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THD ECOLOGY OF SPATIAL COGNITION

Adaptive patterns of space use and hippocantpal size in wild rodents

L.F. JACOBS
Dept. of Psychology, Universitl- of California
Berkeley, Califurnia 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
bc a product without history than is the body in which it exists".

Carl Jung, Man artd 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 wil l 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. Yet in the rush to understand

spatial cognition in humans, more fundamental questions have often been left behind. For

cxample, howdid spatial cognition evolve?Why did spatial cognitionevolve?Whatcurrent

ccological variables prcdict specializations in spatial cognition and its neural basis? A

complere understanding of this abil ity wil l rcquire 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 ofresources is the cornerstone ofbehavioral ecology, the study ofthe "survival

valuc 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 cJnrpeting 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].

ln short, an animal's knowledge of spatial distributions is crit ical 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

iemand a diversity of species ro be powerful and it is a happy coincidence that we have

clctailccl knowlcdgc ol'spatial cognition in a laboratory species, the Norwegian rat, which,
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as a rodcnt, bclongs to thc rnost divcrsc orderof mammals, thc ordcr Rodcntia. I io<lcnts havc
invadcd t l t r ls t  l tab i tats  orr  l l r r th  and s lxrw an incrcdib lc  d ivcrs i ty  o l ' l i l ' cs ty lcs,  both
tcrrcst r ia l ,  such as burr< lwing,  running,  g l id ing and c l i rnhing spccics,  and ar ;uat ic .  Ror lcnts
thus occupy it vitst itrriry ol"'spltial nichcs".

Howcvcr, n1osl. rodcnts arc solitary and nocturnal, taking in inlbrmation largcly via
auditory and olfact<lry channcls. What kind of spatial conrplcxity do they cxpcricncc'l How
is th is  rc latcd to thc i r  spat i l l  lcarn ing abi l i ty  an<l  i ts  ncural  basis ' /  l lccausc t l rc  l tbor l tqr .y  l r t
has bccn thc prirnury anirrtal nrodcl for spatialcognition, it has also bccn thc prirnlry rnodcl
for the neurophysi<llogy of this abil ity. Decades of research on rhis topic has identif ie<j thc
important role of one forebrain structure in particular, the hippocampal complcx or
formation. Although thc precisc role of thc hippocampus in spatial computations is hotly
debated, its importancc in integrating sensory information about cues in the environment
into a geometric coordinate system, or cognitive map, is norv widely accepted (see: chapters
by Nadel, and Schenk e/ a/., presenr volume).

Unfortunately, most of the work on spatial learning in rodents has been conductcd under
artificial conditions. Despite a sophisticated body of theory and physiological data on
spatial computations in rodcnts, we are sti l l  largely ignorant of thc contcxt in which this
abil ity has evolved. The purpose ofthe 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 ofrodent species.

2. Foraging and thc Dcology ofSpatial Lcarning
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 oi
remembering their locarion. For example, it is a robust f inding that in primatcs, a
frugivorous diet is associated with a larger brain size than is a folivorous diet [23]. At f irst,
this makes intuit ive sense: fruits are more sparsely and unpredictably distributed than
Ieaves. Yet research on folivory has detailed the carc with which foliovorcs rnust balalcc
thc i r  in take of  p lant  sccondary chcrn icals ,  rcsul t ing in  conrplcx l -ccding st ratcgics [77l .  Arr t l
i fplants show individual dilfcrcnccs in thcir production ol'protcctivc chcnricals I l 6], thcn
fo l iovory would dcr t tand that  a s inglc ,  unchanging spat ia l  c l is t r ibut ion o l ' t rccs rnust  bc
learncd; in othcr words, a "rcl 'crcncc Incrnory" task [481. ln contrast, l iugivorcs also lcarn
the spatial distribution of trccs but lacc a hcavicr dcrnand on thcir "workirrg nrcrriory" I l]:
for many frugivorcs, fruit ripcns and cithcr rots, drops or is takcn by a compctitgr. Evcn if '
soll lc trccs charactcristically producc bcttcr l iuit, thc important knowlc<Jgc may bc rhc
spatiotcmporal distribution: whcn werc thc fruits last chcckcd, would more fruits havc
ripened by now, how many competitors have been in that area, ctc.

2.r. 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 squinels. on my field site in New Jersey, eastern
gray squirrefs (Sciaras carolinensis) foragcd lor sccds from a varicty of trce spccics (three
oaks (Quercus), three hickory (Carya) and one walnur (Juglans)). Hickory trees produced
a seed high in lipids [24) and were the favored source o[ sceds to eat and cache, and nut
quality varied consistently among individual trees within a species [26]. Thus a gray
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Week I Wcek 2

Week 3 Week 4
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100 m

I;igure l. The spatiotemporal distribution of hickory trces showing evidence of use. Each map shows the
cumulative activity ofone week in 1984: each square represents a 25x25 m quadrant. The square's shading
indicates the number oftrees being used in that quadrant during each week (open = zero trees, light hatching
= I tree; medium hatching - 2-3 treesi 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 ofthe best food trees. But because offeeding
competit ion, thc actual spatial dispersion of seeds remains unpredictable. Figure I shows
the change in spatial dispersion of food tree use over time on a site in New Jersey. Over three
years, squinels started the harvest in one small area then expanded their foraging ranges as
the favorite trees were depleted.
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Adding to thc unprcdictabil ity of this rcsourcc is thc tcrnporal distribution ol sccds. Oak
and hickory trcc spccics arc "masting" spccics: individual trces producc a large crop at
irregular intcrvals [521. Thus a squirrcl cannot prcdict thc cxact spatial distribution of foocl
wi tht lu t  carc l 'u l ly  sarr rp l ing thc qual i ty  and dcnsi ty  o l 'nuts on a lurgcr  nurnbcr  o l ' t rccs.  Anr . l
since this distribution changes daily, depending on the nuntbcr ol 'compctitors, this task may
requirc a largc spatial ntcmory capacity.

Many tree squirrcl species lacc an evcn nrorc challenging task: thcy scattcr-hoard. Birds
and mammals that scattcr-hoard storc all thcir lbod in small, undel'cndcd caches [46],
though scatter-hoarding is best defined as the single deposition offood 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 rclocated at the timc of consumption, which may bc 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 retricvcd.

This double challenge has resulted in specialized spatial memory abil it ies in scatter-
hoarding birds (see chapters by clayton and Krebs, and shettlcworth, 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-hoardcrs
have long been assumed to rely exclusively on odor cues to relocatc their caches, and to
eschew thc use of mcmory [75], dcspite the famcd abil ity of laboratory rats in remembcring
the locations of scattcred food items [54].

Gray squirrels are obligate food-storers, depending completely on their cached seeds for
winter survival [78]. In addition, gray squinels breed in mid-winter, and this fact may
explain the strong correlation betwcen adult fcmale fecundity and the size of the hickory nut
crop shown [5 | ]. Thus a gray squirrcl 's abil ity to rctricvc its cachcs, wecks or months alicr
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 squinels [26]. Field studies have shown that tree squirrels can locate experimentally
buried seeds by their odor [4, 14,15,78).If they can also remernbcr cache locarions, gray
squirrels would have a rninimum rcpertoirc of two rctricval stratcgics: trial-and-error scarch
for cache odor, whcther of their own or of other squirrcls' cachcs, and nrcmory for the
locations of their own caches.

2.2.THE ROLE OF MEMORY IN CACHE RETRIEVAL
To fi nd out whcthcr gray squ i rrcls can rcnrcnrbcr cachc locations, I rncasurcd cachc rctricval
accuracy in captivc gray squirrcls, by comparing their success in retrieving nuts l iom caches
that they had made, and caches other squirrels had made. Il 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 l0 m) outdoor arena. Squirrels wcre 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 wcre unearthed and, for the retrieval phasc, new nuts wcre buricd
in their place. In addition, the number of caches was doubled, by adding l0 more caches to
the original number; the locations ofthese caches had been chosen by other squirrels that
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I dat

Figure 2. Schematic representation ofcaching and retrieval routes by the squirrel Alvin, after a delay ofwo
days. Solid squares are Alvin's caches, open squarcs ar€ the caches of other squirrels, Numbers refer to the
sequence in which nuts werecached orretrieved, thearrow indicates the locationofthe observerand the source
of hazelnuts (adapted from [30]).

week. Thus, the retrieval condition mimicked the situation faced by wild gray squinels of
looking for their own caches amongst a background of6ther 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 squinels' habitual use of the same areas: the ratio of own caches to other
caches was greater than expected based on the availability ofcaches in the area searched
during retrieval. A squinel 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 about2:l in favor ofown 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 a cognitive 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] .
It is an advantage ofstudying 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.

Retrieval routes
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This cxperiment dcntonstrated that a gray squirrcl coulcl use two simultancous retricval
stratcgics: olfactory trial and crror scarch and mcnrory of spccil ' ic locations. I lr somc ways,
this is not surprising, given thc naturar history of the gray squirrer. First, vision prays animportant rolc in thcir bchavior, Gray squirrcli arc <JiurnaL, havc good color vrsion ancl usc
visual signals to contmunicatc' Thus visuospar.ial mcmory shoulcl play an imporl.ant rolc in
its foraging. Sccond, gray squirrcls scattcr-hoarcl thousan6s ol'nuts in a short pcriod ol't i lnc,
and must recovcr thcm mon r.hs later, often from underneath a deep ,no* .ou.. Lz6, i sl.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 itsposition relative to large, perrnanent landmarks, such as trees, would not be disrupted bysuch seasonal changes in microhabitat.
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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 rater appried by shcrry
to the case offood-storcrs [68, 70]. First, it is necessary to find out iftrris aLitity is general
or limited to obligate scatter-hoarders such as the gray squirrel. For examplc, many rodcnt
species are nocturnal, not diurnal, and some scatter-hoardLrs forage, cache and retrieve their
caches throughout the year, not with month-long delays. 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.

23,THE CASE OF THE KANGAROO RAT
A more typical scatter-hoardcr is the Merriam's kangaroo rar(Dipodonrys me rrianti).Likc
all kangaroo rats, Merriam's is a nocturnal, solitary dcsert granivorc [64]. what is thc spatial
ecology ofa scatter-hoarding kangaroo rat? How are theirrcsources distributecl 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 opcn areas oitheier".t, ,clying on thcir spccd
and specialized low frequency hearing to detect and avoid predators 1ze, 

-s+f 
xangaroo rats

collect the tiny seeds produced by desert shrubs and unnuul, into external, fur-l incd cheekpouches. Most of thesc plants produce tiny, wind-dispersed seeds that must be sifted from
the sand, though highcrconccntrations may accumulatc in ccrtain areas [65]. Thus sccds arc
distributed unpredictably in time and space and, depending on thc microhabitat, a kangaroo
rat may have to forage over widc areas. Although many kangaroo rats rar<Jcr hoard,
Merriam's kangaroo rats scattcr-hoard seeds in small surface caches [7]. Their caching
areas are not defended yet their ability to retricve their caches is critical ior 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 lrom trips rrom ttre day bunow 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 rhe end of its activity bout t2, 31.

Can Meniam'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 bcen trapped as adults in the

Figure 3. Crche retrieval accuracy in Merriam kan-
garoo rats. The bars indicate the percentage ofcups
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.

Refilled EmPtY Unused
Caches Caches Sit€s

Sites Searched

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 ( I x2 m) and then
were allowed to retrieve their caches 24hlater.I removed odor cues first, by washing all
the surfaces befbre retrieval, and second, by replacing only half the number of original
caches. By observing their subsequent search ofcups, I could compare the probability of
searching in cups that did or did not contain seeds. As cups without seeds offered no other
clue to cache history than location, the kangaroo rats' search ofthese cups indicated 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 strategy
as squirrels: they searched the sites in which they had cached 24 h earlier. They were, in fact,
equally likely to search cups with or without seeds, and were very unlikely to search 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 retrieve cachcs accurately using their nrenrory of
spccific locations. In contrast to thc squirrel expcriment, this experiment also showed 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 capabilities, 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, and Shettleworth, present
volume), it could remember where it has cached, where it has retrieved caches, or, perhaps
lnost importantly, where it has failed to retrieve caches, i.e., where its caches have been
oilfered.
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Figure 4.The cache distribution and subsequent pilfering of caches in one focal individual, Female HL l. A)
The solid circle indicates her current day bunow, t he fi | led square indicate provisioning sitcs, and X's indicatc
cachcs. Light hatchcd areas indicate her nlovelnents prior to provisioning. B) Circlcs indicares rrap srtes.
Filled circles indicate that the trapped animal showed evidence ofdye in its bolus. Solid circle the tiap site
of the provisioned kangaroo rat, female HLI ; the hatched circle indicates the trap sites of orher in<tividuals
with dye traccs (2 othcr kangaroo rats, I pockct mouse, I cactus ,nousc), antl opcn circlcs arc rrappco
indiv iduals who did not  show rraccs of  dve.

3. I .  CACHE PILFERING AND SPATIAL MEMORY
Thc loss o l 'cachcs to p i l l 'c r ing colnpcl i tors is  obviously  i ln  i tn l )or t iu) t  t l l iv ing l< l r .cc hchi r r t l
lood-storing bchavior [801. Without pilfcrers, lbragcrs would havc l itt lc rcason k) storc
l ix l< l ;  thcy shoul t l  c i lhcr  r lo l  s lo lc  l ixx l  a t  l l l  br r t  lc i rvc i t  wl rcrc t l rcy l i r r rnt l  i t  or ,  i r l  r r rost ,  s torc
thc i rcachcs in  onccasi ly  acccssib lc  locat ion.  Mart in  Daly,  Margo wi lson and I  havc hcgun
f lc ld s tudics to dr tc t t t t tcnI  such cosls  o l 'p i l f 'c r i r rg.  Wc h i rvc t lcv isc( l  a  s i lnp lc  l l ]c tho( l  to  t r . l rck
thc la tcol 'cachcs:apply ing v i ta l  dyos toprovis ioncd bai t .  Thcdyes arc takcn in wi th thc lbod
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" dcsign, we targer an individu-
ally radio-tagged kangaroo rat, give it a specific quantity of dyed bait and rhen moniror the
appearance of dye in the entire rodenr community over a given period of days (Fig. a).

The dye method has allowed us to follow the fate of caches and derive rninimum esrimates
of pilfering risk. The first experiments on kangaroo rats, in an assemblage of four other
granivorous species (species of Chaetodipus, Perognathrs, and two species of pero-
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Figure 5. The distributions of caches prod uced in six consecutive trials by one kangaroo rat (male 6 I 3 ). Open

squares i ndicate plares that contained a rcgular array of I 6 sand-filled cups for cachingl solid squares indicate

arcas of thc arcna without santl cups for caching. Frlled circlcs indicatc cache locations (adapted fronr [27]).

ttt l ,scus) 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,

pil iering kangaroo rats are olien ncighbors, and finatly, caches are morc l ikely to be pilfcred

in o."o, where animals are at a high density. Thus in our study site, evidence from the dyed

caches of animals l iving in arcas with fewer neighbors, were less l ikely to appear in the

boluscs o l '  o thcr  ind iv iduals.
The dye tracking method, albcit crudc, confirrns that pilfering presents real costs to

scattcr-hoardcrs. Pcrhaps thc main wcapon a kangaroo rat can mustcr in its war against the

pil l 'crcrs is its spatial rncmory ol'cachcs. Mcmory for cache locations can allow it to play

thc sScll g11lo with l lrc pil lbrcrs i ln(l win, by arrrtttgirtg its citchcs in unprcdictttblc itrt ' i tys.

It is clcar thar thc usc of mcmory should and docs have irnmcdiatc bcncl' i ts in kangaroo rats.

Figurc 5 shgws thc cachc distribution of onc malc in thc mcmory cxpcrimcnt. I thcn allowcd

othcr kangaroo rats thc opportunity to pilfcr these cachcs. Givcn the same 24 h period of

l ixrcl dcprivation and scarch tirnc. thc citchc owncr oI thc cachcs lbund 3l7o morc cachcs

than did thc pilfcrers [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 unpredictabil ity ofcache locations or decreasing their density, as we have

shown usi6g artifiCial caches [i]. However, the more unpredictable thi cache array, the

more difficult it should be to remember individual cache sites. Thus, how an animal place

its caches should be a trade-offbetween the costs ofloss to pilferage and cost ofan increased

used of spatial memory.
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In addition, kangaroo rats may havc to kccp track of the place of risk. our long-tcrnr
monitoring of kangaroo rats show that prcdation events are not independent; a cluster of
prcdltions by a ccrtain typc of prcdator, such as Crcat Horned Owl, suggests predators move
through desertconccntrating 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 olicn scattcr-hoard kangaroo rats alicr they have bcen killed !), it also suggests such
l)l l tcnl.s arc l)r 'cdictablc, und tltus can lrc lcl lncd by lcsidcnt kirnguroo rnts. Cuncnt rcscirrch
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
greaterdistances 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
corrclated with incrcased prcdation. Howevcr, thcrc 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 choicc [62,63).

3.4. SEX DIFFERENCES IN SPATIAL LEARNING

Such sex differences in space use are typical in polygynous mammalian species. Females
gencrally 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
lcads to inequality of spacc use during thc brceding 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 thatcould facilitate
rnobil ity. 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
ofspace use (Fig. 7). Gaulin and FitzGerald [20,22) predicted that such differences in space

FE8E3Rftgss8sEE
Time of Night

Figure 6' Aboveground activilY as-revealed by. kangaroo rats' rnean distance from their day burrow arscheduled hourly radiotransmitter fixes' o".o.ding ti moon phase. Data are pooi"; ;;;179 individualstracked between I 980 and 1990. on the deep CanyJn site, and are from dates within 3 weeks of the wintcrsolstice; sunset occurred within the hour before the I 700 radio fix and sunrise w ithin the hour after 0600 radiofix (adapted frorn [6]).

3.2. PREDATION AND SPACE USE
Among the most conspicous adaptation of kangaroo rats to their niche are their anti-predator
adaptations, i.e., fast locomotion and abirityio detect predators by sound [79, g4]. Thuskangaroo rats specialize in foraging under the constraints ofconstani predation risk, furthershaping the spatial cognitive task they face. They must not only remember where theircaches are, whcre thcir pilfering ncighbors arc and cvcn whcrc thc cachcs of thcir pilfcring
ncighbors arc, but whcrc ancl whcn it is sal'c to rbragc, cachc and to rctricve cachcs.

on our study site in s,outhcrn carifornia (Dccp Canyon Dcscrl Rescarch Station),
Merriam's kangaroo rats facc a panopry of predators. wc havc documented predation bycoyote (Canis latrans), grcat horncd owl (Bubo virginianus), northcrn shrikc (I_a,la.s
ludovicianus) and four spccics ofsnakes (3 rattrcsnakcs, l gopher snake) [g]. we havcdocuntcntcd onc rcsponsc irr t lctail: lhc i lvoidancc ol';rctiviry urrclcr bright rnoonlight. Thisis a wcll described phcnonlcnon: nocturnal descrt rodent.s arc less acti-vc undcr high Iight
condi t ions of  the fu l l  moon [43,  ( r l l .  Howcvcr , .ur  rcsul ts ,  based on data f rom 156
radiotaggcd kangaroo rars trackcd bctwcen l9g0 and 1992onthe Dccp Canyon sitc, show
that kangaroo rats are exquisitely sensitive to time of risk. We found that avoidance ofactivity is modulated hour by hour, that the pattern reverses under dark moon conditions [6]and that changes in activity influence not only their risk ofpredation but also their risk to
certain species of predator t8]. As seen in Fig.6, during the full moon, Kangaroo rats
concentrate their aboveground activity during the crepuscularperiods. The oppositepattern
is seen during the new moon, the darkest period ofihe lunar cycle: kangaioo rat activity
peaks at midnight [6].
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Polygamy Monogamy

Figure 7' Schematic diagrarn of space usc in rnatnrnalian spccics with tjiffcrcnt nrating syslclrs. un(lcrpolygamy, malc honlc-rangcs cncotnpass scvcral smallcr I'cnralc rlngcs; undcr rrxrnolarny, lrralcs nndfemales share ajoint homc-range or territory.

use would resu lt in thc prcscncc ol'scx d if ' fcrcnccs in spatial lcarn ing in polygamous spccrcs,
and thc absencc ol'such dil ' l 'crcnccs in monogamous spccics. They tcstJthis hypothcsis
with several species of volcs, rodents in the gcnus Microtus,a gcnus which displays nearly
the entire range of marnmalian mating systems, from promiscuity to monogamy [55]. Thus
in polygamous spccics, such as thc mcadow vorc (M. pennsylvanicu.s), brcccting rralcs may
range over areas lbur to l ivc times greatcr than those ol' brceding femalcs. This sex
difference in range size is absent among immature meadow voles and among adults outside
the breeding season, indicating that range expansion is a sexually selected inate rcproduc-
tivc (actic. Monogatntlus vttlc spccics, suclr as pinc (M. pirtctot:uttt) and prlir ic v1;lcs (M.
ochrogaster), lack such scx difl 'crcnces in ranging bchavior, rcgardlcss ofage orrcprocluc-
tive condition. As prcdicted, volcs of polygamous spccics exhibitcd strong scx dil ' l 'crcnces
in spatial abil ity; in contrast, monogamous volc species, testccl undcr iclentical conclit ions,
lackcd st rch scx d i l ' l ' c rcnccs ( rcv iowcd in l lg l ) .  Thc hypothcsis  thnt  scxual  sc lcct iorr  c l r r
predict patterns ol' spatial lcarning abil ity, also ofTcrcd an cxplanation lbr prcvious
obscrvations of scx cli l ' l 'crcnccs in spatial lcarning in laboratory rats, a dorncsticate ol'
po lygynous anccsrry I  l4 ] .

3.5. SEX-SPECIFIC SPATIAL ABILITIES
Thc dif ' f 'crcncc hctwccn ntalcs antl f 'crnalcs i lppcars to rcsult l ionr two scx-spccil ' ic
spccia l iz .at ions in  spat ia l  learn ing:  navigat ional  abi l i ty  ancl  mcmory lbr  objcct  locat ion.
Navigational abil ity has bccn conccptualizcd as thc abil ity to lbrm cognitivc nraps, from
which an animal may construct novelroutes to Iocations, or constructroutes based on partial
arrays of landmarks [81]. This is an oversimplif ication, of course, of an importanr concept
which has bccn and conrinucs to bc discusscd at many lcvcls ofanalysis Ilg, 53, 60] (scc
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 I I 2]; the radial arm maze
[54]' and the water maze [47]. Superior acquisition of these tasks have bcen demonstratecl
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in rnalcs l ionr scvcral polygamous spccics 112,22,861 similar pattcrn has bccn obscrvcd
in our  own spccics [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

Itndnrarks arc altcrcd, lbtnalc pcrfonnancc shows rnuch greatcr disruption than nralc
pcrlbrmance [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 volumc wil l have addrcsscd questions of hippocampal structure,

function, genetics and development in detail (see chapters by Clayton and Krebs, and

Shettleworth, present volume). Thus I wil l pass l ightly over these topics and concentrate

instcad on simplc pattcrns of hippocampal siz-e 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 [5,41,7l]. The

cxtraorclinary rcsult that food-storing spccics havc 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

lollowing stuclics arc a l irst attcrnpt to trridgc this gap bctwccn thc ncurophysiology ol'

spatial cognition in the lab rodent and the role of spatial cognition in the behavior of wild

rodents.
Siz.c, of coursc, is a crude mcasure of brain allocation. However, it is a basic principle of

brain cvglution that incrcascd function is rcflcctcd in incrcascd complexity of its ncural

basis. Although this has rccently been questioned [66,671, it is sti l l  aconservative and useful

starting point with which to think about brain evolution. Thus, given the caveat that the

1ptio6 ol'"biggcr is bcttcr" is always an assunrption to bc tcstcd (scc it lso chaptcr by Dcitcon,

present volume), we can ask questions about the relative allocation ofbrain to functional

subunits. In thc case of the hippocampal formation, we assume that certain species wil l need

morc dctailed cognitive maps or a greater storage capacity for spatial data or even a faster

coding and/or rctrieval of spatial information. All of these conditions might be sufficient

selective pressure to change the allocation of brain space to incrdased 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 differenc.es 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.I. HIPPOCAMPAL SIZE IN FOOD-STORINC RODENTS

Thc l ' irst qucstion onc rnight ask is whcthcr, l ikc birds, ftxxl-sloring rodcnts huvc rclativcly
largcr hippocampi than rodcnt spccics that do not storc lood. Howcvcr, bccausc most rodcnt
food-storers use only a single larder [83], such a "cognitive niche" would not demand
adaptivc specializations orcven the use of spatial memory. Thus spccics using thc colnlnon
stratcgy of lardcr hoarding should bc prcdictcd to havc less allocation to hippocampus than
closely related species using a memory-intcnsivc stratcgy such as scattcr-hoarding.

In collaboration with Wayne Spencer, I tested this hypothesis by cornparing relativc
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, Meriam's kangaroo rats store seeds in scattered locations and uso spatial
memory to relocate these caches [27] whereas bannertail kangaroo rats return food to one
central cache, which they defend. Bannertails are larger than Meniam's and defend small,
productive tenitories from which they harvest seeds, using a scries of trails which emanatc
from a centrally located burrow [36,64). Meriam's, in contrast, lbragc 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 thesc spccies during thc breeding season
on sites near Portal, Arizona: Meriam'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 thcse 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 sizc, predictcd
by home rangc sizc and food-storing bchavior, wc would also scc dif ' fcrcnccs in hippocarn-
pal size betwccn malcs and fcrnalcs.

Hippocampal volumc was rncasurcd using standard histological tcchniqucs: pcrfusion
with buffercd formalin, scctioning of frozcn tissuc and staining for Nissl suhstancc with
crcsyl violct. Hippocampal arcas wcrc thcn digit ized from projected imagcs of scrial
scctions, and uscd to calculatc volume of hippocampus. Whole brain volume was estimatcd
from brain weight to produce a measure of relative hippocampal size. Because of species
diffcrences in brain wcight, a ratio of obscrved hippocampal size to cxpected hippocampal
size was calculatcd based on the relationship between hippocampal volunte and brain
volume from a large sample of small mammals [?6]; 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 conelated 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 ofobserved hippocampal volume to expected hippocampal volume in a small mammal ofequivalent
brain volume (formore details see [3 I ]). Box plots represent the 25%,50% and?5% quantiles foreach species;
horizontal lines indicate the l07o and 9070 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 uso. Ord's kangaroo rats appeared to be intermediate to the other species in
hippocampal sizc (Fig. 8). Howcvcr, bccause we had no data on female Ord's, we limited
our statistical comparisons to pairwise comparisons of relative hippocampal size among
rnalcs. Therc wcre no significant dill'erences between male Ord's kangaroo rats and male
banncrtail kangaroo rat in relative hippocampal size, however Ord's kangaroo rats did have
significantly smaller hippocampi than Merriam'', kangaroo rat [31].

These results suggest that it is notjust the spatial distribution offood cachesperse that
conelates 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,
I .79 ha; Ord's, l 28 ha; and Bannertails, 0. l3 ha. Thus, species ranking by home range size
roughly correlates with species ranking by relative hippocampal size (Fig. 8). Home range
size itself is only a rough measure of space use; moreprecise measures of space use pattems,
such as the number of new foraging sites visited in a foraging bout, may yield better
conelations with hippocampal size [73].
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A. Merriam's Kangaroo Rat
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log (brain volume) (r#l

Bannertail Kangaroo Rat
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Figure 9. Sex differcnccs in hippocarnpal sizc in kangaroo rats. Points rcprcscnt individual rnales (lilled
circle) and fernalcs (opcn circle). Sanrplc sizes wcrc 5 males,4 fclnalcs for cach spccics (adaptcd irom [3 I ]).

4.2. SEX DIFFERENCES IN HIPPOCAMPAL SIZE
As expected, males havc largcr hippocampi than lemalcs in both Merriam's kangaroo rat
and banncrtails [3 | | (Fig.9). Thcsc pattcrns suggcst that, as in passcrinc birds, hippocarnpal
sizc is partially dctclrtt i ttcd by thc cognitivc dcrnlnds ol' l irraging, and as in volcs, is partially
determined by the cognitive demands imposed by the mating system.

Since most  mammal ian spccics are polygynous,  l ike thc kangaroo rats,  and are thus
scxual ly  d imorphic in  thc i r  usc of  spacc,  h ippocampal  s ize should be d imorphic in
most  species.  Moreover,  h ippocampal  s ize should be sexual ly  d imorphic 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
signi f icant ly  larger  h ippocampi ,  re lat ive to the s ize of  the whole bra in,  than conspe-
c i f ic  fernalcs.  Therc is ,  in  contrast ,  no scxual  d imorphisrn in  h ippocampal  s izc in
monogamous p ine voles [29]  (F ig.  l0) .
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Figure I 0. A and B) Sex differences in spatial abilities, and C) relative hippocampal size (in proponion to the
volume of the entire brain) in breeding adult voles. Sarnple sizes were l0 individuals of each sex in each
species.

4.3. SEASONAL MODULATION OF SEX DIFFERENCES

In addition, sex differences in patterns ofspace use are seasonal. Polygamous meadow voles
show marked seasonal changes in social system and space use [2 ], 44]. Male home ranges
in the winterdecrease to a size similar to that of nonbreeding males or females, accompanied
by an increase in social tolerance and the fonnation ofmixed sex and lineage groups [44].

Thc.sc bchaviclral changes arc corrclatcd with changcs in brain structurc. Under natural
conditions, volcs show largc scasonal l ' luctuations in cranial volume and brain wcight [ 13,
88, 901. These nreasures 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 ( l4 h daylight) had heavier brains than males reared under winter photoperiod
(10 h daylight) t9, 101. Rearing photoperiod had no effect on normal females, although
fcrnalcs masculinizcd with nconatal tcstostcronc injcctions also showed this effect of
photopcriod 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.

Such drastic 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 evidcncc that such changcs occur in two species of polygamous voles, the
rncadow volc and thc montanc vole (M. nontanus), a species that shows sex differences in
natural spacc use [32,33,341.Thc idea that scx diflerences in spatial lcarning are modulatcd
by photopcriod wcrc tcstcd in two ways. First, montanc volcs wcrc raised on winter or
summer photoperiods and tested on the Morris water maze 147), a task which yields
consistcnt scx diffcrcnces in laboratory-rcarcd mcadow voles [37], and in wild montane
volcs (Jacobs, unpublishcd data). Howcvcr, thc malc advantagc 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

nnniculatus): 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 natural conditions or
in wild voles, my collaborators and I also reexamined existing data on spatial learning
abil ity in wild-caught mcadow 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). Volcs wcrc rhcn tcstcd at rcgular
intcrvals ovcr a pcriod ol'scvcral ntonths on a scrics ol 'scvcn syrnrnctrical rnaz-cs [ | 2 J. S uch
an exposurc to incrcased photopcriod produccs prcdictablc incrcascs in brain and bocly
wcights in  th is  spccics,  and th is  rcsponsc is  rnorc pronouncod in rnalcs [10j .  As prcc l ic tcd,
these winter-caught voles showed no sex differcnce init ially, however a male supcriority in
task acquisit ion did develop aftcr scveral wceks in the artif icially lengthcncd photopcriod
128j.

Thus despitc diffcrcnces in species and mcthodology, therc is incrcasing evi<lencc 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 Il I ], and there are even
rePorts of seasonal cycles in spatial learning abil ity in men; spatial abil ity is inversely
related to seasonal cycles in the level ofcirculating testosterone [39].

what is the evidence for changes in the hippocampus? Photoperiod appears to be the
proximate cue riggcring changcs in brain mass. Two lincs of evidence suggcst 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 relarivc
to thc wholc brain incrcascd grcatly bctwccn wintcr and spring sarnpling pcriods. Morcovcr,
he noted that males had much larger hippocampi than females in the spring, but not the
winter sample [88, 89].

othcr  convinc ing cv idcncc conrcs l iom a stut ly  o l ' thc h ippocarnpus o l 'h ibcrnat ing
Siberian ground squirrcls [58, 59]. Thcsc studics show that the onsct of hibernation is
accompanied by severe reduction in the length and density ofdendritic arbors ofpyramidal
cells in the CA3 region of the hippocampus. Yet within 2 h of awakening from hibernation,
the pyramidal cclls havc rcgcncratcd thc dendrit ic arhors and establishcd ncw synapscs.
This example of seasonal degcncration and rcgrowth is rcmarkable for the extremely rapid
rates ofmorphological 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 othcr interpretations, thcsc data in conjunction with
the data on hibernating squirrcls suggest that seasonal changcs in hippocampal structurc do
occur and could be of surprising magnitude.

4.4. FUTURE DIRECTIONS

In ordcr for a tnlit to cvolvc, thcrc must bc hcritablc variation among individuals,
competit ion for l irnitcd resourccs and l ' inally, successl'ul competit ion must result in
increased fitness. It is striking that the chapters in the present volume have provided most
of the evidence nccessary for the study of the evolution of one cognitive trait in particular,
spatial navigation and its neural basis. First, there are the genetic studies ofhippocampal
structurc, which dcrnonstratc that not only is thcrc a strong rclationship bctwccn rnossy l ' ibcr
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 presenr 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 exprcssion could bc preciscly adapted to meet such challenges. The
next step is to apply the methods that havc 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 ofsex 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
pcriod could bc uscd to bias thc spatial abil it ics ol 'malcs within cohorts. This tcchniquc has
already been used to manipulate dispersal behavior in Belding's ground squinels [25]; the
same techniques could be applied to other rodent species. This, in combination with field
tclcmetry and DNA fingerprinting studies (see chapter by Arnold, present volume), could
produce corrclations betwcen space use, spatial learning, hippocampal size and mating
success of males.

Finally, such comprehensive studies could address the question ofthe origin ofindividual
differcnccs, and the rolc ofdcvelopmental fccdback, as has becn 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 leaming ability evolves to solve the
spccilic cognitive tasks set by a spccific 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 cellulgr structure of the
hippocampus. Such integration can lead us to a new synthesis ofevolutionary biology and
cognitive neuroscience, which, in combination with quantitative genetics and cellular
neuroscience, may lead to new understanding ofhippocampal and brain function.
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