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A well-developed spatial memory is important for many animals, but appears especially important
for scatter-hoarding species. Consequently, the scatter-hoarding system provides an excellent para-
digm in which to study the integrative aspects of memory use within an ecological and evolutionary
framework. One of the main tenets of this paradigm is that selection for enhanced spatial memory
for cache locations should specialize the brain areas involved in memory. One such brain area is the
hippocampus (Hp). Many studies have examined this adaptive specialization hypothesis, typically
relating spatial memory to Hp volume. However, it is unclear how the volume of the Hp is related
to its function for spatial memory. Thus, the goal of this article is to evaluate volume as a main
measurement of the degree of morphological and physiological adaptation of the Hp as it relates
to memory. We will briefly review the evidence for the specialization of memory in food-hoarding
animals and discuss the philosophy behind volume as the main currency. We will then examine
the problems associated with this approach, attempting to understand the advantages and limit-
ations of using volume and discuss alternatives that might yield more specific hypotheses.
Overall, there is strong evidence that the Hp is involved in the specialization of spatial memory in
scatter-hoarding animals. However, volume may be only a coarse proxy for more relevant and
subtle changes in the structure of the brain underlying changes in behaviour. To better understand
the nature of this brain/memory relationship, we suggest focusing on more specific and relevant fea-
tures of the Hp, such as the number or size of neurons, variation in connectivity depending on
dendritic and axonal arborization and the number of synapses. These should generate more specific
hypotheses derived from a solid theoretical background and should provide a better understanding
of both neural mechanisms of memory and their evolution.

Keywords: birds; comparative analysis; food caching; neuroecology; stereology
1. INTRODUCTION
Memory is an important trait for a variety of
animals, but it appears to be especially crucial for
scatter-hoarding animals (VanderWall 1990). Some
scatter-hoarding species can make and retrieve incred-
ible numbers of caches (e.g. as many as 500 000;
Haftorn 1956a; Pravosudov 1985; Brodin 1994a)
throughout the year, and these caches may be critically
important for survival during the winter (Swanberg
1951; Haftorn 1956b; Jansson 1982; Krebs et al.
1989; Sherry et al. 1989; Pravosudov & Grubb 1997;
Pravosudov & Lucas 2001). Cache retrieval is often
facilitated in part by spatial memory to relocate
caches, although other types of memory (e.g.
r for correspondence (tcroth@unr.edu).
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LaDage et al. 2009a) and non-memory-based methods
of retrieval can be used as well (see Smulders et al.
2010; e.g. Pravosudov 1985; Brodin 1994b; Lens
et al. 1994). Thus, spatial memory is especially
important for many scatter-hoarding animals.

The use of scatter-hoarding animals as a paradigm
in which to study memory use is inherently integrative
(Smulders 2006; Pravosudov 2007). By linking behav-
iour, physiology, morphology and neurobiology to
ecology and evolution (the ‘neuroecological’
approach), recent work in the field has placed
memory and memory use into an ecological and evo-
lutionary framework (Pravosudov & Smulders 2010).
The leading hypothesis for the evolution of memory
used to retrieve caches is the adaptive specialization
hypothesis (ASH), which states that selection can
modify behaviour and its underlying neural mechan-
isms if such modifications enhance fitness (Krebs
et al. 1989; Sherry et al. 1989, 1992). This hypothesis
This journal is q 2010 The Royal Society
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allows us to address two separate, but related ques-
tions: (i) what are the selective pressures and
evolutionary processes through which evolution can
affect brain structure and function and (ii) how does
brain structure relate to brain function?

To address the first question, we need to look for
evidence of adaptation in behaviour or cognition.
This is often done using comparative studies, in
which behavioural and morphological traits from
numerous species are correlated with the goal of find-
ing patterns of similarity among the species. In the
case of the scatter-hoarding paradigm, the hypothesis
is that selection for more efficient memory-based
cache retrieval has led to enhanced memory, which
in turn has led to changes in brain (hippocampus
(Hp)) morphology. Thus, a relationship between cach-
ing intensity and Hp morphology has been sought. If
such a relationship is indeed identified, then the next
step is to examine the specific neural processes under-
lying these memories that were affected by such
selection. Of course, identifying evolutionary patterns
across a range of species does not explain exactly
how the brain processes memories. Such patterns
can, however, provide important directions for future
studies directed at identifying specific mechanisms of
memory. If a particular feature of the brain follows
the same cross-species pattern as the behavioural
adaptation, then this feature becomes a candidate for
further study of its role in cognitive processing. How-
ever, in order to ascertain mechanistic questions and
the relationship between structure and function,
experimental studies are necessary as the comparative
approach is deficient at establishing causal relation-
ships between behaviour and its mechanisms (e.g.
Smulders 2006; Healy & Rowe 2007).

The relevance of the neuroecological approach has
been criticized by Bolhuis & Macphail (2001) and
Macphail & Bolhuis (2001; see also Gahr et al. 1998;
Gahr & Daisuke 2007). They rightly argued that the
large-scale, comparative approach cannot be used to
explain the mechanisms responsible for the differences
in behavioural performance. In other words, the
specialization of a cognitive trait such as spatial
memory capacity cannot be used to explain the
specific causal brain mechanisms that underlie this
spatial memory capacity. This is the case as problems
of (behavioural) function may be solved by evolution
in numerous different ways and simply comparing
the phenotypic outcomes of the evolutionary process
cannot tell us how evolution has solved the problem
mechanistically. Bolhuis & Macphail (2001), however,
appear to ignore or misunderstand the importance of
examining the evolutionary history of the species (see
also Hampton et al. 2002; Sherry 2006). It is of
course perfectly possible to study in extreme detail
how a particular phenomenon (e.g. spatial memory)
works in a given organism without any reference to
evolution whatsoever. However, as soon as these find-
ings need to be applied to other organisms, it is crucial
to understand the evolutionary costs, benefits and
trade-offs of the trait in question, as well as the phylo-
genetic patterns in the evolution of the trait (for a
further review of this topic, see Smulders 2009). Like-
wise, the evolution of a trait depends not only on the
Phil. Trans. R. Soc. B (2010)
selective pressures that adapt a trait to the environ-
ment, but also on the constraints placed on evolution
by the current mechanisms that underlie the trait in
question. Therefore, evolutionary patterns can be
better understood when we know the specifics of the
mechanisms involved in behaviour, because it allows
us to consider the trade-offs and constraints associated
with those mechanisms. Therefore, integrating both
perspectives will result in a better understanding of
the relationship between the brain and memory.

Most of the other criticisms levelled by Bolhuis &
Macphail (2001) and Macphail & Bolhuis (2001) are
formal and owing to their non-adaptationist approach.
This approach has merit (e.g. Gould & Lewontin
1979), but at times remains at odds with the predom-
inating adaptationist approach. As with many
arguments, reality is probably somewhere in between
the extremes (Pigliucci & Kaplan 2000). Nevertheless,
even when the arguments on either side of a debate are
based on a different world-view, it should be possible
to judge the outcomes from a given approach on
their own merits (Brodin & Bolhuis 2008). We will
therefore review some of the results from the neuro-
ecological approach in an attempt to better our
understanding of the mechanisms that may underlie
spatial memory processing.

The validity of some aspects of Bolhuis &
Macphail’s criticisms, therefore, does not imply that
the entire neuroecological paradigm cannot be used
to ask questions about brain function, neurological
mechanisms, and the evolutionary relevance of such
traits. Variation in the brain and in behaviour in
many cases has resulted from natural selection, and
thus the examination of such variation from an
evolutionary perspective may be a powerful and mean-
ingful way to enhance our understanding of the neural
mechanisms that underlie such behaviours. In our
specific case, this means that investigating variation
in food-hoarding behaviour and spatial memory that
has been caused by differential selection pressures
may give us new insights into the neural mechanisms
of memory processing. Not all variation in a trait is
necessarily related to the ‘explanatory’ variable we
are trying to relate to it. After all, different species
have undergone different evolutionary histories, and
ancestral states will influence further evolution of a
trait (de Kort & Clayton 2006). Still, studying adap-
tive behaviour in natural contexts will allow us to ask
questions that would not be germane in typical labora-
tory experiments where contexts are less ecologically
relevant, e.g. designs with rats in water mazes.

Having established the value of the neuroecological
approach to understanding brain evolution and brain
mechanisms, we suggest that the application of this
approach to date has not lived up to its full potential.
We will argue that this is mainly due to the use of a
simple-to-use, but potentially problematic measure of
brain anatomy: the volume of a brain structure. In
the case of food-hoarding animals, the ASH has
mainly been tested by relating spatial memory (or a
proxy for memory, such as caching intensity) to Hp
volume across different species or populations of food
hoarders (Krebs et al. 1989; Sherry et al. 1989, 1992;
Healy & Krebs 1992, 1996; Garamszegi & Eens
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2004; Lucas et al. 2004). The results of this approach
have not always been unequivocal, but they have
largely provided support for the ASH: the Hp appears
to be larger in species that hoard more intensely.
Inconsistency and variance that exist in the reported
results may be related to the reliability of proxy
measures of memory use, such as ‘degree of specializ-
ation for hoarding’ (Smulders et al. 2010), or by the
use of volume as the measure of Hp specialization.
Although it may be assumed that the volume of a
brain structure will reflect some aspects of underlying
anatomical processes, the nature of these processes is
not well understood. Thus, it remains unclear if and
how the volume of the Hp itself is related to its
function, such as spatial memory.

The main goal of this manuscript is therefore to crit-
ically consider the value of volume as the primary
measurement of the degree of morphological and
physiological adaptation of a brain structure to a cog-
nitive ability. As indicated, we will specifically consider
spatial memory in scatter-hoarding animals, and relate
it to adaptations of the Hp. We will review the evidence
for the adaptive specialization of memory in food-
caching animals and discuss the philosophy behind
volume as the main currency of brain morphology.
We will then examine the problems associated with
this approach, focusing on what volume can and
cannot actually tell us about spatial memory proces-
sing, and suggest alternatives to volume that might
yield more specific hypotheses. Finally, we will discuss
the implications of better measures of the brain for our
understanding of the evolution of memory and food
caching in scatter-hoarding animals.
2. THE ROLE OF THE HIPPOCAMPUS
IN SPATIAL MEMORY
Memory is processed in part in the Hp (for review,
see Shettleworth 1998; Bast 2007). For spatial
memory in particular, the Hp plays a major role in
the acquisition and retrieval of memories. The Hp
of birds and mammals is believed to be homologous
(for a review, see Colombo & Broadbent 2000;
Smulders & DeVoogd 2000) and the importance of
the Hp in spatial memory processing is well demon-
strated in both birds and mammals. For example,
some experiments show that Hp lesions prevent the
acquisition of new spatial memories, but not non-
spatial memories such as colour (Morris 1983;
Sherry & Vaccarino 1989; Hampton & Shettleworth
1996; Shiflett et al. 2003). However, the Hp does
not work independently to process memories; other
regions of the brain are important as well (Squire
et al. 1993; Squire & Zola 1996; Squire 2004). The
network of regions involved in memory processing
is less well characterized in birds than it is in mam-
mals, but progress is being made at an anatomical
level (e.g. Atoji & Wild 2006), and several brain
areas have been identified as involved in different
types of memory (e.g. Suge & McCabe 2004;
Güntürkün 2005).

In addition to being involved in memories, the Hp
may play a role in some other functions as well (Bast
2007). For example, the Hp may be involved in
Phil. Trans. R. Soc. B (2010)
motivation, especially as related to appetite (Tracy
et al. 2001), hibernation (Horowitz et al. 1987;
Spangenberger et al. 1995), emotions and fear response
(Bast 2007), as well as non-spatial memory tasks such
as reversal learning, extinction, context learning and
other flexible forms of declarative-like memory (e.g.
Bunsey & Eichenbaum 1996; Eichenbaum 1996).
These other functions may covary to some extent
with spatial abilities, but until we better understand
which brain regions are involved in which behaviours,
we will not know. The fact that the Hp may be involved
in multiple functions makes the comparative approach
more difficult, as unexplained variation in Hp anatomy
may be related to functions other than the one under
investigation (e.g. spatial memory). For the purposes
of this discussion, we will focus only on the role
of the Hp in spatial memory, but we will keep the
confound of multiple functions in mind.

Within the food-caching animal paradigm, the Hp
has been shown to be crucial for the successful re-
trieval of previously hoarded food: when the Hp is
lesioned, birds will still cache food, but they are no
better at retrieving their cached food than naive birds
(Krushinskaya 1966; Sherry & Vaccarino 1989). This
clear involvement of the Hp in processing memories
for hidden food items has resulted in the focus on
the connection between Hp morphology and spatial
memory, with enlargements of the Hp being linked
to presumably better memory performance (Krebs
et al. 1989; Sherry et al. 1989). Memory can be
enhanced by increasing the memory capacity, i.e. the
number of things remembered, the duration of the
memory, the accuracy of retrieval, the speed of re-
trieval, or all of the above. Measuring memory
capacity and the speed of retrieval is difficult; hence
most studies have focused on measuring accuracy
and, to a lesser degree, duration (Smulders et al. 2010).

Why would we expect an enlargement of the Hp
associated with memory enhancement? Historically,
relative brain size (typically when compared with
body mass) has been associated with cognitive qual-
ities such as ‘intelligence’ that are associated with
plastic behaviour. Numerous comparative studies,
even the very recent ones, have maintained this idea
(e.g. Iwaniuk & Hurd 2005; Lefebvre & Sol 2008;
Sol et al. 2008). However, there is no real biological
reason (i.e. no real hypotheses) for this relationship.
Why should a relatively larger skull, and thus a rela-
tively larger brain, be a prerequisite for plastic
behaviour? Studies that assume a causal relationship
between brain size and behavioural plasticity fre-
quently ignore the importance of trade-offs between
selection for a larger brain with other selection pres-
sures favouring a reduction in brain size, thereby
ignoring important aspects of the ASH. Selection
should favour the head volume to body mass ratio
that is most adaptive. It is possible that selective pres-
sures that favour a small skull size might counteract
selection for behavioural plasticity, cognition and
memory, but it is not necessary. Moreover, selection
pressures on body size may be independent of those
on the head/brain. Such studies can be useful for
exploring patterns, but are limited in their interpret-
ation, and certainly cannot be used to causally link
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structure and function; see Healy & Rowe (2007) for
an excellent critique of this issue.

Most studies in the food-caching paradigm have
maintained this logic, focusing on a specific section
of the brain, the Hp. As the Hp appears to be critical
for spatial memory, the logic is that this region might
be a reasonable place to expect morphological
expressions of memory specialization and the trad-
itional metric has been volume. To what extent the
use of volume is really the result of this previous
logic or simply the ease of measurement is unclear.
Still, the focus on volume is not unique in Hp/
memory comparisons, but is also commonly used in
other study systems, for example in studies of the
relationship between singing behaviour and song
nuclei in the brain in passerine birds. Many studies
have found that animals that sing more have larger
song nuclei (e.g. Nottebohm et al. 1981; Canady
et al. 1984), although this relationship does not
always hold (e.g. Gahr et al. 1998; Leitner et al.
2001). The approach in such studies has been to
treat the brain (and its different regions) as a ‘black
box’. There appears to be an association of overall
brain volume or the volume of specific regions of the
brain, and some interesting behaviours (although the
patterns are not completely clear, see below), but
why these relationships exist and their relevance for
understanding brain function are unclear.

Hence, many questions remain, such as ‘how does
the Hp play a role in processing memory?’ and ‘what
is the actual physiological expression of memory in
the Hp?’ The Hp consists of several well-defined sub-
structures (Atoji & Wild 2006), and it is not known
which of these should be important for spatial
memory. Thus far, the use of volume has been justified
with post hoc explanations. It may well be the case that
we should focus our interests on something more
specific than gross volume. To date, we just do not
know enough about the brains of food-hoarding
birds or their function in regards to memory. However,
the literature on memory processing in the mammalian
brain is large, and too little attention has been paid to
this literature in the context of caching memory and
the Hp (Roth et al. 2010). In the rest of this paper,
we will therefore evaluate the usefulness of comparing
volumes across species, populations and individuals
(the dominant approach to date), and point out in
which directions we believe research on spatial
memory and the Hp in scatter hoarders should go
next.
3. EVIDENCE FOR THE ADAPTIVE
SPECIALIZATION OF HIPPOCAMPAL
VOLUME FOR SPATIAL MEMORY
If the Hp has been adaptively specialized for spatial
memory, a positive association of Hp volume and
spatial memory use/capacity has been predicted.
Within that framework, species that routinely make
and retrieve large quantities of food caches are
expected to have a larger Hp region than non-caching
species. Indeed, this pattern is generally supported
within studies. The seminal works of Krebs et al.
(1989) and Sherry et al. (1989) clearly showed that
Phil. Trans. R. Soc. B (2010)
caching birds have considerably larger Hp regions
than do non-caching birds. For example, food-storing
marsh tits (Poecile palustris) have a 31 per cent larger
relative Hp volume than the non-storing great tit
(Parus major) (Krebs et al. 1989). Similarly, Hampton
et al. (1995) showed that the Hp volume, as well as the
caching rates in captivity, of food-storing black-capped
chickadees (Poecile atricapillus) was significantly greater
than those of two infrequent cachers, Mexican chicka-
dees (Poecile sclateri) and bridled titmouse (Baeolophus
wollweberi). Numerous other studies show similar pat-
terns (e.g. Healy & Krebs 1992, 1996). Although most
of this work has been done on birds, there is evidence
of similar patterns within mammals as well (e.g.
microtine rodents (Jacobs et al. 1990); kangaroo rats
(Jacobs & Spencer 1994)).

A complicating issue of many of these studies, how-
ever, is the common proxy used for memory: caching
intensity, how many caches an individual routinely
makes during a given time frame. Smulders et al.
(2010) provide a full discussion of the relevance of
cache intensity versus retrieval for our understanding
of spatial memory. Briefly, the relevance of caching
intensity for memory function may not be that
strong, as it is the amount of caching memorization
that is relevant. It has been suggested that caches are
not always retrieved by memory, but cache retrieval
will still be more relevant as a measure of memory
use than a crude measure such as caching intensity
(Roth & Pravosudov 2009). A complicating factor
here is that memory in some cases could be more
important for the caching act than for retrieval
(Male & Smulders 2007). Reliable data that are com-
parable between species on cache retrieval rates and
retrieval accuracy are difficult to obtain in natural situ-
ations, and the length of time between caching and
retrieval itself (i.e. the potential time frame of the
memory) is difficult to know. Thus, poorly standard-
ized estimates of caching intensity have become
the standard for the comparison of spatial memory
capabilities within and among species.

While support for the positive association between
caching intensity and Hp volume is clear within
studies, support for the pattern across studies is equiv-
ocal. The issue has been thoroughly reviewed by
Brodin & Bolhuis (2008). Briefly, a relatively recent
large-scale comparative study, combining data from
previously published studies, found little support for
the relationship between caching intensity and Hp
volume across species (Brodin & Lundborg 2003).
This study focused on the two families that have
been best studied in this context: Corvidae (crows,
jays, etc.) and Paridae (titmice and chickadees). Pool-
ing a number of studies that each showed a correlation
between caching intensity and Hp volume, they found
no evidence of an overall link between caching special-
ization and Hp volume. However, this lack of effect
might be the result of some unknown large-scale geo-
graphical differences. When Lucas et al. (2004)
expanded the Brodin & Lundborg (2003) dataset
and controlled for continent, a positive association
reappeared. This suggests a major effect of continent
where North American species tend to have signifi-
cantly smaller Hp volumes than European species.

http://rstb.royalsocietypublishing.org/
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This pattern held for caching species as well as non-
caching species when phylogeny was considered
(Lucas et al. 2004; Garamszegi & Lucas 2005). Conse-
quently, Lucas et al. (2004) suggested that some
unknown ecological factors may drive the major differ-
ences observed between continents (see also
Garamszegi & Lucas 2005). It remains unclear, how-
ever, how ecological or evolutionary factors might
favour greater Hp size on one continent compared
with another. Nevertheless, the discovery by Lucas
et al. suggests that the relationship between Hp
volume and caching specialization holds.

Some additional data, however, seem to complicate
the evidence for the entire Hp volume/caching pattern.
For example, willow tits (Poecile montanus) and black-
capped chickadees are two closely related species
(actually considered the same species until recently;
e.g. Haftorn 1956a) with similar niches. The black-
capped chickadee ranges across much of North
America while the willow tit has a similarly impressive
range in Europe and Asia. Based on previous studies of
brain volume, the willow tit has a larger Hp volume
than the black-capped chickadee (Healy & Krebs
1992; Pravosudov & Clayton 2002; Brodin &
Lundborg 2003; figure 1), even though both appear
to have similar caching rates (Brodin 2005a).
However, recent data on black-capped chickadee Hp
volumes by Roth & Pravosudov (2009) are not differ-
ent from those previously reported for willow tits.
Likewise, some older willow tit data collected by
Cristol (1996) are not different from the original
chickadee data (figure 1). Data on black-capped chick-
adees from Smulders et al. (1995) collected at
approximately the same time fall in between these
two extremes, although data from Hampton et al.
(1995) are more in line with those collected by
Pravosudov & Clayton (2002) (figure 1).

Similar inconsistencies in the supposed continental
patterns are created with the inclusion of recent corvid
data. North American corvids, even those that cache
large amounts and are known to have impressive
Phil. Trans. R. Soc. B (2010)
memories such as the Clark’s nutcracker (Nucifraga
columbiana), have very small Hp volumes relative to
their European counterparts (Basil et al. 1996; Lucas
et al. 2004). However, the inclusion of recent data on
western scrub-jays (Aphelocoma californica) shows that
this picture may not be correct. Pravosudov & de
Kort (2006) report Hp volumes (76.19+6.9 mm3)
more than two times larger than those previously
reported for the species (32.06+3.6 mm3; Basil
et al. 1996) and much larger than other North
American corvids (figure 2). This is the case even
though the scrub-jay is not thought to be a particularly
prolific cacher (Vander Wall & Balda 1981). Indeed,
the new volumes reported by Pravosudov & de Kort
are more in line with those for the European caching
corvids (figure 2). If we accept that the continental
difference is true, the larger hippocampi of western
scrub-jays could only be explained as an adaptive
trait if they would possess spatial memory abilities
well above those of their more highly specialized
food-hoarding relatives in North America. This
seems very unlikely. The next section will explore
more likely explanations for the inconsistencies
pointed out above.
4. PROBLEMS WITH THE COMPATIBILITY OF
DATA ACROSS STUDIES
The chickadee/tit and corvid examples above are just
two illustrations of inconsistencies that make interpret-
ation of comparative Hp volume data difficult. We
suspect that additional problems will arise as more
data are added. This stems fundamentally from the
principal problem of comparability of data across
studies. Comparative studies that take their data
from a variety of published sources rely on the assump-
tion that data from these different sources are
methodologically comparable in that the observed
variation is due to the factor of interest and not meth-
odological bias. This assumption, however, appears
not to be met in many studies. To address the

http://rstb.royalsocietypublishing.org/
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compatibility issues directly and to decrease the risk of
future erroneous and irrelevant interpretations, we will
posit some explanations for these inconsistencies and
make some recommendations to avoid such problems.

One of the main contributing factors to the incom-
patibility of data across studies is that there are
systematic differences between research groups produ-
cing variability among laboratories. The main issues
here are that (i) different groups may use slightly
different histological techniques, (ii) different studies
use different statistical techniques, (iii) different
studies may use different measurement decisions,
and (iv) regardless of training or technique, studies
have been designed to answer different questions and
thus treat animals differently, thus creating unforeseen
biological variation. Such seemingly minor variation
may be very important. In our corvid example above,
there is a laboratory and continental confound. The
bulk of the data on North American corvid species
come from a single study (Basil et al. 1996). Likewise,
most of the European corvid data originate from a
single study (Healy & Krebs 1992). These differences
among groups may have been underestimated
(e.g. Garamszegi & Eens 2004; Lucas et al. 2004) for
various reasons. It has been suggested that most
people who study these aspects of the brain have
learned techniques from the same original source
(John Krebs’ laboratory in Oxford in the 1980s) and
thus should perform their studies in the same way
(Lucas et al. 2004). It has also been suggested that
there is repeatability in the variables measured
(Garamszegi & Eens 2004). Unfortunately, this
might not be the case.
(a) Differences in histological techniques

Variation in techniques across research groups and
over time may stem from multiple sources. For
example, different procedures involved in the collec-
tion and preservation of the brain tissue may result
in different tissue shrinkage rates. To complicate
things, brain shrinkage rates may be different at differ-
ent times of the year (Smulders 2002; Phillmore et al.
2006). In most studies, the first step in collecting brain
tissue is a perfusion, but details of this technique have
varied between studies. This method involves pumping
fluid through the animal in order to remove the blood
from the brain and begin the fixation process from the
inside. Perfusion leads to less interference from blood
cells during analysis and may reduce tissue damage
during processing. The duration of the perfusion and
the concentration of the chemicals involved may,
however, have strong effects. For example, the concen-
tration of and duration of exposure to formalin
(formaldehyde/paraformaldehyde) will affect the
degree of tissue shrinkage (Quester & Schroder
1997; Kerns et al. 2008). Formalin fixes tissue by
cross-linking proteins (Puchtler & Meloan 1985). In
doing so, it denatures and constricts the proteins
(Puchtler & Meloan 1985). Thus, all else equal,
longer exposure to and/or higher concentrations of for-
malin in the solutions will produce more tissue
shrinkage to the point of full fixation (Quester &
Schroder 1997 and references therein). This may
Phil. Trans. R. Soc. B (2010)
lead to systematic biases among laboratories in estimates
of Hp volume. More importantly, after the brain tissue
is extracted from the animal, it is generally post-fixed
in a formalin solution for a period ranging from a day
to several weeks (e.g. Pravosudov & Clayton 2002;
LaDage et al. 2009b; Roth & Pravosudov 2009). This
is yet another very important point where considerable
tissue shrinkage may occur (Quester & Schroder 1997
and references therein; T. C. Roth, L. D. LaDage &
V. V. Pravosudov, unpublished data).

After the tissue is fixed, it must be sectioned before
measurements can occur. Different techniques for sec-
tioning and mounting tissue may cause systematic
variation in volume estimates. For example, the two
common techniques for preparing tissue for sectioning
are embedding the tissue in paraffin wax (e.g. Basil
et al. 1996) and freezing the tissue (e.g. Krebs et al.
1989). Systematic comparisons between the two tech-
niques show a clear difference in that tissue shrinks
much more when it is embedded in paraffin than
when it is frozen (Kretchmann et al. 1982).

Such systematic differences are a major problem
when data from different laboratories are pooled
since they cannot reliably be corrected post hoc.
Different parts of the brain can shrink at different
rates with different techniques (Kretchmann et al.
1982). Nevertheless, many studies in the medical
field do use post hoc corrections to better estimate
the size of the original (i.e. fresh) tissue (Quester &
Schroder 1997). These types of studies, however,
focus their corrections on specific brain regions
(rather than whole brain changes) and use very large
sample sizes to compare the effects of different chemi-
cals and techniques, aiming to promote the
consistency of the technique in subsequent studies.
Such corrections will not be perfect, but may still be
a reasonable way, for example, to estimate the original
size of a cancerous growth within an individual. The
applicability of such techniques to volumetric differ-
ences in Hp size across species is less clear, as
sample sizes are frequently very small. Thus, we do
not recommend such corrections for our field.
(b) Differences in statistical techniques

Another source of systematic bias in estimates of Hp
volume can be found in differences and problems
with sampling, statistical analysis and interpretation
among studies. Many studies suffer from small
sample sizes. In the corvid example above, some
species (e.g. blue jay Cyanocitta cristata, alpine
chough Pyrrhocorax graculus and rook Corvus frugile-
gus) were represented by single individuals. Yet, other
species have been represented by only two individuals
(see table 4 in Brodin & Bolhuis 2008). Obviously, the
smaller the sample sizes, the less reliable they will be as
estimates of a population mean. Besides normal vari-
ation between individuals, there is also a possibility
that measured individuals are not representative for
other reasons (e.g. if they are old, ill or of only one
sex). Information on sex, age and health is rarely, if
ever, actually included in comparative analyses.

Furthermore, whether and how telencephalon (Te)
volume is used in the analysis may also have an effect
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on the results. Te volume is often used as a control
region in studies of the Hp. In effect, using Te as a
reference controls for overall brain size, thus making
comparisons of Hp volumes between groups more
meaningful. However, few studies explicitly describe
how the Te was measured. This is a problem as one
current method of measuring the Te in the literature
is to estimate Te volume only on sections of tissue
on which the Hp has also been measured (e.g.
Sherry et al. 1993; Cristol et al. 2003; Day et al.
2005, 2008). Since the Te is longer than the Hp,
this means that parts of the Te that are anterior and
posterior to the Hp may not have been included in
the calculation. This will lead to underestimation of
the Te volume, thereby inflating the relative size
of the Hp. The inflation of relative Hp volume is
not only a problem in comparisons of data from
different laboratories, but also produces a size
bias in that a small (i.e. short) Hp may exclude
relatively more of the Te from the analysis than a
larger Hp. Using this method can change the estimate
of Hp volume as much as 15 per cent (LaDage et al.
2009c).

In the case of the parid example above, there are sig-
nificant differences in the Te volumes reported both
within and between the black-capped chickadee and
willow tit (figure 1). Is this variation natural (e.g.
owing to differences in populations) or the result of
different volume estimates? Overall, depending upon
which datasets are used and how the data are analysed,
the conclusion could be that black-capped chickadee
brain sizes are larger, smaller or not different from
those of willow tits. While we do not want to say that
we should only use raw Hp measurements for inter-
specific comparisons, it is clearly important to
measure both Hp and Te volumes using comparable
methods.

Finally, the definition of the independent variable is
problematic. In some studies, a categorical storer/
non-storer variable has been used (e.g. Krebs et al.
1989; Sherry et al. 1989). These categories are prob-
ably accurate to some degree, but a categorical
dichotomous variable gives poor resolution to a
relationship. In an attempt to make regression/
correlation analyses possible, Healy & Krebs (1992,
1996) introduced three categories on a scale of
degree of specialization for caching: non-hoarders,
hoarders of intermediate specialization and highly
specialized hoarders. This scale has been used in
several subsequent studies (e.g. Brodin & Lundborg
2003; Lucas et al. 2004), but how these categories
are defined and which species they include are fairly
subjective. For example, the willow tit is considered
to be a specialized cacher, as it may make more than
100 000 caches in a single season (Haftorn 1956a,b;
Pravosudov 1985; Brodin 1994a). However, the
black-capped chickadee used to be considered a non-
specialized cacher, even though it caches at the same
rate (or at a slightly higher rate) as the willow tit
(Brodin 2005a). Although the black-capped chickadee
has been designated a specialized cacher in later studies
(e.g. Lucas et al. 2004), the problem of subjectivity
remains. Other species that have been problematic to
categorize objectively include the Eurasian magpie
Phil. Trans. R. Soc. B (2010)
Pica pica, the rook C. frugilegus, the coal tit and the
marsh tit (Brodin & Lundborg 2003).

Our main point here is that seemingly minor vari-
ation in technique may produce large effects in the
final estimation of volume if there is a systematic
bias. Such a bias may not necessarily be a problem
within a study. Assuming that all treatment groups
are handled identically, the value of the study by
itself should still hold. However, when studies are
compared or combined, such biases may make data
incompatible. Taken individually, there may be differ-
ences in the precise effect that each technique may
have on the estimation of brain region volume. Collect-
ively, however, such variation may be compounded in
various ways, resulting in large systematic differences
across studies (like continental differences). Thus,
future studies that wish to examine large-scale patterns
between the Hp and caching should consider the use
of formal meta-analyses rather than pooling data from
various sources.
(c) Differences in measurement decisions

Systematic differences in the designation of different
regions of the brain may produce variation between
studies. Although the dorsal, ventral and medial
boundaries of the avian Hp are unambiguous, the lat-
eral boundary is not. There can be variation between
studies in how this boundary is defined and how
much of the parahippocampus and Hp proper are
included. Similarly, the rostral boundary can be diffi-
cult to determine and caudal sections may be lost
owing to their small size and shape. Thus, differential
treatment of these areas may produce between-study
variation, although within-study variation should be
minimal. In addition, differences in staining tech-
niques may produce variation in volume estimates by
means of labelling different regions or cells in the
brain. For example, Gahr (1997) found significant
differences in the estimates of brain region volumes
using cytoarchitectural, cytochemical and connec-
tional delineation techniques. Moreover, these
differences varied depending upon developmental
stage. While the majority of studies involving the Hp/
memory relationship use Nissl staining (a cytoarchitec-
tural technique), it is important to note this possibility
for future studies that may use different techniques.
(d) Unforeseen biological variation

Even if differences in techniques could be controlled
for, the problem will still remain that different studies
are designed to ask different questions, and thus their
results may not be directly comparable. Such differ-
ences may make comparisons between and among
studies difficult. For example, some studies are
designed to ask questions about the behaviour of ani-
mals, which is then related to brain morphology. In
many such studies, animals are captured and brought
into captivity for experiments (e.g. Hampton et al.
1995; Pravosudov & Clayton 2002). While mentioned
as a possible source of variation, the effect of captivity
on the brain has not been thoroughly investigated
(Smulders et al. 2000a). The amount of stimulation
and movement will be very small in captivity compared
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with an animal’s natural environment. Recent work by
LaDage et al. (2009b) and Tarr et al. (2009) suggests
that captivity alone has a large effect on Hp volume,
but no effect on Hp neuron number or the rest of
the Te volume. Hoshooley & Sherry (2004) found an
effect of captivity (one to two weeks) on neurogenesis
rates, but not neuron number or volume. It has been
suggested that spending time in captivity will lead to
reduced connectivity within the Hp, which itself may
result in changes in volume without affecting total
neuron numbers. Such changes may be in part due
to stress (McEwen 1999; Sousa & Almeida 2002),
although there are probably multiple factors that
could produce such a captivity effect. Whether such
volumetric changes have consequences for behaviour
(i.e. a reduction in memory) is also unknown.

In addition to a captivity effect on wild-caught ani-
mals, other animals have been obtained from zoos or
the pet trade (e.g. Healy & Krebs 1992). In such
cases, animals may have spent most of their lives in
captivity or may have belonged to a strain that has
been held in captivity for generations. It is not
known whether animals that have spent their entire
lives in captivity are comparable to animals that have
been brought into captivity as adults, although domes-
tication is known to have effects on brain anatomy (e.g.
Rehkamper et al. 2008). For example, the alpine
chough and red-billed blue magpie in Healy & Krebs
(1992) were taken from long-term captive sources. If
these individuals had reduced Hp volumes relative to
their wild counterparts (as did captive juncos in
Smulders et al. (2000a), mountain chickadees in
LaDage et al. (2009b) and black-capped chickadees
in Tarr et al. (2009)), their Hp volumes may not be
representative and thus the relationship between the
degree of hoarding and Hp volume may not hold.

Another potential bias is when and where animals
are collected. We know from previous work that
there may be an effect of season on volume (Smulders
et al. 1995; Smulders 2002; but see Hoshooley &
Sherry 2004). Thus, animals collected at different
times of the year may not be directly comparable. In
addition, there is also clear evidence of variation in
relative Hp volume among populations. Pravosudov &
Clayton (2002) and Roth & Pravosudov (2009)
showed that black-capped chickadees from northern
populations have larger Hp volumes and more neurons
than those from more southern populations. Thus, even
within the same season, birds from different areas
should not be assumed to be directly comparable
without first considering the effects of region. Differ-
ences in caching rates and the possible associated Hp
morphology may occur in neighbouring populations
for various reasons.

Furthermore, there could be other confounding
variables that may be more important than date and
location for capture. Large-scale comparative studies
traditionally focus on species-level analyses. The
premise of such studies is that if we find a relationship
between a variable of interest, such as caching
intensity, and some other trait, such as brain mor-
phology, we can predict the latter from the former.
However, species-level analyses are prone to unexplained
variation owing to other ecological variations between
Phil. Trans. R. Soc. B (2010)
species. Variation in factors such as diet, evolutionary
history, physiology, etc., can be highly influential and
difficult to explain (e.g. Volman et al. 1997). To com-
plicate matters, spatial memory may respond to
selection for reasons other than food caching and the
Hp is involved in processes other than spatial
memory (as mentioned earlier). When comparing
species, it is therefore important firstly to know if
there is variation in spatial demands between these
groups that depend on other factors such as territory
size, movement patterns, habitat structure, etc. For
example, the migratory subspecies of white-crowned
sparrows (Zonotrichia leucophrys) has a relatively
larger Hp volume and more Hp neurons than their
sedentary conspecifics (Pravosudov et al. 2006). Also,
spatial memory demands from activities such as terri-
tory maintenance and movements during the pursuit
of mates may be high during the breeding season but
low at other times of the year (e.g. Jacobs et al. 1990;
Lavenex et al. 2000). Likewise, individuals that main-
tain territories might need to memorize the area of
their territories. This could create higher demands
for spatial memory in territorial individuals than in
non-territorial ones, potentially confusing species-
level comparisons of the Hp. Such differences in
spatial memory requirements have been demonstrated
to affect Hp morphology (e.g. LaDage et al. 2009d ).
While speculative, we feel that it is important to note
that the selection pressure for high spatial memory
capacity created by food hoarding may be confounded
by selection for high spatial memory capacity for other
behaviours, and indeed by any other processes that
require the Hp. Thus, it is important to know and con-
sider the ecology of the species before attempting to
compare them based on their food-hoarding status
alone, and even then, additional variation owing to
un-measured variables is likely to remain.

One way to reduce these problems is to compare
separate populations within a species. Just as in com-
parisons between species, variation in morphology
and behaviour can occur within a species and is just
as reasonably the result of natural selection. Theoreti-
cally, the variation in hoarding specialization and Hp
volume that has been compared between species
could also occur between populations within one
species. If we can find intraspecific variation in these
traits, we can reduce variation from unrelated factors.
For example, Brodin & Bolhuis (2008) suggest that the
strongest evidence for the adaptive specialization of the
Hp comes from two intraspecific comparisons of
black-capped chickadees. This species has a wide
range from Alaska to New Mexico. As a result, they
occupy a range with a great deal of climatic variation.
Chickadees in more northern populations experience a
more severe climate (lower temperatures, more snow,
shorter day lengths) than their southern conspecifics.
This makes it logical to assume that northern birds
need more cached food during the winter. If caching
locations are memorized this should select for better
spatial memory in northern populations. Indeed,
both laboratory experiments and fieldwork suggest
that northern chickadees have better spatial memory
(Pravosudov & Clayton 2002) and relatively larger
Hp volumes with more neurons (Roth & Pravosudov
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2009) than their southern counterparts. We suggest
that future questions should take better advantage of
intraspecific variation in these traits both across (e.g.
Pravosudov & Clayton 2002; Roth & Pravosudov
2009) and within populations (e.g. LaDage et al.
2009d).
5. IS HIPPOCAMPAL VOLUME A RELEVANT
MORPHOLOGICAL MEASURE OF SPATIAL
MEMORY ADAPTATION?
Despite the problems with comparisons across studies,
the consistent within-study patterns show that there
does seem to be good evidence for a positive associ-
ation of Hp volume and spatial memory ability (see
also the review by Smulders 2006). While the unex-
plained variation in interspecific studies produces
confusion, it can be addressed somewhat by selecting
appropriate species for comparison and by careful
treatment of data. Moreover, intraspecific studies
strongly support such an association. At this point,
however, we as a field now need to ask, ‘What do volu-
metric differences in Hp volume really mean?’ As
discussed earlier, volume may traditionally have been
used as a convention rather than a factor of theoretical
importance, with the vague assumption of ‘the bigger,
the better’. The biological relevance of variation in
volume is not clear. Variation in Hp volume may
reflect several different processes at a cellular level: a
larger Hp could be due to more/larger blood vessels,
more glia, larger glia, more neurons and/or larger
neurons (either in the cell body, in dendritic arboriza-
tion, axonal arborization or any combination of these).
Knowing which of these cellular mechanisms underlie
the observed differences in Hp volume will have a
major implication for how we interpret the observed
patterns. It might therefore be more appropriate and
meaningful to examine the Hp at these finer scales in
order to identify morphological expressions of vari-
ation in memory. If we can identify fine anatomical
Hp features that correlate strongly with variation in
cache memory use, while others do not, then the
former will be stronger candidates to be involved in
the mechanisms underlying the processing of these
memories. In the rest of this review, we will focus on
the properties of neurons, as these have been studied
to some degree in the Hp of food-hoarding birds.

(a) Variation in neurons

Neurons and glia are the basic cell types within the Hp.
As such, they represent one aspect of the brain’s
capacity to process information. The total number of
Hp neurons, in particular, may be an important
factor underlying differences in Hp volume. If neurons
represent the integrators in the brain’s neural network,
then more neurons may be associated with more pro-
cessing power. As such, the number of neurons may
be a more relevant factor in predicting spatial
memory ability than gross Hp volume per se (e.g.
Smulders et al. 2000b; Pravosudov & Clayton 2002;
Pravosudov & de Kort 2006; Roth & Pravosudov
2009). Healy et al. (1994), for example, suggested
that the differences in Hp volume and neuron density
between caching and non-caching species may arise as
Phil. Trans. R. Soc. B (2010)
a result of an interaction between genetics and
memory-based food-caching experience. Increased
numbers of neurons may be distributed unevenly
throughout different substructures of the Hp. Since
the subsections of the avian Hp are not easily de-
lineated, very few studies to date have investigated
whether the relative size of subsections of the Hp dif-
fers between species that vary in Hp volume. Gould
et al. (2001), for example, showed that the medial sub-
stance P-field is larger in hoarding black-capped
chickadees than in non-hoarding great tits, blue tits
and dark-eyed juncos. This increase in size was pro-
portional to the larger Hp in the chickadee compared
with the other three species. Another issue that
remains to be explored is the exact neuron types that
represent the increase in neuron numbers. Different
neuron types perform different functions, and knowing
which types are responsible for the difference in Hp
volume would provide important new insights.
Indeed, independent of whether or not they contribute
to differences in volume, the relative proportions of
different neuron types are important to investigate in
the context of the ASH.

Similarly, neuron size might be informative. Neur-
ons consist of relatively small cell bodies connected
to a relatively large arborization of dendrites and
axons. Neurons with larger dendritic arbors may
make more connections with adjacent neurons. A
larger cell body may also affect the integration proper-
ties of the neurons. Montagnese et al. (1993) showed
that food-hoarding species have larger calbindin-
positive neuronal cell bodies in the dorsal Hp than
closely related non-hoarders. The functional significance
of these differences, however, is not yet clear.
(b) Neural connectivity

While the number of neurons might be important, the
degree of connectivity between neurons may be
equally crucial for memory (Lamprecht & LeDoux
2004; Brodin 2005b). One measure of that connec-
tivity is the amount of branching and the length of
the dendritic branches. If the differences in dendritic
arborization are large enough, and apply to enough
neurons, this may have a significant effect on the over-
all volume of the brain structure. All else being equal,
more branching will produce more connectivity
between neurons, which produces more efficient trans-
fer of information between and among neurons with
an ensuing increase in potential memory capacity
(McEwen 1999). Moreover, the level of dendritic
branching and connectivity is a factor that can easily
and quickly be modified within an individual. For
example, several mammalian species show a reduction
in dendritic branching under chronic levels of stress as
well as a result of changes in hormone levels (reviewed
in McEwen 1999), and these effects may be reversible
(Radley et al. 2005). Interestingly, the changes in den-
drite morphology can occur very rapidly. For example,
changes in dendritic shape can occur within seconds
(Fisher et al. 1998), and the formation of new den-
drites can occur within minutes (Maletic-Savatic
et al. 1999). Thus, the dendritic response may be an
adaptive way for an animal to rapidly create or
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eliminate the hardware needed for memory and, alter-
natively, to rapidly increase neuronal connections
when the demands for memory become high. If differ-
ences in volume are due to differences in dendritic tree
size, then this may also be reflected in the number of
synapses. Although difficult, quantifying synapse
numbers and synapse size at an electron microscopic
level would allow the examination of the degree of
connectivity between neurons.

Of course, the fine-scale changes at the levels of
synapses that may underlie changes in cognitive per-
formance may not necessarily be reflected in changes
in Hp volume. In such cases, studies of synaptic func-
tion such as long-term potentiation (LTP) could be
useful to show how quickly and efficiently signals can
actually be transmitted. There is strong evidence that
modification in synaptic strength is part of the mech-
anism that underlies memory storage (Bliss &
Collingridge 1993; Malenka & Bear 2004). The
higher the degree of potentiation, the stronger the con-
nection will be, and this will produce a higher degree
of chemical stimulation between neurons. Indepen-
dent of neuron number and size, the level of
potentiation may reflect levels of communication
between neurons and hence may be an important
physiological expression of variation in memory
capacity. Thus, large differences in memory capabili-
ties may be due to small-scale synaptic differences
that would not necessarily produce large-scale
differences in volume.

While LTP is one of the most frequently studied
aspects of neural plasticity in biomedical studies, its
applicability to behavioural ecology has not been
fully appreciated but may be of great importance
(Brodin 2005b; Roth et al. 2010). In the absence of
existing studies that focus on LTP in food-hoarding
birds, Stewart et al. (1999) compared the expression
of N-methyl-D-aspartate (NMDA) glutamate recep-
tors in the Hp of hoarding and non-hoarding tits,
and found these to be different. NMDA receptors
are a crucial part of most forms of LTP and are impor-
tant in memory formation in the Hp of food-hoarding
birds (Shiflett et al. 2003). Therefore, studies such as
this one might give us much better insights into the
kinds of changes that may have occurred as the Hp
was adapted to the food-hoarding lifestyle.
(c) Neurogenesis

Another important aspect of studying neurons is neu-
rogenesis, or the creation of new neurons. For the
purposes of this discussion, we will only consider
the role of neurogenesis in adult animals, although
the role of neurogenesis in developing animals may be
important as well (e.g. Patel et al. 1997). Hoshooley &
Sherry (2007) reported that food-caching black-
capped chickadees had more new neurons following
injection of a cell proliferation marker (bromodeoxyur-
idine; BrdU) compared with non-caching house
sparrows (Passer domesticus), which suggests that adult
Hp neurogenesis is especially important in food-cach-
ing species (see also Sherry & Hoshooley 2010). In
addition, Barnea & Nottebohm (1994) found an
increase in the percentage of incorporated neurons
Phil. Trans. R. Soc. B (2010)
clearly following the fall caching peak in wild black-
capped chickadees (Pravosudov 2006). This reported
pattern of seasonal variation in neurogenesis rates is
consistent with some other studies showing seasonal
changes in other aspects of brain morphology such as
Hp volume (Smulders et al. 1995) and Hp neuron
counts (Smulders et al. 2000b; see below).

While there appears to be a correlation between
caching and adult neurogenesis in the Hp, there may
be some ambiguity surrounding which aspects of neu-
rogenesis are being measured. Neurogenesis consists
of two stages, the production of new neurons and
their survival. Both of these processes may be affected
by various ecological factors, but survival of new neur-
ons may respond especially quickly to exogenous
factors affecting memory and hence experimental
manipulation (Gould et al. 1999). So, while Barnea &
Nottebohm (1994) found an increase in neuron incor-
poration in fall chickadees six weeks after injection,
they did not investigate the neuron production rates;
thus, it remains possible that either new neuron pro-
duction, neuron survival, or both could have
contributed to the reported pattern. Hoshooley &
Sherry (2004) found no seasonal effect of neurogen-
esis rates, while Hoshooley et al. (2007) reported
seasonal effects, with a peak in neuron production
occurring in January (when caching rates are signifi-
cantly lower than during the autumn peak;
Pravosudov 2006). They analysed the tissue shortly
(one to two weeks) after BrdU injections, suggesting
that they may have been measuring neuron production
only. So while it is possible that neuron survival, but
not neuron production, may vary seasonally, it is
impossible to conclude unambiguously because no
study to date has investigated both neuron production
and neuron survival rates with regard to seasonal
variation in food-caching behaviour.

It may be logical to expect better memory with
more neurons, more connections or stronger synapses,
and much literature supports these ideas. It is also
important to point out that the morphological basis
for variation in spatial memory capacity could be
expressed as more Hp neurons with the same level of
connections, more connections with the same
number of neurons, or stronger connections with the
same number of neurons and dendrites, or any combin-
ations of these. It is very likely that these factors are
more relevant for memory capacity than is gross Hp
volume. The investigation of such factors on a finer
scale will make it possible to test specific mechanisms
of variation, to create specific predictions and, perhaps
most importantly, to identify factors that will make
consistent comparisons possible. The exact mechan-
isms of memory and its storage are still debated and
remain an important topic of current research. Thus,
they represent exciting possible directions and new
insights for our field. Number, size and distribution
of neurons may be particularly easy to address as the
methodology used to study them (e.g. Nissl stains,
stereology) is not greatly different from that used to
estimate volume. The study of neurogenesis may be
complex using traditional techniques (e.g. BrdU),
although new techniques such as doublecortin label-
ling (e.g. Gleeson et al. 1998; LaDage et al. 2010)
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are more tractable and may produce similarly inter-
pretable results (Brown et al. 2003; Rao & Shetty
2004).

Variation in some or all of these aspects of Hp anat-
omy may be the main causes of some of the extraneous
variation in volume that we currently see. For example,
the loss of neurons or dendrites might allow the brain
to shrink more during the fixation process as there is
less internal structure in the tissue. This phenomenon
is well known in the medical field where, for example,
the more fibrous dermal tissue of adults will shrink less
than that of juveniles when fixed in formalin (Kerns
et al. 2008). Thus, if neuron numbers or dendritic
branching change (e.g. Smulders et al. 2000b), this
may result in different perceived volumes in the pro-
cessed tissue, even though the actual volume (volume
of the brain in the animal’s skull) does not change.
Measuring such factors as neurons, dendrites and
synapses may provide us with more accurate measures
that can be used to explain the variation in memory
capacity. The reason for this is that these measure-
ments are much less prone to variation owing to
tissue shrinkage or laboratory-based variation in tech-
nique. Consequently, these variables may prove to be
more relevant currencies of memory capacity,
especially for comparative analyses. Similarly, interest-
ing patterns may emerge when some of these factors
change while others do not. For example, LaDage
et al. (2009b) observed a change in volume with no
change in neuron numbers in captive mountain chick-
adees. The authors suggested that this pattern may
reflect a change in dendritic connections without a
change in neuron number, which may reflect different
costs at different levels of brain morphology.

We have outlined a number of possible mechanisms
that can underlie volumetric differences in the Hp. In
general, we would expect observed differences to be a
function of the costs of manufacturing and maintain-
ing different brain structures, the benefits of having
those structures and current selection pressures work-
ing on the system. Thus, the importance of these
mechanisms to variation in brain volume may be
apparent at different taxonomic scales. For example,
since neurons are probably expensive to create and
maintain relative to changes in neural connectivity
and synaptic strength, the higher the taxonomic level
and the larger the differences in selection pressures,
the more likely we would see larger, more profound
differences in neural anatomy. Among species, then,
differences in neuron numbers would probably be
most apparent, with the differences in Hp volume
between species most probably reflecting differences
in neuron numbers. Among populations within the
same species, neuron numbers might also be different
at selection extremes (e.g. Roth & Pravosudov 2009),
but connectivity differences among existing neurons
might be important as well. Relatively short-term vari-
ation in Hp volumes among individuals, on the other
hand, more likely reflects variation in connectivity
rather than large-scale variation in the number of neur-
ons (e.g. LaDage et al. 2009b). However, if there was a
high cost to maintain neurons and a low cost to gener-
ate them, or a great benefit to have additional neurons
at a particular time, then we would expect neuronal
Phil. Trans. R. Soc. B (2010)
density changes could occur within individuals,
which might occur for example during the peak of sea-
sonal caching (e.g. Smulders et al. 2000b). Finally,
within individuals, changes in connectivity should be
the most prevalent and rapid anatomical change, but
still changes in the number of neurons via adult neuro-
genesis might also be important. These predictions are
currently quite speculative as we have no real under-
standing of the costs associated with whole brain
maintenance or function, let alone the costs of specific
parts. Once we have a grasp of the cost of forming
and maintaining neural structures, we should be
better poised to understand how morphological and
taxonomic variation may be related.
6. ENVIRONMENT, MEMORY AND THE
HIPPOCAMPUS
Across taxa, we see a high degree of variation in
specialization for scatter hoarding, spatial memory
and Hp volume. In this section, we will address the
role of plasticity in the relationship between the brain
and scatter-hoarding behaviour. A precise memory
for cache locations will facilitate retrieval of caches.
In cases when the costs of memory are high, caches
might also be retrieved by other mechanisms such as
idiosyncratic preferences (Haftorn 1956a; Pravosudov
1985; Lens et al. 1994; Brodin 2005b; Brodin &
Bolhuis 2008), although this could also lead to
increased rates of pilferage. Still, the importance of
accurate spatial memory to facilitate cache retrieval
should remain. A more specific understanding of the
morphological features in the brain that are associated
with spatial memory capacity may provide us with a
better understanding of the evolution of scatter-hoarding
behaviour.

Selection for increased memory capacity for cache
retrieval can occur in two main ways. First, improve-
ments in spatial memory capabilities may be
completely genetically fixed. In this scenario, natural
selection would favour a genetic component producing
more efficient memory processing, storage and recall,
for example with more neurons or a higher degree of
connectivity. This might be expected in highly
specialized hoarders such as Clark’s nutcracker
(N. columbiana) that always rely on caches for winter
survival. Alternatively, selection could favour plasticity
in memory abilities and behaviour. In this situation,
the brain could respond to experienced spatial
memory demands. If no caching experiences occurred,
and thus spatial memory was not in great demand,
then there would be no effect on Hp morphology.
The advantage of plasticity would be that brain
resources, both energetically and morphologically,
could be allocated to other important needs.

Such plasticity could be facilitated either onto-
genetically or post-developmentally and may be
most common in facultative cachers. An example of
facultative development of caching specialization
could be the marsh tit. In central Scandinavia, these
are large-scale hoarders of the same magnitude as
willow tits (Haftorn 1956a), whereas they are hoarders
of intermediate specialization in England (Lucas
et al. 2004). Clayton & Krebs (1994) showed a
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developmental effect on Hp growth in naive marsh tits
in captivity. The tits required some level of experience
in caching early in their development to develop an Hp
of similar volume as wild birds. This study also showed
a threshold effect as volume development was not pro-
portional to the number of experiences (Clayton &
Krebs 1994). Clayton (2001) showed a similar effect
in mountain chickadees, a more specialized cacher,
in that the development of the Hp can be triggered
by as few as three caching experiences. Interestingly,
caching alone was not sufficient to produce Hp en-
largement, which specifically required caching in
combination with cache retrieval experience (Clayton
2001). Furthermore, this study suggested that onto-
genetic plasticity might be combined with elements
of post-developmental plasticity since continued
experience seems to be required to maintain the Hp.
The results of two other studies suggest that this may
only be true for developing cachers since deprivation
of caching and retrieval experience in caching-
experienced birds had no effect on Hp volume or the
total number of Hp neurons (Cristol 1996; LaDage
et al. 2009b). Since such experiments are rare, we
cannot know for sure if this pattern represents the
standard development of caching behaviour or if it is
specific to facultative cachers.

The post-developmental Hp plasticity observed in
adult cachers has been investigated in a number of
studies. For example, Smulders et al. (1995, 2000b)
reported seasonal variation in Hp volume and
neuron numbers in field-caught black-capped chicka-
dees. Hippocampal volume and neuron number
peaked in October when hoarding rates in the field
were assumed to peak. However, several laboratory
experiments and field studies have failed to find any
evidence of an effect that is large enough to change
gross Hp volume. In the laboratory, seasonal changes
have been simulated by photoperiod manipulations.
This technique created high motivation for storing
with ensuing high caching rates, but no detectable
effects on Hp morphology in black-capped chickadees
(Krebs et al. 1995; MacDougall-Shackleton et al.
2003). In the field, Barnea & Nottebohm (1994),
Hoshooley & Sherry (2004) and Hoshooley et al.
(2007) failed to find a change in Hp morphology
over the season in the black-capped chickadee.

The difference between Smulders et al. (1995) and
the other studies could be a function of methodology.
It is now known that short times spent in captivity may
affect Hp volume (Smulders et al. 2000a; LaDage et al.
2009b; Tarr et al. 2009). In that case, the difference
might be explained in part by confounding effects
mediated by differences in time spent in captivity.
For example Hoshooley et al. (2007) kept the birds
in cages for 7 days before they sacrificed the birds,
whereas Smulders et al. (1995) sacrificed their birds
the same day that they were captured. Barnea &
Nottebohm (1994) sacrificed their birds shortly after
capture and found significant seasonal effects on neu-
rogenesis. They also found that birds kept in captivity
had much lower neuronal incorporation rates than
their wild-caught birds. Therefore, captivity may
have interfered with the detection of seasonal variation
in other studies, although we cannot be certain.
Phil. Trans. R. Soc. B (2010)
Experimental studies with food-caching mountain
chickadees (LaDage et al. 2009b, 2010) suggest that
spending time in captivity results in significant
(approx. 25%) reductions of Hp volume and neuro-
genesis rates. This reduction in volume and
neurogenesis rates occurred without changes in the
total number of neurons. It remains unclear how and
whether such captivity effects would affect seasonal
patterns of variation in Hp morphology in captive
birds. It could be argued that even with the possible
effects of captivity, Hoshooley & Sherry (2004)
should have detected a volumetric difference if it
existed since all of the birds were held for the same
time period. However, this assumes that the captivity
effect is consistent across season, which is unknown.
It is possible that the captivity effect reduced the
(presumably) larger Hp volumes during October
more than at other times during the year to a constant
level. If the captivity effect is an adaptive response to
expensive brain machinery in combination with a
reduced ‘need’ for memory, then we might expect
similar effects on Hp volume in different individuals
in similar laboratory environments. Furthermore,
while the motivation to cache might have been
higher in the laboratory birds during October, this
will be manifested in only modest increases in caching
rates under laboratory conditions. Such small changes
in caching rates might be insufficient to induce detect-
able increases in Hp volume, but they do seem to be
sufficient to induce changes in neurogenesis (LaDage
et al. 2009b, 2010).

Also, it remains unclear what specific morphologi-
cal changes might lead to seasonal changes in the
HP volume. Smulders et al. (2000a,b) reported
seasonal variation in Hp neuron numbers, but their
estimates were determined by volume extrapolation
rather than unbiased stereological techniques. Others
(Barnea & Nottebohm 1994; Hoshooley & Sherry
2004), on the other hand, did not find any seasonal
variation in the neuron numbers. To further explain
this discrepancy and to better understand the effect
of plasticity and seasonality, we need to better match
the collecting of animals and tissue to the actual
caching peaks and treat them the same across studies.

Which factor is then most relevant for spatial
memory adaptations: genetics, developmental states
or behavioural experience? Probably all three are
important to some extent. To some degree, genetics
must play a role in the absolute level of memory by
ensuring that the machinery is in place for change.
For example, the same spatial memory experience
that triggered Hp growth in food-hoarding marsh tits
failed to do so in non-hoarding blue tits (Clayton
1995). Brain plasticity is likely to be important too,
as it may be very expensive to maintain parts of the
brain also under conditions when they are not
needed. If maintaining connections is energetically
expensive but new connections can be created rela-
tively easily, then they should be reduced when not
needed (e.g. captivity work; see above). In addition,
experience may be needed to activate absolute and/or
plastic memory. Overall, we know very little
about the influence of selection on the brain and the
development of behaviour.
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7. CONCLUSION
So what do we hope to learn in the future from the
study of spatial memory and caching behaviour?
What can the variation in Hp morphology tell us?
The evidence that there is a relationship between the
spatial memory of scatter-hoarding animals and the
Hp is strong. To better understand the nature of this
relationship, we now need to turn our attention to
some more complex questions relating to specific
mechanisms underlying memory. Using the paradigm
of scatter-hoarding animals, we can specifically target
memory and address the adaptive specialization of
specific regions of the Hp beyond a simple correlation
of Hp volume and caching intensity. In addition, we
can address factors that might be important for selec-
tion and investigate how selection for increased
memory capacity is actually realized in the brain.
This may help us to better understand how selection
influences the brain at different scales. The goal here
is a better understanding of the process of natural
selection itself and its impact on memory and the
brain.

At a smaller scale, we can attempt to address how
variation in morphology influences behaviour in
more detail and how behavioural experiences and
environmental variation affect morphology. If we
have variation in a behaviour such as caching propen-
sity, we could then get a better understanding of how
we should relate this to variation in Hp morphology.
By answering these questions, we can more specifically
explore the mechanisms of memory from an ecological
and evolutionary perspective. For example, what are
the relative contributions of neuron number, dendritic
branching and synaptic strength for memory across
taxa? How might different strategies trade-off the
costs and benefits of these? How and where is
memory stored, modified and achieved in the brain?
The consideration of more specific variables, such as
the number of neurons, to test more specific hypotheses
should enhance our current understanding of the
relationship between the brain and behaviour.

To summarize, our current understanding of the
evolution of spatial memory and its association with
the brain in food-hoarding animals is largely based
on volumetric analyses of the Hp. We have argued
that the biological relevance and reliability of volu-
metric measures are low. Estimations of volume are
prone to variation from a variety of different sources,
making comparisons between studies difficult. More-
over, the significance of volumetric analyses to the
brain/memory relationship remains unclear, as such
measures only represent a coarse proxy of other
changes occurring within the brain. Consequently,
conclusions drawn from studies attempting to relate
brain volume and memory or caching behaviour have
sometimes produced weak or conflicting results. We
have also pointed out that the comparative approach
can only provide a correlation between two variables
(e.g. Hp volume and the degree of caching specializ-
ation) and can only inform our understanding of
large-scale evolutionary patterns. It cannot test directly
the causal mechanisms of variation in memory proces-
sing or morphological changes within the brain. The
critics of the neuroecological approach have accused
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the entire field of attempting to explain too much
(causal mechanisms of memory and the relevance of
morphological changes in the Hp) with too little evi-
dence (comparative analyses based on data collected
using inconsistent methodology) (sensu Bolhuis &
Macphail 2001). However, we should not be so
quick to conclude that the larger neuroecological
approach is flawed. Instead, as a field, we need to
expand the paradigm beyond the questionable signifi-
cance of volume and the valuable, yet limited in
scope, correlative approach to more biologically rele-
vant measures, specific hypotheses and manipulative
experiments. Comparative work is an important step
in the long way to a full understanding of the relation-
ship between two variables, but should not be
considered the final word. We must employ both the
large-scale evolutionary approach as well as the
small-scale mechanistic approach to inform our under-
standing of the brain. Mechanism may be better
understood when placed in an evolutionary context,
yet evolutionary patterns cannot be used to explain
how the brain processes memories; each can be used
to provide clues to the other. Testing specific mechan-
istic hypotheses derived from a solid evolutionary
theoretical background with more relevant and reliable
measurements under consistent situations will be
crucial for our further understanding of the evolution
of the brain and behaviour.
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Phil. Trans. R. Soc. B 365, 915–931 (27 March 2010) (doi:10.1098/rstb.2009.0208)

Is bigger always better? A critical appraisal of the use of volumetric analysis
in the study of the hippocampus

Timothy C. Roth II, Anders Brodin, Tom V. Smulders, Lara D. LaDage
and Vladimir V. Pravosudov

There was an error in figure 2. The corrected figure is as shown below.
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