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THE ECOLOGY OF SPATIAL COGNITION
Adaptive patterns of space use and hippocampal size in wild rodents

L.F. JACOBS
Dept. of Psychology, University of California
Berkeley, California 94720, USA

“Just as the human body represents a whole museum of organs, each with a long evolutionary
history, so we should expect to find that the mind is organized in a similar way. It can no more
be a product without history than is the body in which it exists™.

Carl Jung, Man and His Symbols (1964)

1. Introduction

To understand the brain and its function, it will be necessary to understand its evolutionary
history. It is thus not surprising that one of most exciting developments in cognitive science
is the interface between cognitive neuroscience and evolutionary biology. Certain areas of
intersection may be more profitable than others, and in the present chapter, I will argue that
one of the most important questions is the ecological and evolutionary significance of
spatial cognition.

Spatial cognition is a major focus of cognitive neuroscience. Yetin the rush to understand
spatial cognition in humans, more fundamental questions have often been left behind. For
example, how did spatial cognition evolve? Why did spatial cognition evolve? What current
ccological variables predict specializations in spatial cognition and its neural basis? A
complete understanding of this ability will require multidisciplinary studies of the ecology,
mechanism and function of spatial cognition,

What is the ecology of spatial cognition? Ironically, an animal’s knowledge of the spatial
distributions of resources is the cornerstone of behavioral ecology, the study of the “survival
value of behavior” [40]. One of its basic tenets is that the spatial and temporal distribution
of critical resources, such as food, refuge or mates, will determine the spatial dispersion and
hence social organization behavior of animals competing for such resources [42). This
theory has predicted complex social and competitive interactions in a variety of animal
species, both vertebrate and invertebrate, terrestrial and aquatic [40].

In short, an animal’s knowledge of spatial distributions is critical to its survival and
reproduction. To study the evolution of this cognitive trait requires knowledge both of its
phylogenetic history and comparative studies of its current function. Comparative studies
demand a diversity of species to be powerful and it is a happy coincidence that we have
detailed knowledge of spatial cognition in a laboratory species, the Norwegian rat, which,
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asarodent, belongs to the most diverse order of mammals, the order Rodentia. Rodents have
invaded most habitats on Larth and show an incredible diversity of lifestyles, both
terrestrial, such as burrowing, running, gliding and climbing species, and aquatic. Rodents
thus occupy a vast array of “spatial niches”.

However, most rodents are solitary and nocturnal, taking in information largely via
auditory and olfactory channels. What kind of spatial complexity do they experience? How
is this related to their spatial Iearning ability and its ncural basis? Because the laboratory rat
has been the primary animal model for spatial cognition, it has also been the primary model
for the neurophysiology of this ability. Decades of research on this topic has identified the
important role of one forebrain structure in particular, the hippocampal complex or
formation. Although the precise role of the hippocampus in spatial computations is hotly
debated, its importance in integrating sensory information about cues in the environment
into a geometric coordinate system, or cognitive map, is now widely accepted (see chapters
by Nadel, and Schenk et al., present volume).

Unfortunately, most of the work on spatial learning in rodents has been conducted under
artificial conditions. Despite a sophisticated body of theory and physiological data on
spatial computations in rodents, we are still largely ignorant of the context in which this
ability has evolved. The purpose of the present chapter is to address this gap between theory
and real world rodents, by presenting data on the ecology of space use, spatial learning
ability and hippocampal size in a variety of rodent species.

2. Foraging and the Ecology of Spatial Learning

All mobile animals must track the spatial distribution of resources such as food, shelter and
mates. However some species face greater challenges than others; for some species,
resources may be more unpredictable in space and/or time, increasing the difficulty of
remembering their location. For example, it is a robust finding that in primatcs, a
frugivorous diet is associated with a larger brain size than is a folivorous diet [23]. At first,
this makes intuitive sense: fruits are more sparsely and unpredictably distributed than
leaves. Yet research on folivory has detailed the care with which foliovores must balance
their intake of plant secondary chemicals, resulting in complex leeding strategies [77]. And
if plants show individual differences in their production of protective chemicals | ] 6], then
foliovory would demand that a single, unchanging spatial distribution of trees must be
learned; in other words, a “reference memory” task [48]. In contrast, frugivores also learn
the spatial distribution of trees but face a heavier demand on their “working memory” {1}
for many frugivores, fruit ripens and cither rots, drops or is taken by a competitor. Even if
some trees characteristically produce better fruit, the important knowledge may be the
spatiotemporal distribution: when were the fruits last checked, would more fruits have
ripened by now, how many competitors have been in that area, etc.

2.1. THE CASE OF THE GRAY SQUIRREL

Such foraging decisions are faced not just by frugivorous primates but also by their
temperate counterpart, seed-eating tree squirrels. On my field site in New Jersey, eastern
gray squirrels (Sciurus carolinensis) foraged for sceds from a variety of tree species (three
oaks (Quercus), three hickory (Carya) and one walnut (Juglans)). Hickory trees produced
a seed high in lipids [24) and were the favored source of sceds to eat and cache, and nut
quality varied consistently among individual trees within a species [26]. Thus a gray

[
=
w3

Week | Week 2
—
Week 3 Week 4
—
—
M
Bl :

Week 5 Week 6

7

1 11

100 m

Figure 1. The spatiotemporal distribution of hickory trees showing evidence of use. Each map shows .the
cumulative activity of one week in 1984; each square represents a 25x25 m qugxdrant. The squz}re's shad!ng
indicates the number of trees being used in that quadrant during each week (open = zero trees, light hatching
= 1 tree; medium hatching = 2-3 trees; solid = 4-7 trees) (adapted from [26}).

squirrel, spending its life on a few hectares [15], faces the same reference memory task as
the foliovore or frugivore: learning the location of the best food trees. But because of feeding
competition, the actual spatial dispersion of seeds remains unpredictable. Figure 1 shows
the change in spatial dispersion of food tree use over time on a site in New Jersey. Over three
years, squirrels started the harvest in one small area then expanded their foraging ranges as
the favorite trees were depleted.
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Adding to the unpredictability of this resource is the temporal distribution of seeds. Oak
and hickory tree species are “masting” species: individual trees produce a large crop at
irregular intervals [52]. Thus a squirrel cannot predict the exact spatial distribution of food
without carclully sampling the quality and density of nuts on a larger number of trees. And
since thisdistribution changes daily, depending on the number of competitors, this task may
require a large spatial memory capacity.

Many tree squirrel species face an even more challenging task: they scatter-hoard. Birds
and mammals that scatter-hoard store all their food in small, undefended caches [46],
though scatter-hoarding is best defined as the single deposition of food to a storage site [83].
This distinguishes it from the more familiar type of hoarding in rodents, larder hoarding, or
multiple depositions to the same site. Thus scatter-hoarded, but not larder hoarded, food
caches must be relocated at the time of consumption, which may be hours, days or months
after they were first cached. Thus scatter-hoarders must find their food twice: first, when
it is harvested and second, when the cache is retriecved.

This double challenge has resulted in specialized spatial memory abilities in scatter-
hoarding birds (see chapters by Clayton and Krebs, and Shettleworth, present volume).
Early work on marsh tits and black-capped chickadees additionally demonstrated that the
birds were not finding caches by their odor [70]. In contrast, mammalian scatter-hoarders
have long been assumed to rely exclusively on odor cues to relocate their caches, and to
eschew the use of memory [75], despite the famed ability of laboratory rats in remembering
the locations of scattered food items [54].

Gray squirrels are obligate food-storers, depending completely on their cached seeds for
winter survival [78]. In addition, gray squirrels breed in mid-winter, and this fact may
explain the strong correlation between adult female fecundity and the size of the hickory nut
crop shown [51]. Thus a gray squirrel’s ability o retrieve its caches, weeks or months alter
caching, not only dictates its survival but also its reproduction.

Gray squirrels frequently cache nuts in areas that adjoin or overlap with the caching areas
of other squirrels [26]. Field studies have shown that tree squirrels can locate experimentally
buried seeds by their odor (4, 74, 75, 78]. If they can also remember cache locations, gray
squirrels would have a minimum repertoire of two retrieval strategics: trial-and-crror scarch
for cache odor, whether of their own or of other squirrels’ caches, and memory for the
locations of their own caches.

2.2. THE ROLE OF MEMORY IN CACHE RETRIEVAL

To find out whether gray squirrels canremember cache locations, I measured cache retricval
accuracy in captive gray squirrels, by comparing their success inretrieving nuts from caches
that they had made, and caches other squirrels had made. If a squirrel remembers the
locations of its caches, then it could retrieve more of its own caches than another squirrel’s
caches.

This proposition was tested on eight hand-reared male gray squirrels, caching and
retrieving nuts in a large (5x 10 m) outdoor arena. Squirrels were allowed to cache hazelnuts
and then several days later, were re-released into the arena to find them again. During the
delays, the original nuts were unearthed and, for the retrieval phase, new nuts were buricd
in their place. In addition, the number of caches was doubled, by adding 10 more caches to
the original number; the locations of these caches had been chosen by other squirrels that
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Figure 2. Schematic representation of caching and retrieval routes by the squirrel Alvin, after a delay of two
days. Solid squares are Alvin’s caches, open squares are the caches of other squirrels. Numbers refer to the
sequence in which nuts were cached or retrieved, the arrow indicates the location of the observer and the source
of hazelnuts (adapted from [30]).

week. Thus, the retrieval condition mimicked the situation faced by wild gray squirrels of
looking for their own caches amongst a background of 6ther squirrels’ caches.

Although squirrels buried nuts in areas where other squirrels had also buried nuts, they
retrieved significantly more nuts from their own cache sites than from the cache sites of
other squirrels, even after delays of 4 or 12 days. This retrieval accuracy could not be
explained by the squirrels’ habitual use of the same areas: the ratio of own caches to other
caches was greater than expected based on the availability of caches in the area searched
duringretrieval. A squirrel was also more likely to retrieve its own cache even when another
squirrel’s cache was closer to it or when a squirrel neglected to retrieve the cache closest
to itself and instead dug up a more distant nut. Thus the results of this experiment clearly
showed a bias of about 2:1 in favor of own caches. In addition, the path taken and the order
in which caches were taken suggested the use of a cognitive map of the caches. Figure 2
shows the routes taken in one trial after a two day delay. Such an extreme difference in these
routes suggest the use of a predetermined route based on acognitive map of the caches. With
such a map, a squirrel, having maximized cache dispersion and hence maximized the length
of routes travelled during caching, could then minimize travel distance during retrieval [30].
Itis an advantage of studying a walking scatter-hoarder, such as a squirrel, that these travel
routes can be more easily measured than the routes followed by a scatter-hoarder caching
in three dimensions, such as a bird.



This experiment demonstrated that a gray squirrel could use two simultaneous retrieval
strategics: olfactory trial and error scarch and memory of specilic locations. In some ways,
this is not surprising, given the natural history of the gray squirrel. First, vision plays an
important role in their behavior, Gray squirrcls are diurnal, have good color vision and use
visual signals to communicate. Thus visuospatial memory should play an important role in
its foraging. Second, gray squirrels scatter-hoard thousands of nutsin ashort period of time,
and must recover them months later, often from underneath a deep snow cover (26, 78].
Snow reduces the transmission of olfactory cues and makes trial and error search much more
energetically costly. However, a memory for a hidden cache site that is defined by its
position relative to large, permanent landmarks, such as trees, would not be disrupted by
such seasonal changes in microhabitat.

However just because a mammal makes adaptive use of visuospatial memory to relocate
caches does not mean it is has a specialized ability to do so; this is the distinction between
adaptive use and adaptive specialization first raised by Rozin and later applied by Sherry
to the case of food-storers [68, 70]. First, it is necessary to find out if this ability is general
or limited to obligate scatter-hoarders such as the gray squirrel. For example, many rodent
species are nocturnal, not diurnal, and some scatter-hoarders fi orage, cache and retrieve their
caches throughout the year, not with month-lon gdelays. These scatter-hoarders are perhaps
more typical and less likely to rely on memory; the scatter-hoarding gray squirrel could be
the one exception to the mammalian rule.

2.3. THE CASE OF THE KANGAROO RAT

A more typical scatter-hoarder is the Merriam’s kan garoo rat (Dipodomys merriami). Like
allkangaroo rats, Merriam’s is anocturnal, solitary desert granivore [64]. What is the spatial
ecology of ascatter-hoarding kangaroo rat? How are their resources distributed in space and
time? The ecological determinants of space use patterns have been well studied in several
species, including Merriam’s kangaroo rat. Kangaroo rats differ from other desert rodents
in their ability to use bipedal locomotion to move at high speeds [50]. Perhaps for this
reason, kangaroo rats are able to forage in the openareas of the desert, relying on their speed
and specialized low frequency hearing to detect and avoid predators [79, 84]. Kangaroo rats
collect the tiny seeds produced by desert shrubs and annuals into external, fur-lined cheek
pouches. Most of these plants produce tiny, wind-dispersed seeds that must be sifted from
the sand, though higher concentrations may accumulate in cerlain areas [65]. Thus sceds arc
distributed unpredictably in time and space and, depending on the microhabitat, a kangaroo
rat may have to forage over wide areas. Although many kangaroo rats larder hoard,
Merriam’s kangaroo rats scatter-hoard seeds in small surface caches {7]. Their caching
areas are not defended yet their ability to retricve their caches is critical for survival,
Not only do Merriam’s kangaroo rats not defend a central larder, they do not even have
acentral burrow. Instead, they use a series of temporary dwellings, or “day burrows”, where
they spend the day. At night, kangaroo rats forage from trips from the day burrow or from
other burrows. Foraging bouts may keep a kangaroo rat in the center of its foraging range
throughout the night, but it will return to its day burrow at the end of its activity bout [2, 3].
Can Merriam’s kangaroo rats rely solely on their memory for cache locations for cache
retrieval? I addressed this question with a second study of memory for cache locations, this
time using male and female Merriam’s kangaroo rats that had been trapped as adults in the
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Figure 3. Cache retrieval accuracy in Merriam kan-
garoo rats. The bars indicate the percentage of cups
searched from three different categories: cups which
had been used for caching and contained seeds, cups
which had been used for caching but had been
emptied and cups which had not been used for
caching.

% Searched

Unused
Caches Sites

Refilled
Caches

Sites Searched

Empty

field. The goal of this experiment was to remove odor as a possible cue for cache location.
Kangaroo rats cached sunflower seeds in sand-filled cups in a small arena (1x2 m) an.d then
were allowed to retrieve their caches 24 h later. I removed odor cues first, by washlpg all
the surfaces before retrieval, and second, by replacing only half the number of orl.gmal
caches. By observing their subsequent search of cups, I could compare the probability of
searching in cups that did or did not contain seeds. As cups without seeds offerfad no othejr
clue to cache history than location, the kangaroo rats’ search of these cups mdlcated_ their
spatial memory of the location. Thus, this experiment differed from the squirrel experiment
in scveral ways: caches were reduced, not doubled, and odor cues were removed.

Despite these differences, kangaroo rats appeared to be using the same retrieval st.rategy
as squirrels: they searched the sites in which they had cached 24 h earller'. They were, in fact,
equally likely to search cups with or without seeds, and were very unlikely to searc'h cups
where they had not cached earlier, as shown in Figure 3. In addition, a closer examination
of the “errors” revealed that the non-cache cups tended to be located near cache cups and
were more likely to be visited after all the caches had been emptied. Thus rather than errors,
this may have been a targeted retrieval strategy [27]. ' .

Thus, like squirrels, kangaroo rats can retricve caches accurately.usmg their memory of
specific locations. In contrast to the squirrel experiment, this experiment also sbowed that
odor cues from the cache are not necessary for accurate retrieval by a mammalian scatter-
hoarder, as is also true for birds. Despite differences in their sensory capabilit.ies, scatter-
hoarding birds and mammals may have the same need' for increased spatial memory
capacity in order to maximize the efficiency of cache retrieval.

3. Adaptive Significance of Memory . '

These results are important in setting the stage for an ecological analysis of spatial memory
in food-storers. What is the adaptive significance of this ability? What‘ are the benefits of
using memory to retrieve caches? And finally, what does a mammalian scatter-hoarder
really remember? As in birds (see chapters by Clayton and Krebs, e}nd Shettleworth, present
volume), it could remember where it has cached, where it l.las retrleve.d caches, or, perhaps
most importantly, where it has failed to retrieve caches, i.e., where its caches have been

pilfered.
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Figure 4 The cache distribution and subsequent pilfering of caches in one focal individual, Female HL1. A)
The solid qrcle indicates her current day burrow, the filled square indicate provisioning siles‘ and X's indic;q(c
cz.lchcs.'ngh{hatchcd areas indicate her movements prior to provisioning. B) Circles ind‘icau:q tArap 9i{c§
Filled cnrclgg indicate that the trapped animal showed evidence of dye in its bolus. Solid circle ghe trai) sité
of. the provisioned kangaroo rat, female HL1; the hatched circle indicates the trap sites of other individl;alq
.wn'h .dye traces (2 other kangaroo rats, 1 pocket mouse, ! cactus mouse), and open circles are tra "I
individuals who did not show traces of dye. ’ o e

3.1. CACHE PILFERING AND SPATIAL MEMORY
The loss of caches to pilfering competitors is obviously an important driving force behind
food-storing behavior [80]. Without pilferers, foragers would have little reason to store
l()().(l; they should cither not store food at all but leave it where they found it or, at most, store
lhcxr caches inone casily accessible location. Martin Daly, Margo Wilson and I have begun
Iicl(! studics to document such costs of pilfering. We have devised a simple method to track
the fateof caches: applying vital dyes to provisioned bait. The dyes arc taken in with the food
and pass out in the fecal bolus within 24 h, or more importantly, whenever the animal eats
again from the cached, dyed food. Using this “pulse-chase” design, we target an individu-
ally radio-tagged kangaroo rat, give it a specific quantity of dyed bait and then monitor the
appearance of dye in the entire rodent community over a given period of days (Fig. 4).
The dye method has allowed us to follow the fate of caches and derive minimum estimates
of pi‘lfering risk. The first experiments on kangaroo rats, in an assemblage of four other
granivorous species (species of Chaetodipus, Perognathus, and two species of Pero-
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Figure 5. The distributions of caches produced in six consecutive trials by one kangaroo rat (male 613). Open
squares indicate plates that contained a regular array of 16 sand-filled cups for caching; solid squares indicate
arcas of the arena without sand cups for caching. Filled circles indicate cache locations (adapted from [27]).

myscus) yielded the following results. First, a kangaroo rat’s caches can be pilfered by up
to three of four other species, in addition to predations by other kangaroo rats. Second,
pilfering kangaroo rats arc often neighbors, and finally, caches are more likely to be pilfered
in areas where animals are at a high density. Thus in our study site, evidence from the dyed
caches of animals living in arcas with fewer neighbors, were less likely to appear in the
boluses of other individuals.

The dye tracking method, albeit crude, confirms that pilfering presents real costs to
scatter-hoarders. Perhaps the main weapon a kangaroo rat can muster in its war against the
pillerers is its spatial memory of caches. Memory for cache locations can allow it to play
the shell game with the pilferers and win, by arranging its caches in unpredictable arrays.
Itis clear that the use of memory should and does have immediate benefits in kangaroo rats.
Figure 5 shows the cache distribution of onc male in the memory experiment. I then allowed
other kangaroo rats the opportunity to pilfer these caches. Given the same 24 h period of
food deprivation and scarch time, the cache owner of the caches found 31% more cachcs
than did the pilferers [27].

Thus, it is clear that Merriam's kangaroo rats may face stiff competition from cache
pilferers. Because they do not defend cache sites, their main defense against such pilfering
is increasing the unpredictability of cache locations or decreasing their density, as we have
shown using artificial caches [7]. However, the more unpredictable the cache array, the
more difficult it should be to remember individual cache sites. Thus, how an animal place
its caches should be a trade-off between the costs of loss to pilferage and cost of an increased

used of spatial memory.



30—
254
204
E
o 157
Q
g
7] 104
la)
5
0 rrrT—7r T T 11T 17 117 711
8888888888888 3
~22R8 3888588388 ¢%
Time of Night

Figure 6. Abovegroupd activi»ly as revealed by kangaroo rats’ mean distance from their day burrow at
scheduled hourly radiotransmitter fixes, according to moon phase. Data are pooled for 179 individuals
tracked between 1980 and 1990 on the deep Canyon site, and are from dates within 3 weeks of the winter

solstice; sunset occurred within the hour before the 1700 radio fix and sunri ithi i
i (oo e sunrise within the hour after 0600 radio

3.2. PREDATION AND SPACE USE

Among the most conspicous adaptation of kangaroorats to their niche are their anti-predator
adaptations, i.e., fast locomotion and ability to detect predators by sound {79, 84]. Thus
kang.aroo rats specialize in foraging under the constraints of constant predation risk, further
shaping the spatial cognitive task they face. They must not only remember where their
caches are, where their pilfering neighbors arc and even where the caches of their pilfering
neighbors are, but where and when it is safe to forage, cache and to retrieve caches.

On‘ our study site in Southern California (Deep Canyon Desert Rescarch Station),
Merriam’s kangaroo rats face a panoply of predators. We have documented predation by
coyote (Canis latrans), great horned owl (Bubo virginianus), northern shrike (Lanius
ludovicianus) and four species of snakes (3 rattlesnakes, | gopher snake) [8]. We have
fi()CUl]lcnlcd one responsc in detail: the avoidance of activity under bright moonlight. This
i1s a well described phenomenon: nocturnal desert rodents are less active under high light
conditions of the full moon [43, 61]. However, our results, based on data from 156
radiotagged kangaroo rats tracked between 1980 and 1992 on the Decep Canyon site, show
that kangaroo rats are exquisitely sensitive to time of risk. We found that avoidance of
activity is modulated hour by hour, that the pattern reverses under dark moon conditions [6]
and l?lat changes in activity influence not only their risk of predation but also their risk to
certain species of predator {8]. As seen in Fig. 6, during the full moon, kangaroo rats
concentrate their aboveground activity during the crepuscular periods. The opposite pattern

is seen during the new moon, the darkest period of the lunar cycle: kangaroo rat activity
peaks at midnight [6).
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In addition, kangaroo rats may have to keep track of the place of risk. Our long-term
monitoring of kangaroo rats show that predation events are not independent; a cluster of
predations by acertain type of predator, such as Great Horned Owl, suggests predators move
through desert concentrating on local areas. Although this raises interesting questions about
the spatial cognitive ability of owls as they search for kangaroo rats (especially as owls on
our sitc often scatter-hoard kangaroo rats after they have been killed!), it also suggests such
patterns are predictable, and thus can be learned by resident kangaroo rats, Current rescarch
in my laboratory is addressing these questions.

Thus, it is clear that the risk of predation must continually act to reduce aboveground
activity. Our evidence for this comes from the radiotracking records of animals that were
subsequently taken by predators. Our standard data on movements consists of hourly radio-
fixes, which yields mean movement between fixes. Records collected between 1980 and
1990 on 50 predation events, allowed us to compare the movements of 44 recent predation
victims with other kangaroo rats tracked simultaneously but escaping predation. The
comparison supports the hypothesis that activity is costly: victims had moved significantly
greater distances between radio fixes than their contemporaries at the time of their death [8].

3.3. SEX DIFFERENCES IN SPACE USE

If activity increases the risk of predation, why are some kangaroo rats more active? One of
the main predictors of activity is reproductive condition. Both males and females increase
the rates of movement in their home range during the breeding season [2], and this is
correlated with increased predation. However, there is also a sex difference in the change
of activity level and hence in the risk of predation. Males show significant increases in the
rate of movement relative to females, and this is correlated with a correspondingly high rate
of predation. Why do males incur higher risk? In kangaroo rats, it appears that familiarity
breeds not contempt but receptivity to mate. Male kangaroo rats increase visitation to
neighboring females and such increased visitation appears to positively influence female
mate choice [62, 63].

3.4. SEX DIFFERENCES IN SPATIAL LEARNING

Such sex differences in space use are typical in polygynous mammalian species. Females
generally have small, localized ranges, while range expansion is an important tactic used
by polygamous males to maximize the number of potential mates [82]. Thus, in these
systems, mobility confers greater reproductive benefits on males than on females. This
leads to inequality of space use during the breeding season and thus under polygamy, the
two sexes experience divergent selective pressures for spatial ability. Under polygyny,
males should profit more than females from any increase in spatial skills that could facilitate
mobility. The process of acquiring mates might include: locating and remembering the
burrows of females, monitoring their state of receptivity by olfactory investigation, leaving
scent marks at regular intervals such that familiarity is increased - all of these tasks could
require a significant commitment to spatial learning.

However, such sex differences in space use are absent in species with monogamous
mating systems [57]. In monogamous species, the sexes exhibit convergent reproductive
strategies. They exploit the environment in similar ways and thus express similar patterns
of space use (Fig. 7). Gaulin and FitzGerald [20, 22] predicted that such differences in space
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Polygamy

Monogamy

Fxglgure 7. Schematic diagram of space use in mammalian species with different mating systems. Under
polygamy, male home-ranges encompass several smaller female ranges; under monogamy, males

females share a joint home-range or territory. ﬂnd

use would resultin the presence of sex differences in spatial learning in polygamous specics
an.d the absence of such differences in monogamous species. They tested this hypolhcsi&»j
with se.veral species of voles, rodents in the genus Microtus, a genus which displays nearl)A/
.the entire range of mammalian mating systems, from promiscuity to monogamy [55]. Thus
in polygamous specics, such as the meadow vole (M. pennsylvanicus), breeding males may
range over arcas four to five times greater than those of breeding females. This sex
difference in range size is absent among immature meadow voles and among adults outside
tbe breeding season, indicating that range expansion is a sexually selected male reproduc-
tive tactic. Monogamous vole specics, such as pine (M. pinetorum} and prairic voles (M.
({chrogaster), lack such sex differences in ranging behavior, regardless of age or reproduc-
FIVC condition. As predicted, voles of polygamous specics exhibited strong sex differences
in spatial ability; in contrast, monogamous vole specics, tested under identical conditions
lznckgd such sex differences (reviewed in [19]). The hypothesis that sexual selection c:u;
predict patterns of spatial lcarning ability, also offered an explanation for previous
observations of sex differences in spatial learning in laboratory rats, a domesticate of
polygynous ancestry [14].

3.5. SEX-SPECIFIC SPATIAL ABILITIES

The .diﬁ'crcncc between males and females appears to result from two sex-specific
specializations in spatial learning: navigational ability and memory for object location.
Navigational ability has been conceptualized as the ability to form cognitive maps, from
whichan animal may construct novel routes to locations, or construct routes based on partial
arrays of landmarks [81]. This is an oversimplification, of course, of an important concept
which has been and continues to be discussed at many levels of analysis [18, 53, 60] (sce
chapter by Schenk et al., present volume). However, for present purposes it is this type of
spatial ability that is required for locating and remembering the locations of ephemeral
resources, such as receptive females. In the laboratory, such navigational abilities have been
assayed by performance on mazes, such as the symmetrical maze [12]; the radial arm maze
[54], and the water maze [47). Superior acquisition of these tasks have been demonstrated

313

in males from scveral polygamous species [12, 22, 86| similar pattern has been observed
in our own specics [38].

In contrast, polygamous females show different specializations in spatial learning.
Females appear to attend instead to more fine-grained spatial details of an environment,
such as the appearance and location of visual landmarks. In laboratory rats, if such
landmarks are altered, female performance shows much greater disruption than male
performance [86].

Such specialization in female spatial learning has also been demonstrated in humans [72]
and desert kangaroo rats. Kangaroo rats were trained to locate a hidden plastic token which,
if found, resulted in a food reward. Using similar methods to studies of laboratory rats, the
arena was rotated to disrupt performance; as predicted female performance was more
disrupted than that of males by such rotations [42].

4. Brain Allocation and the Hippocampus

Other contributors to this volume will have addressed questions of hippocampal structure,
function, genetics and development in detail (see chapters by Clayton and Krebs, and
Shettleworth, present volume). Thus I will pass lightly over these topics and concentrate
instcad on simplc patterns of hippocampal size in wild rodents and their ecological and
evolutionary significance.

The first suggestion that the size of the hippocampus could be correlated with natural
patterns of spatial behavior came from studies of passerine birds [5, 41, 71]. The
extraordinary result that food-storing specics have proportionately larger hippocampal
formations than species that do not store food opened up a new field: neuroethological
studies of spatial cognition. Yet our knowledge of hippocampal function was still limited
to studies of laboratory rodents, raised and tested under simple laboratory conditions. The
following studies arc a first attempt to bridge this gap between the neurophysiology of
spatial cognition in the lab rodent and the role of spatial cognition in the behavior of wild
rodents.

Size, of course, is a crude measure of brain allocation. However, it is a basic principle of
brain evolution that increased function is reflected in increased complexity of its ncural
basis. Although this has recently been questioned [66, 67}, itis stillaconservative and useful
starting point with which to think about brain evolution. Thus, given the caveat that the
notion of “bigger is better” is always an assumption to be tested (see also chapter by Deacon,
present volume), we can ask questions about the relative allocation of brain to functional
subunits. In the case of the hippocampal formation, we assume that certain species will need
more detailed cognitive maps or a greater storage capacity for spatial data or even a faster
coding and/or retrieval of spatial information. All of these conditions might be sufficient
selective pressure to change the allocation of brain space to increased investment in the
hippocampal formation (or, as I will refer to the Ammon’s horn and dentate gyrus in the rest
of this chapter, the hippocampus). As discussed elsewhere in this volume, the size of the
hippocampal formation in songbirds is correlated with food-storing behavior.

Thus, one would predict that differences in space use predict differences in hippocampal
size; i.e., rodents that must track unpredictable spatial distributions of critical resources
should have proportionately larger hippocampi (see chapter by Clayton and Krebs, and
Shettleworth, present volume).
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4.1. HIPPOCAMPAL SIZE IN FOOD-STORING RODENTS

The first question one might ask is whether, like birds, food-storing rodents have relatively
larger hippocampi than rodent species that do not store food. However, because most rodent
food-storers use only a single larder [83], such a “cognitive niche” would not demand
adaptive specializations or cven the use of spatial memory. Thus species using the common
strategy of larder hoarding should be predicted to have less allocation to hippocampus than
closely related species using a memory-intensive strategy such as scatter-hoarding,.

In collaboration with Wayne Spencer, I tested this hypothesis by comparing relative
hippocampal volume in Merriam’s kangaroo rats and bannertail kangaroo rats (D. spectabi-
lis). These species are sympatric throughout much of their range and although their diets and
mating systems are similar, they differ dramatically in their method of food-storage. As
discussed earlier, Merriam’s kangaroo rats store seeds in scattered locations and use spatial
memory to relocate these caches [27] whereas bannertail kangaroo rats return food to one
central cache, which they defend. Bannertails are larger than Merriam’s and defend small,
productive territories from which they harvest seeds, using a series of trails which emanate
from a centrally located burrow [36, 64]. Merriam’s, in contrast, forage over larger arcas
and do not maintain a permanent home burrow {3]. Together, these differences in behavior
suggest that Merriam’s kangaroo rats experience greater selection pressure on the ability to
map spatial relationships among new food sources or to remember the precise locations of
food caches. ‘

We trapped wild adult male kangaroo rats from these species during the breeding season
on sites near Portal, Arizona: Merriam’s, bannertails and Ord’s (D. ordii). Much less is
known of the ecology of Ord’s kangaroo rats, despite a wide geographical distribution [64].
However, Schroder {69] measured home range utilization in all three Portal species of
kangaroo rat, and found that Ord’s home range was intermediate in size between Merriam’s
and bannertails. Thus we also measured hippocampal volume in Ord’s kangaroo rats, with
the prediction that it might also be intermediate in size. Finally, although these species differ
in foraging tactics, they all have the same mating system. Thus, bannertails are also
polygynous, and males increase their space use dramatically during the breeding season
[62]. This predicts that in addition to the species differences in hippocampal size, predicted
by home range size and food-storing behavior, we would also see differences in hippocam-
pal size between males and females.

Hippocampal volume was measured using standard histological techniques: perfusion
with buffered formalin, sectioning of frozen tissue and staining for Niss! substance with
cresyl violet. Hippocampal arcas were then digitized from projected images of serial
sections, and used to calculate volume of hippocampus. Whole brain volume was estimated
from brain weight to produce a measure of relative hippocampal size. Because of species
differences in brain weight, a ratio of observed hippocampal size to expected hippocampal
size was calculated based on the relationship between hippocampal volume and brain
volume from a large sample of small mammals [76]; details of this method can be found in
[31]. Sex differences in hippocampal volume, however, were analyzed using an analysis of
covariance, as recommended by [57].

As predicted, patterns of natural space use correlated with hippocampal size within and
between species. Relative hippocampal volume was significantly greater in Merriam’s
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Figure 8. Relative hippocampal size in three species of kangaroo rats: Merriam’s (n = 5 males, 4 females),
Ord’s (n = 4 males) and Bannertail (n = 5 males, 4 females). Relative hippocampal size was calculated from
the ratio of observed hippocampal volume to expected hippocampal volume in a small mammal of equivalent
brain volume (for more details see {311). Box plots represent the 25%, 50% and 75% quantiles for each species;
horizontal lines indicate the 10% and 90% quantiles (adapted from [31]).

kangaroo rat than in bannertails. Adding our sample of Ord’s kangaroo rats to the analysis
lent further support to the hypothesis that hippocampal size is related to patterns of natural
space use. Ord’s kangaroo rats appeared to be intermediate to the other species in
hippocampal size (Fig. 8). However, because we had no data on female Ord’s, we limited
our statistical comparisons to pairwise comparisons of relative hippocampal size among
males. There were no significant differences between male Ord’s kangaroo rats and male
bannertail kangaroo rat in relative hippocampat size, however Ord's kangaroo rats did have
significantly smaller hippocampi than Merriam’-, kangaroo rat [31].

These results suggest that it is not just the spatial distribution of food caches per se that
correlates with hippocampal size. Scatter-hoarding species do not usually defend territo-
ries, but roam more widely and thus have larger home ranges [83]. Mean home ranges
(weighted Jennrich-Turner areas [35]) for Dipodomys, published in [69] are: Merriam’s,
1.79 ha; Ord’s, 1.28 ha; and Bannertails, 0.13 ha. Thus, species ranking by home range size
roughly correlates with species ranking by relative hippocampal size (Fig. 8). Home range
sizeitselfis only arough measure of space use; more precise measures of space use patterns,
such as the number of new foraging sites visited in a foraging bout, may yield better
correlations with hippocampal size [73].



316

A. Merriam's Kangaroo Rat

1.975 7

1.925

1
-

1.875

og (hippocampal volume) (mm3)
1

~1.825 T T T T —
310 312 314 316 3.18

log (brain volume) (mn?)
. Bannertail Kangaroo Rat

2.10 °
2.05 +

2.00 °

o
o

log (hippocampal volume) (mm3) 3]

—
©
w

T T T T T 1
3.31 3.32 3.33 334 335 336

log (brain volume) (mmg)

Figure 9. Sex differences in hippocampal size in kangaroo rats. Points represent individual males (filled
circle) and females (open circle). Sample sizes were 5 males, 4 females for cach specics (adapted from [31]).

4.2. SEX DIFFERENCES IN HIPPOCAMPAL SIZE

As expected, males have larger hippocampi than females in both Merriam’s kangaroo rat
and bannertails {31} (Fig. 9). These patterns suggest that, as in passcrine birds, hippocampal
sizeis partially determined by the cognitive demands of foraging, and as in voles, is partially
determined by the cognitive demands imposed by the mating system.

Since most mammalian species are polygynous, like the kangaroo rats, and are thus
sexually dimorphic in their use of space, hippocampal size should be dimorphic in
most species. Moreover, hippocampal size should be sexually dimorphic in polygy-
nous species and monomorphic in monogamous species. This, in fact, is the case.
Polygynous male meadow voles, trapped as adults during the breeding season, have
significantly larger hippocampi, relative to the size of the whole brain, than conspe-
cific females. There is, in contrast, no sexual dimorphism in hippocampal sizc in
monogamous pine voles [29] (Fig. 10).

317

@

Home range size {m ? >

Relative hippocampal size O

Meadow Pine

Figure 10. A and B) Sex differences in spatial abilities, and C) relative hippocampal size (in proportion to the
volume of the entire brain) in breeding adult voles. Sample sizes were 10 individuals of each sex in each
species.

4.3. SEASONAL MODULATION OF SEX DIFFERENCES

Inaddition, sex differences in patterns of space use are seasonal. Polygamous meadow voles
show marked scasonal changes in social system and space use [21, 44]). Male home ranges
in the winter decrease to a size similar to that of nonbreeding males or females, accompanied
by an increase in social tolerance and the formation of mixed sex and lineage groups [44].

These behavioral changes are correlated with changes in brain structure. Under natural
conditions, voles show large scasonal fluctuations in cranial volume and brain weight |13,
88, 90]. These measures reach a maximum during the summer breeding season and a
minimum in winter. The structural changes appear to be triggered by photoperiod, i.e. the
number of daylight hours. In the laboratory, meadow voles males reared under summer
photoperiod (14 h daylight) had heavier brains than males reared under winter photoperiod
(10 h daylight) {9, 10]. Rearing photoperiod had no effect on normal females, although
females masculinized with nconatal testosterone injections also showed this effect of
photoperiod on adult brain size [85]. Photoperiod thus appears to be the proximate cue
triggering changes in brain mass, and the responsc appears to be sexually dimorphic.

Suchdrastic changes in spatial and social ecology, accompanied by gross changes in brain
volume, might be expected to effect changes in spatial learning ability. With my collabo-
rators, I have evidence that such changes occur in two species of polygamous voles, the
meadow vole and the montane vole (M. montanus), a species that shows sex differences in
natural space use [32, 33, 34]. The idea that sex differences in spatial learning are modulated
by photoperiod were tested in two ways. First, montane voles were raised on winter or
summer photoperiods and tested on the Morris water maze [47], a task which yields
consistent sex differences in laboratory-rcared meadow voles [37], and in wild montane
voles (Jacobs, unpublished data). However, the male advantage in spatial navigation to a
hidden goal was only present in animals reared under the long photoperiod, simulating the
summer breeding season [28]. This has also been shown in deer mice (Peromyscus
maniculatus): only mice reared under long (i.e., summer) day lengths show sex differences
in spatial learning, with a male advantage. However such differences were absent in mice
reared and tested in short (i.e., winter) day lengths {17].

Because there is no evidence of seasonal changes in learning under natyral conditions or
in wild voles, my collaborators and I also reexamined existing data on spatial learning
ability in wild-caught meadow volcs. In this previously published study [22], meadow voles
were captured during natural short days (early December) and were then housed in the
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laboratory under long day conditions (14 h daylight). Voles were then tested at regular
intervals over aperiod of several months on a series of seven symmetrical mazes [12]. Such
an exposure to increased photoperiod produces predictable increases in brain and body
weights in this species, and this response is more pronounced in males [ 10]. As predicted,
these winter-caught voles showed no sex difference initially, however a male superiority in
task acquisition did develop after several weeks in the artificially lengthened photoperiod
(28].

Thus despite differences in species and methodology, there is increasing evidence that
spatial learning ability is predictably correlated with photoperiod. Indeed, photoperiod
appears to be an important determinant of sex differences in spatial learning and may be a
widespread phenomenon. In addition to the wild rodent species, photoperiodic modulation
of radial arm maze performance has been reported in laboratory rats [11], and there arc even
reports of seasonal cycles in spatial learning ability in men; spatial ability is inversely
related to seasonal cycles in the level of circulating testosterone [39].

What is the evidence for changes in the hippocampus? Photoperiod appears to be the
proximate cue triggering changes in brain mass. Two lines of evidence suggest that
photoperiod may also be responsible for seasonal changes in hippocampal structure. First,
in the Siberian trapping studies, Yaskin reported that the size of the hippocampus relative
to the whole brain increased greatly between winter and spring sampling periods. Morcover,
he noted that males had much larger hippocampi than females in the spring, but not the
winter sample {88, 89].

Other convincing evidence comes from a study of the hippocampus of hibernating
Siberian ground squirrels [58, 59]. These studies show that the onsct of hibernation is
accompanied by severe reduction in the length and density of dendritic arbors of pyramidal
cells in the CA3 region of the hippocampus. Yet within 2 h of awakening from hibernation,
the pyramidal cells have regencerated the dendritic arbors and established new synapses.
This example of scasonal degencration and regrowth is remarkable for the extremely rapid
rates of morphological change observed, and demonstrates that the hippocampus is capable
of responding quickly to environmental cues, such as light and temperature. In summary,
although the trapping data are open to other interpretations, these data in conjunction with
the data on hibernating squirrels suggest that scasonal changes in hippocampal structure do
occur and could be of surprising magnitude.

4.4. FUTURE DIRECTIONS

In order for a trait to cvolve, there must be heritable variation among individuals,
compelition for limited resources and finally, successful competition must result in
increased fitness. It is striking that the chapters in the present volume have provided most
of the evidence necessary for the study of the evolution of one cognitive trait in particular,
spatial navigation and its neural basis. First, there are the genetic studies of hippocampal
structure, which demonstrate that not only is there a strong relationship between mossy fiber
tract volume and spatial ability, but such traits are highly heritable (see chapters by Crusio,
Lipp and Wolfer, and Schwegler and Lipp, present volume). The present chapter reviews
evidence that under natural conditions a rodent’s spatial ability is necessary to compete for
limited resources, such as food caches and mates. Finally, I have found that patterns of
hippocampal size are predicted from an individuals competitive situation, suggesting that
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such variation in trait expression could be preciscly adapted to meet such challenges. The
next step is to apply the methods that have been so successful in the genetic study of
hippocampal structure (visualization of the mossy fiber tract with the Timm'’s stain and
quantification of the volume of hippocampal components using stereology; see chapter by
Madeira and Andrade, present volume) to studies of wild rodents. I have currently begun
such studies to examine species and sex differences in the volume of the mossy fiber tracts
and hippocampal subcomponents.

Yet the final, and perhaps most difficult step is the demonstration that differential trait
expression results in differential fitness. If we could provide evidence for this in the case,
for example, of spatial navigation then we would have completed the evolutionary puzzle:
we would have a cognitive trait, with an identified neural basis, whose enhanced expression
increases an individual’s ability to compete for scarce resources, which itself is both
variable and highly heritable and whose expression varies predictably among individuals
facing different environmental challenges.

This final piece of the jigsaw puzzle may be difficult, yet not impossible, to collect. Field
studies of sex differences in spatial ability in rodents could supply the missing link, by using
hormonal manipulations. In laboratory rats, navigational ability is determined by the early
hormonal environment of the neonate [87]. Thus hormonal manipulations at this critical
period could be used to bias the spatial abilitics of males within cohorts. This technique has
already been used to manipulate dispersal behavior in Belding’s ground squirrels [25]; the
same techniques could be applied to other rodent species. This, in combination with field
telemetry and DNA fingerprinting studies (see chapter by Arnold, present volume), could
produce correlations between space use, spatial learning, hippocampal size and mating
success of males.

Finally, such comprehensive studies could address the question of the origin of individual
differences, and the role of developmental feedback, as has been shown in the effects of
experience on hippocampal size in marsh tits (see chapter by Clayton and Krebs, present
volume). Sex differences in the structure of hippocampal components are even more likely
to be the result of an interaction between genotype and environment, with such interactions
mediated by gonadal and adrenal hormones [45]. Similarly, seasonal changes in the level
of pineal hormones may trigger concurrent changes in hormones that control hippocampal
neurogenesis and cell death and lead to the observed differences in space use and spatial
learning. Such differences might even be open to genetic analysis, as photoresponsivity in
voles varies among individuals and appears to be genetically mediated [49]. I hope to
address several of these questions with my research over the next few years.

5. Conclusions

In conclusion, understanding the function and mechanisms of spatial cognition may be a
critical step towards understanding how a specialized learning ability evolves to solve the
specific cognitive tasks set by a specific ecological niche, i.e., by the species’s cognitive
niche. The current volume is an example of how this goal can be achieved through the
integration of approaches, from the ecology of space use to the cellular structure of the
hippocampus. Such integration can lead us to a new synthesis of evolutionary biology and
cognitive neuroscience, which, in combination with quantitative genetics and cellular
neuroscience, may lead to new understanding of hippocampal and brain function.
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