However, the slope of the regression line is positive in both cases, indicating that 

tannin levels actually increased during the time acorns spent buried. Thus, a 

critical assumption of the alternative hypothesis has been falsified. 

Squirrels tend not to bury WO acorns (Figure 5), and WO acorns typically 

have low levels of tannin anyway. Nevertheless, it is interesting that tannin levels 

in WO acorns did decline while buried in the ground (Figure 8). Regression 

analyses reveal a significant relationship between tannin levels in WO acorns and 

days buried for condensed tannins in Q. alba, and both hydrolyzable and 

condensed tannins in Q. macrocarpa (Table 3). The decline is particularly 

apparent in the Bur oak (Q. macrocarpa) from Kansas, which measured a starting 

tannin level more typical of RO acorns. I discuss implications of this finding later 

in this chapter. 



83 

There were no significant differences in insect damage, my assessment of 

fungal damage, or Hammon's assessment of fungal and bacterial presence 

between the notched and intact WO acorns of Plot 1. Nor were there any 

apparent trends: in some samples, I assessed notched acorns as more heavily 

damaged by fungus, even though Hammon was unable to culture fungi from any 

of those acorns (this incongruence calls into question the validity of our estimates 

of fungal damage--see below). In all remaining analyses of WO acorns, notched 

and intact acorns are pooled together. 

There were no significant correlations between my visual assessment of 

fungal damage and Hammon's ability to plate fungi from the acorn fragments. 

The lack of correlation was due to mismatches in both directions; Hammon was 

often able to grow fungi from acorns where I saw no damage, and unable to grow 

fungi from acorns that I assessed as heavily damaged by fungi. In a few cases, 

Hammon was unable to culture fungi, even when the acorns were completely 

overgrown by fungal hyphae (by both his and my assessment). I examined several 

different transformations and truncation functions of my assessment of fungal 

damage, and none improved the correlation. Adding the bacterial growths 

Hammon cultured to the analyses did not improve the correlation. 
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Figure 7. Hydrolyzable and condensed tannins in buried RO acorns. Shown here 
is the mean % dry mass (± s.e.) of hydrolyzable and condensed tannin for each 
sample of acorns, in Plots 1 and 2. "Initial" denotes a sample of acorns taken on 
the day the acorns were buried. Tannin levels do not decline in RO acorns, and 
in some cases increase during their months of interment. See Table 3 for 
estimates of the slope (and p-values) from regressing tannin level against the 
number of days spent buried. 
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Figure 8. Hydrolyzable and condensed tannins in buried WO acorns. Shown here 
is the mean. % dry mass of hydrolyzable and condensed tannins for each sample of 
acorns. Note, in Plot 1, the WO acorns were Q. alba, and in Plot 2, I used Q. 
macrocarpa. Q. macrocarpa acorns had higher tannin levels, more typical of RO 
acorns. T~nnin levels in WO acorns did decline with time. See Table 3 for 
estimates of the slope (and p-values) from regressing tannin level against the 
number of days spent buried. 
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Table 3. Regression coefficients for tannin levels (by dry weight) in RO and WO 
acorns. Tannin levels were regressed against the number of days the acorns spent 
buried in the ground. Condensed and hydrolyzable tannins were analyzed 
separately. The estimated slopes of the regression lines, p-value that each slope is 
equal to zero, and the adjusted R-square values are from SAS Regression 
procedure. 

est. slope ± s.e. 

RO acorns, Q. rubra 

Hydrolyzable tannins 

Plot 1 
Plot 2 

Condensed tannins 

Plot 1 
Plot 2 

+0.0192±0.0046 
-0.0029±0.0184 

-0.001O±0.0007 
+0.0029±0.0009 

p-value 

0.0001 
0.8752 

0.1728 
0.0016 

WO acorns: Plot 1 = Q. alba, Plot 2 = Q. macrocarpa. 

est. slope ± s.e. p-value 

Hydrolyzable tannins 

Plot 1 -0.0069±0.0059 0.2430 
Plot 2 -0.0370±0.0108 0.0012 

Condensed tannins 

Plot 1 -0.0011 ±0.0004 0.0107 
Plot 2 -0.0019±0.0005 0.0002 

adjusted R2 

0.1878 
• 

0.0127 
0.1568 

adjusted R2 

0.0056 
0.1574 

0.0787 
0.2130 

=========================================== 
·The correlation here was so poor that artifacts of calculation yield a negative R
square. 
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In Plot 1, insect damage was higher for WO than RO acorns (Figure 9). 

By the end of the experiment, Q. alba acorns had an average of 25% of their 

cotyledon mass reduced to frass, while there was no damage in any of the RO 

acorns of the final sample. I compared the amount of insect damage to RO and 

WO acorns, using a t-test procedure for unequal variances (Sokal and Rohlf 1981, 

p. 411). WO acorns suffered significantly more damage 

(t= 8.77, df= 26, p< <0.001). 

In Plot 2, there was no difference in the amount of insect damage suffered 

by RO and WO acorns (Figure 9). This may be due to the high level of tannin 

found in Q. macrocarpa acorns used to represent WO acorns in this plot 

(Figure 8). 
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Figure 9. Insect damage to buried acorns. Graphed here are the mean values (± 
s.e.) of my visual estimates of % cotyledon eaten away by insect larvae, for each 
sample of RO and WO acorns. In Plot 1, Q. alba acorns were significantly more 
heavily damaged than Q. rubra acorns. In Plot 2, there was no difference between 
the amount of damage to Q. macrocarpa and Q. rubra acorns. This may be 
related to the fact that these Q. macrocarpa acorns were collected in Kansas, 
where they have tannin levels and dormancy schedules more typical of RO acorns. 
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DISCUSSION 

Experimelll I 

The results of Experiment I are clear cut. At least at this study site, gray 

squirrels preferentially bury Q. rubra acorns, while feeding on Q. alba. These 

results corroborate the behavioral hypothesis that squirrels preferentially bury RO 

acorns, and eat WO acorns rather than cache them. These results are consistent 

with reports that gray squirrels prefer WO acorns in the fall, and RO acorns in 

the winter (Lewis 1980, 1982). 

I argue that this storing/foraging behavior is a response to the early 

germination schedule of WO acorns. Fox (1982) argued that gray squirrels deal 

with the early germination by excising the embryo ("notching") before caching WO 

acorns., Interestingly, Fox (1982) notes that squirrels buried more RO than WO 

acorns, but does not discuss the relevance of this. We did not see embryo excision 

during our feeding trials, even though we were watching it. Several other squirrel 

biologists have looked for this behavior without success (Lucia Jacobs, Princeton 

NJ; Michael Steele, Winston-Salem NC; Daureen Nesdill, Auburn AL; Alice 

Chung-MacCoubrey, Blacksburg VA; Christopher C. Smith, eastern Kansas: all by 

pers. comm.). Yet Fox (1982) reports notching from sites in Illinois, Michigan, 

and Florida, and Wood (1938) described notched WO acorns in New Jersey. 
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Pigott et al. (1991) report that in England, the recently introduced American gray 

squirrel notches out the embryos of native WO Q. robu[ acorns before caching 

them. Perhaps gray squirrels exhibit this notching behavior only when they must 

cache WO acorns, due to a scarcity of RO acorns and other nut species. Fox 

noted that WO acorns were abundant, and the RO acorn crop was poor at his 

Chicago study site. Squirrels at my study site in Ohio had a ready supply of 

several RO, WO, and other nut species. 

Expelimellt II 

The results of Experiment II are inconclusive. Only one doughball was 

buried during this experiment, thus no conclusions can be drawn about the 

proximate cues used by squirrels to distinguish WO from RO acorns. We know 

from Experiment I that squirrels are able to distinguish real WO from RO acorns. 

Smallwood and Peters (1986) present evidence that squirrels can smell the 

difference between 0% or 6% added tannic acid in artificial acorns, and several 

high-tannin doughballs were buried in the Smallwood and Peters (1986) study. 

Yet, in this study, squirrels did not differentiate between the different doughballs. 

It may be that squirrels use some other cue or combination of cues to recognize 

acorns. On the other hand, it may be that squirrels do use tannin and/or fat to 

distinguish real RO from WO acorns, but are reluctant to bury these soft, artificial 



acorns. Perhaps a variant of this experiment, where the doughballs are placed 

inside a hard shell of some sort, might yield more informative results. 
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Unlike the results reported in Smallwood and Peters (1986), squirrels did 

not show a significant difference in preferences in this study, as indicated by the 

mean times spent eating doughballs of different batches (Figure 6). The mean 

times spent eating were less than in Smallwood and Peters (1986), and the 

variances about those means are greater. Although this result was not anticipated, 

it should not be too surprising. Smallwood and Peters (1986) ran their trials at 

dawn when squirrels first emerge from their nests, in order to test squirrels at a 

standardized, high state of hunger. In contrast, these doughballs were offered to 

the squirrels later in the morning than in the original experiment, in the hope of 

observing caching behaviors. Therefore, these squirrels were on average more 

satiated, and more variable in hunger state. In addition, these doughballs were 

slightly smaller than in Smallwood and Peters (1986). 

Expen'mellt III 

It has been hypothesized that squirrels bury RO acorns to allow tannins to 

leach out. The results of Experiment III argue against this alternative hypothesis. 

Tannin levels in buried RO acorns did not decline, despite nearly 6 months in the 
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ground (Figure 7, Table 3). The larger fraction of tannins, the hydrolyzable 

tannins, are soluble in water. Hence, it was reasonable to hypothesize that tannins 

would leach out of acorns buried in the ground. Plot 1 was exposed to very wet 

conditions. In fact, the irregular intervals between samples were due to the fact 

that at times, the plot was literally submerged under 2 to 5 cm of water from an 

unusually wet winter. Most acorns sampled in March and April had splits in the 

husk, exposing cotyledons to water percolating through the soil. Yet, it appears 

that tannin levels in RO acorns actually increased slightly with time. 

The peak in hydrolyzable tannins in the 3 February RO acorns of plot 2 is 

curious. We have found nothing unusual about laboratory conditions on the day 

these acorns were assayed, yet I am suspicious about this peak. It suggests that 

tannin levels in RO acorns at this plot increased 70%, then returned to their 

original level, a pattern that strains credulity. This peak may be due to some 

undetected laboratory or other artifact. 

Tannin levels in WO acorns did decline during the study. While interesting, 

this is not directly relevant to the hypothesis, because squirrels tend not to bury 

WO acorns. RO acorns typically have a much higher lipid content than WO 

acorns (Ofcarcik and Burns 1971). It may be that the lipids help "waterproof' the 

cotyledon, preventing tannins from diffusing out. WO acorns, with their lower 

lipid content, may then be more prone to tannin leaching out into ground water. 



96 

The Bur oak, Q. macrocmpa 

The high levels of tannin in the Bur oak, Q. macrocarpa, are particularly 

interesting. Bur oak is usually classified as a member of the WO subgenus (Fox 

1982, USDA 1974), and Ofcarcik and Burns (1971) found low tannin levels in Bur 

oak acorns from Texas. However, these acorns were collected in eastern Kansas, 

where Bur oak acorns do not exhibit early germination, and they are cached 

(without embryo excision) by gray and fox squirrels (Christopher C. Smith, pers. 

comm.). In this sense, the Bur oak acorns are more like RO acorns. The high 

tannin levels of these Bur oak acorns is consistent with their dormancy and use as 

stored food by the squirrels. There may be other exceptions to the RO-WO 

categorization of oaks. Fleck and Layne (1990) report that "WO" Q. minima 

acorns in Florida have a higher tannin content than most RO acorns. 

Embryo excision of WO aconlS 

I notched the WO acorns of Plot 1 (sensu Fox 1982) to determine if there 

was a significant cost to storing notched WO acorns, in terms of increased loss of 

cotyledon to microbial infestation. I expected higher levels of damage in notched 

acorns. This was not the case. Notched WO acorns were not significantly 

different from intact WO acorns in any of my measures of damage, nor were they 
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more likely to test positive for microbial infestation by Hammon's procedures. In 

short, there is no significant evidence that notching WO acorns incurs significant 

costs in terms of lost cotyledon. However, given the incongruence between the 

different measures of microbial infestation, we cannot draw strong conclusions 

from this data set. 

Insect infestation of RO and WO acoms 

Whether notched or not, Q. alba (but not Q. macrocarpa) WO acorns 

showed higher levels of insect damage during storage than RO acorns. After 

several months of interment, Q. alba acorns lost an average of 25% of their 

cotyledons to insect larvae, while Q. rubra acorns lost very little. This is 

comparable to previous findings. Sork and Averett (1983) found a very low rate 

of insect infestation in Q. rubra acorns, while Semel and Anderson (1988) found 

high rates of infestation in Q. alba. Sork and Bramble (unpubl. ms.) studied oak 

reproduction in Missouri between 1981-88, and found Q. alba to have higher 

infestation rates than Q. rubra or Q. velutina (but see Wood 1938, who reports 

the opposite pattern from a regenerating forest in New Jersey). This represents 

another aspect of Q. alba acorns that makes them more perishable. Cached Q. 

alba acorns (and perhaps other, low-tannin WO acorns) become less valuable not 

only through early germination, but also by loss of the food store to infestations. 
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I tried to exclude insect infested acorns from this study, but obviously many 

infested acorns passed undetected. Oviposition holes are too small to be 

observed, and acorns were noticed as underweight (feeling "hollow") only after 

insects had fed extensively on the cotyledons. Thus, early infestations (perhaps 

the majority of infestations in October) passed undetected. One might expect that 

granivorous rodents, like squirrels, are much better than humans at detecting 

infested acorns. However, Semel and Anderson (1988) conducted feeding 

experiments with infested and unififested Q. alba acorns presented to deermice 

(Peromyscus leucopus). They used X-ray images to identify infested and 

uninfested acorns before the experiments. Despite the fact that deermice showed 

a marked preference for uninfested acorn meat (presented after the shell had 

been removed), the mice did not distinguish between infested and uninfested 

whole acorns. This suggests that deermice are unable to detect infestations 

through the acorn shell. gray squirrels may not be able to do much better. 

Weckerly et al. (1989) conducted feeding experiments with infested and uninfested 

Q. nigra (listed as a high-tannin RO species by Ofcarcik and Burns 1971), again 

using X-ray images to identify infested and uninfested acorns. Weckerly et al. 

found no statistically significant evidence that squirrels were able to detect insect 

infestations, except perhaps in the case of acorns with exit holes (usually the most 

heavily damaged acorns). This result is surprising in light of earlier studies 

suggesting that gray squirrels do discriminate against infested acorns (Dennis 1930, 

Lloyd 1968; miscited by Weckerly et al. as supporting their conclusion). Perhaps 
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squirrels can only detect infestations in the most heavily damaged acorns. Thus, 

this additional perishability factor--that stored WO acorns are more severely 

degraded by insect infestation--is probably a real factor for gray squirrels, and for 

other acorn hoarders. Even if a seed hoarder is able to detect insect infestation, 

species with higher seed infestation rates should be cached less often because of 

the infestations. 

It is i1lferesting that in both plots, RO acoms sampled early in the experime1lf 

showed low levels of insect damage, while sampled later had no damage at all. This 

may indicate that RO acoms are able to repair or "heal over" the slight damage 

caused by the early imtars of insects. 

Tannins 

Experiment III suggests that squirrels feeding on RO acorns ingest high 

levels of tannin, regardless of whether these acorns are fresh or retrieved from 

buried caches. Tannins are a class of polyphenols that are widely cited as 

antinutritive agents (reviewed in Butler et al. 1986). Smallwood and Peters (1986) 

present circumstantial evidence that tannins do not inhibit squirrels' ability to 

digest protein (one of the classic effects of dietary tannins). At that time, we were 
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unaware of any studies demonstrating that a vertebrate could circumvent the 

deleterious effects of tannins. However, it turns out that there are several studies 

indicating that some mammals are able to circumvent the effects of tannins. 

As early as 1983, Atsatt and Ingram (1983) had shown that some woodrats 

(Neotoma fuscipes) from certain locales preferred a diet of 60% high-tannin oak 

leaves, and they presented evidence that N. fuscipes actually detoxifies dietary 

tannins. Deermice (Peromyscus leucopus) captured from RO forests in Kansas 

are able to subsist on RO acorns indefinitely (Briggs and Smith 1~89). Meshano 

et al. (1987) describe the physiological adaptations of the common lab rat Rattus 

rattus to dietary tannins. When fed tannin-rich diets, juvenile lab rats initially 

experience precipitous weight losses, for 2-3 weeks. During that time, their 

parotid salivary glands increase in mass 3 to 5 fold, and begin producing saliva 

with a high proportion of proline-rich proteins (PPR). After that, the rats return 

to normal or near normal weight-gain trajectories. Meshano et al. (1987) suggest 

that PPRs binds with tannins in the proximal portion of the alimentary canal, 

protecting the rat's digestive enzymes and tissues from the harmful effects of 

tannins. Similar results were obtained with lab mice (Mus musculus, Meshano et 

al. 1987). Robbins et al. (1991) have done feed-fecal experiments with captive 

animals suggesting black bear (Ursus american us) and mule deer (Odocoileus 

hemionus) are able to circumvent the deleterious effects of tannins with similar 

salivary secretions. 



101 

The ability to ingest dietary tannins without deleterious effects is not 

universal among mammals. Despite their findings with black bear and mule deer, 

Robbins et al. (1991) found that sheep (Ovis aries) suffer reduced digestive 

efficiencies when tannin is added to their diet. Unlike rats and mice, hamsters 

(species unspecified) are unable to adapt to tannin-rich diets (Meshano et al. 

1987). Atsatt and Ingram (1983) report that N. lepida (another woodrat species, 

sympatric with N. fuscipes) reduced its food intake to the point of severe weight 

loss, rather than ingest tannin-rich oak leaves--even though its digestive efficiency, 

polyphenolic degrading capability, and nitrogen retention efficiency on an oak leaf 

diet were equivalent to N. fuscipes. Different susceptibilities to tannin poisoning 

can even be found between different neighboring populations of the same species. 

Briggs and Smith (1989) found that r.. leucopus collected from a WO forest in 

Kansas showed signs of tannin poisoning when fed RO acorns, even though 

conspecifics from a nearby RO forest were able to feed on RO acorns without 

apparent ill effects (although the affected mice might have been able to adapt to 

tannins after a few weeks--see Briggs and Smith 1989). 

While it may seem likely that gray squirrels, which feed heavily on RO 

acorns, are able to circumvent tannins, it is by no means certain. No one has yet 

published results of experiments to measure the effects of acorn tannins on 

squirrel digestive efficiencies. At this writing, at least one researcher (Chung

MacCoubrey) is working on this question. 
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Oak dispersal 

Squirrel hoarding activities can affect the dispersal of nuts, and of seedlings 

(Stapanian and Smith 1978, 1984, 1986), because squirrels cache acorns in the 

ground, increasing the likelihood of germination ("directed dispersal" in the 

terminology of Howe and Smallwood 1982). This study suggests that the dormant 

RO acorns are cached far more often than non-dormant WO acorns. WO acorns 

are either eaten (this study), or killed by embryo excision before caching (Fox 

1982). Acorns that are not hidden by being buried are unlikely to survive in 

temperate forests (Wood 1938, Barnett 1977, Sork 1984; Kikuzawa 1988 for oaks 

in Japan). Therefore, I predict that RO acorns are generally dispersed more often 

than WO acorns. I know of no data set that would permit a rigorous test of this 

prediction. However, Stapanian and Smith (1986) studied forest regeneration at 

the edges of forests. They report that Q. muehebergii seedlings, another WO 

species, did not occur far enough from the forest edge to rule out wind dispersal 

of the acorns. 

In eastern and midwestern USA, squirrels are not the only dispersal agent 

for acorns. Blue Jays (Cyanocitta cristata) harvest large numbers of acorns (Smith 

1986). In Michigan, Harrison and Werner (1984) report that Blue Jays were 

mostly responsible for moving acorns into patches of open habitat, but they did 

not distinguish between RO and WO species. Darley-Hill and Johnson (1981) 
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studied Blue Jay hoarding in Virginia. They noted that Blue Jays transported pin 

and black oak acorns (Q. palustris and velutina, respectively; both RO species), 

but did not transport the WO, Q. alba, despite a large nut crop. This suggests 

that Blue Jays, like squirrels, preferentially store (and thereby disperse) RO 

acorns. 

Johnson and Webb (1989) used paleo-pollen analyses to track the 

postglacial recolonization of eastern North America by oak, beech (Fagus), and 

chestnut (Castanea) species. Oaks spread the fastest. The required dispersal 

distances are too great to have been accomplished by squirrels alone. Johnson 

and Webb argue that only Blue Jays could have moved acorns far enough and fast 

enough to account for the rapid rate of recolonization. From my studies, I predict 

that RO species advanced much faster than WO species. Again, the data set test 

needed to test this prediction does not yet exist; the paleo-pollen analyses do not 

separate RO from WO species. 

Oaks have a world-wide distribution. It may be possible to apply these 

same hypotheses to oaks in other regions. Bossema (1979) reports that European 

Jays (Garrulus garrulus) store and eat acorns of several species of oak in the 

Netherlands, and Japanese field mice (Apodemus spp.) scatterhoard acorns in the 

broadleaf forests of Japan (Miyaki and Kikuzawa 1988). Wong (1989) reports 

that in Panama, Acorn Woodpeckers (Melanerpes formicivorus) lose many acorns 
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in their granaries because the acorns germinate (this is not likely in the USA, 

because of the drier climate in the woodpecker's USA range). However, great 

care must be taken when applying these hypotheses to other oak dispersal 

systems. First, one cannot assume that the oak species are ecologically equivalent 

to the RO and WO groups of midwestern USA, even if they are phylogenetic ally 

classed as such. In general, I do maintain that dormant, heavily defended acorns 

should be stored, while early germinating, vulnerable acorns should be eaten 

immediately. It is important to note, however, some oak species that are 

phylogenetically classified with one group of oaks exhibit ecological properties 

more consistent with the other group. Even within an oak species, different local 

populations may have to be considered differently (e.g., the Bur oak, Q. 

macrocarpa; see above). 

The details of how animal hoarders distinguish between different groups of 

acorns may be important. Consider an oak variety whose acorns exhibit the cue 

used by hoarders to recognize dormant seeds, then escape later harvest by 

germinating early (i.e., deceiving the animal). Such a variety would likely enjoy a 

large selective advantage). Other aspects of the animals' natural history may 

influence its foraging/hoarding strategy. For example, Blue Jays may not disperse 

Q. rubra because the acorns are too big to fit in their beaks (Darley-Hill and 

Johnson 1981). The relative time it takes to cache or eat an item also may 

influence the foraging/hoarding strategy (Jacobs 1992). In short, it may be 



possible to apply these hypotheses to other hoarders and oak forests elsewhere, 

but one must study the details of each particular system. 

Other seed hoarder dispersal systems: Clark's Nutcracker and Pines 
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Many other plant species depend on seed-hoarding animals for dispersal 

(Howe and Smallwood 1982, Smith and Reichman 1984, Vander Wall 1990). I 

contend that in general, hoarders should preferentially store the least perishable 

seeds available, and eat the others immediately. In some dispersal systems, early 

germination may render certain species of seeds more perishable for many animal 

species. The hypotheses I propose for squirrels and oaks may apply to these 

other systems as well. I hypothesize that Clark's Nutcracker (Nucifraga 

columbiana) prefers t~ cache the seeds of certain pine (Pinus) species, and eats 

others without caching them. I propose that these nutcracker preferences are 

ultimately shaped in part by the dormancy of the cached pine seeds. Further, I 

propose that pine species with dormant seeds have different dispersal patterns and 

population structures than early-germinating pine species, as a result of the 

nutcracker foraging/hoarding strategy. Below, I cite evidence from the literature 

to support these propositions. 
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The nutcracker-pine system has been intensively studied (reviewed in 

Vander Wall 1990, pp. 71-73). Nutcrackers depend on fresh pine seeds for 

survival through late summer and fall, and stored pine seeds from their 

scatterhoards through fall and winter (Giuntoli and Medwalt 1978, Vander Wall 

and Hutchins 1983). Some pine species have >90% of their seeds harvested by 

nutcrackers (Vander Wall 1990). The seeds of some pine species possess traits 

particularly suited for harvest by nutcrackers (Lanner 1982, 1985; Vander Wall 

and Balda 1977), and Clark's nutcracker exhibits morphology and behaviors that 

appear highly specialized for the collection and transport of pine seeds (Vander 

Wall and Balda 1981). Biologists studying this system suspect a long, 

coevolutionary history between Clark's Nutcracker and several pine species 

(Vander Wall and Balda 1981, Tomback 1982, Tomback and Linhart 1990). 

If some of the pines used by Clark's Nutcracker germinate early (sensu 

white oak acorns; Fox 1982), and if early germination reduces the palatability, 

ease of retrieval, or otherwise renders those seeds more perishable than dormant 

seeds, then my hypotheses predict that nutcrackers preferentially bury dormant 

species, and feed on the others. While none of the preceding "if' statements has 

been rigorously verified, the available evidence is supportive. 

In the Sierra Nevada mountains of central California, Clark's Nutcracker 

forages intensively on pinon (Pinus edulis), Jeffrey (r. jefferyi), white bark (r. 
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albicaulis) (Tomback 1978), and limber (£. flexilis) pine seeds (Tomback and 

Kramer 1980). White bark and limber pine seeds require a 1 to 4 month cold 

stratification period to break seed dormancy and allow germination, while pinon 

and Jeffrey do not (USDA 1974). Thus, it is possible that pinon and Jeffrey seeds 

germinate early, just as white oak acorns do. My hypothesis then predicts that 

white bark and limber seeds are stored, while pinon and Jeffrey are not. 

Interestingly enough, Tomback (figure 12 in Tomback 1978), and Tomback and 

Kramer (1980) report that most of the Jeffrey and pinon seeds eaten by 

nutcrackers in the Sierra Nevadas were fresh seeds, while most of the white bark 

and limber seeds eaten were retrieved from caches. Tomback does not discuss 

the significance of this pattern of behavior. 

In northwest Utah, nutcrackers use limber and single leaf pinon (£. 

monophylla) seeds. Vander Wall (1988) compared the proportion of seeds eaten 

or placed into the Nutcrackers' sublingual pouch (presumably for transport to 

storage sites). He found no difference between the single leaf pinon and limber 

pine seeds in the proportions pouched or eaten. USDA (1974) recommends a 

cold-stratification period to germinate both the single leaf and the limber pines, so 

my hypothesis would not predict a difference between limber and single leaf 

pinon. Again, the reported behaviors are consistent with my hypothesis. 

The nutcrackers' behavior may affect the population structure of pine trees. 
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Lanner (1980) pointed out that white bark and limber pine trees are often found 

in a peculiar, multitrunked growth form. Because Clark's Nutcrackers often place 

several seeds together in a cache, Lanner suspected that the multitrunked growth 

forms were the result of un-retrieved nutcracker caches, and that each trunk was 

actually a separate individual, grown from a different seed in the cache. Linhart 

and Tomback (1985) studied the multitrunk forms of white bark and limber in 

Colorado and Wyoming. They used electrophoretic analyses based on two to four 

gene loci to confirm Lanner's suspicions--the different trunks were different 

genetic individuals. Linhart and Tomback (1985) argue that Clark's Nutcracker is 

most likely to have dispersed seeds in this fashion. Fumier et al. (1986) studied 

the multitrunked forms of white bark in the Canadian Rocky Mountains, using 

more elaborate electrophoretic techniques. They found that the different trunks 

of each multitrunked "clump" were more closely related to each other than to 

trunks of nearby clumps. This is again consistent with nutcracker hoarding 

behavior; nutcrackers fill their sublingual pouches with many half-sib seeds from 

the same cone or tree, then fly to a caching site to store the seeds. 

Curiously, neither Jeffrey nor pinon pines are reported to occur in 

multitrunked growth forms (noted by Fumier et al. 1986). Nutcrackers harvest 

seeds from these pines as well as white bark and limber; therefore, the absence of 

multitrunked forms in Jeffrey and pinon is puzzling. However, my hypothesis may 

explain this puzzling absence. If pinon and Jeffrey pine seeds do germinate early, 



nutcrackers should harvest them for immediate consumption rather than for 

storage. Tomback's (1978) dat8 corroborates this. 
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While this scenario is internally consistent, it is far from certain. The fact 

that pinon and Jeffrey seeds can be germinated without a cold stratification 

treatment does not mean that these pine seeds actually do germinate early in the 

field. Further, it is not certain that early germination would render pine seeds 

more perishable for Clark's Nutcracker. These assumptions must be verified in 

the field to test my hypothesis. Just as in oaks, the same species of pine may 

exhibit different seed traits in different locations. While Tomback (1978) reports 

that pinon seeds were not cached by nutcrackers in the Sierra Nevadas of 

California, Vander Wall and Balda (1977) report that nutcrackers do cache pinon 

seeds in White Mountains of northern Arizona. Similarly, Vander Wall and Balda 

(1977) state that nutcrackers in Arizona probably do not store bristlecone pine 

seeds (.E.. aristata), while Lanner et al. (1984) suspects nutcrackers in the Sierra 

Nevadas do store bristlecone pine seeds (although this population is now 

segregated as .E.. longaeva; USDA {1974} lists no stratification period for .E.. 

aristata, but does not mention .E.. longaeva). Obviously, data from natural seed 

germination schedules in the field, nutcracker behaviors, and seedling distributions 

must all be collected [rom the same field location to adequately test my 

hypotheses. Despite these complications, the hypotheses have enough explanatory 

potential to be worth investigating further. 



110 

Temporal Scales 

Ecologists are becoming aware that ecological processes operate across 

several temporal and spatial scales (Levin 1988, 1989). Explanations that seem to 

make sense in one scale may not be viable when viewed from the perspective of 

other scales. For example, in chapter one, I tested the Caraco-Gillespie (1986) 

risk-sensitive foraging model. This model was designed to explain the curious 

pattern of behavior exhibited by the Long-Jawed spider. The explanation seemed 

to work when viewed from the perspective of small (on the order of a meter) 

spatial scales. However, if we consider slightly larger spatial scales, it becomes 

apparent that the model either requires unreasonable assumptions about the 

structure of habitats, or predicts implausible results (see chapter one). 

Here, we find temporal scales are as important as spatial scales. Squirrels 

may maximize the net energy intake of each foraging bout by concentrating on 

RO acorns, because the higher fat content of RO acorns increases their energy 

content (Smith and FoHmer 1972). However, because squirrels depend on stored 

food for the winter, their short-term considerations must be tempered by longer

term concerns. RO acorns are less perishable than WO acorns, due to dormancy 

and lower infestation rates. Therefore, squirrels maximize their total energy 

intake over the winter by feeding on the more perishable WO acorns first, and 

storing the RO acorns. It has been known for some time that maximizing energy 
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intake over longer time scales may require different behaviors than maximizing 

over shorter time scales (Pyke et a1. 1977). However, until recently, relatively few 

studies had been conducted that explicitly recognize this important aspect of 

temporal scales in foraging ecology (but see Katz 1974, Jaeger et a1. 1981, Paton 

and Carpenter 1984). Now, the recent interest in dynamic programming models 

of behavior (Mangel and Clark 1988, Houston and McNamara 1988) has spurred 

interest in time scale aspects of behavior (e.g., Otto 1989, Possingham et a1. 1990). 

Squirrel foraging behaviors cannot be understood except in the context of a long 

time scale, during which the WO acorns become progressively less valuable as a 

food source. This situation is similar to Mitchell's (1990) theoretical results, where 

foragers may sacrifice some instantaneous intake to enhance future foraging 

success. 

CONCLUSIONS 

WO acorns are more perishable than RO acorns for gray squirrels, because 

WO acorns germinate early in the winter (Fox 1982, Smith and Follmer 1972). 

For this reason, I predicted that gray squirrels should preferentially store RO 

acorns, while feeding on WO acorns to satisfy immediate energetic needs. In 

Experiment I, I confirmed this prediction. In Experiment II, I was unable to show 

whether tannin or fat levels are used by squirrels to recognize non-perishable food 
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items. Experiment III was conducted to determine if tannin levels in acorns 

decline while they are buried in the ground. If tannins decline, the squirrels' may 

bury RO acorns to improve the quality of RO acorns. The results of Experiment 

III contradict this assumption: Q. rubra acorns did not lose tannins during storage. 

In fact, there was a slight, but significant increase in tannin levels of RO acorns 

after several months in the ground. 

In the course of conducting Experiment III, I found that WO acorns are 

more susceptible to insect damage than RO acorns. This is another factor, along 

with early germination, that makes WO acorns more perishable than RO acorns. 

I present evidence from the literature that other animal hoarding/dispersal 

agents of acorns in eastern deciduous forests preferentially store RO acorns. 

Previous studies suggest that this behavior results in longer dispersal distances for 

RO acorns, and earlier recruitment of RO trees into open areas. This same 

scenario may apply to oak forests in other regions of the world. However, the 

details of dormancy schedules and chemical makeup of the acorns, as well as 

characteristics of the animal disperser, must be studied for each system, as the 

details may change the application of my hypotheses. For example, oaks that are 

phylogenetically classified in one subgenus may not always exhibit the critical 

ecological traits we associate with that subgenus; in Kansas, the acorns of the WO 

species Q. macrocarpa are apparently more similar to typical RO acorns. 
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I predict that most seed hoarders should preferentially store non-perishable 

seeds. Early germination may render many species of seeds perishable for many 

seed hoarders, with ecological consequences for both the animal hoarders and the 

plant species. As an example, I apply these hypotheses to the foraginglhoarding 

behavior of Clark's Nutcracker. It may be that Clark's Nutcracker preferentially 

stores dormant species of pine seeds, while feeding on non-dormant species. This 

hypothesis may explain why some pine species used by Clark's Nutcracker are 

found in multitrunked growth forms, while others--also used by Clark's 

Nutcracker--are not. These additional hypotheses require further investigation 

before they can be confirmed or refuted. 
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APPENDIX 

Assessing the habitat without assessing individual web sites: an analogy. 

Consider a large bag of coins. One draws a sample of several coins, flips each coin 

only once, and records the frequency of heads or tails from the sample. After 

flipping several coins, one can make a rough estimate of the average frequency of 

heads from this bag of coins, even though one has no information as to whether 

each individual coin is fair or biased (Mendenhall 1981). The bag of coins is 

analogous to a habitat, and each coin to a web site. By sampling a few web sites 

in a habitat, it may be possible for a spider to estimate the average availability of 

prey in the habitat as a whole, even though the daily variation at each web site 

prevents assessment of the average for any of the individual web sites visited. 
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