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Environmental conditions may provide specific demands for memory, which in turn may affect specific

brain regions responsible for memory function. For food-caching animals, in particular, spatial memory

appears to be important because it may have a direct effect on fitness via the accuracy of cache retrieval.

Animals living in more harsh environments should rely more on cached food, and thus theoretically should

have better memory to support cache retrieval, which may be crucial for survival. Consequently, animals in

harsh environments may benefit from more neurons within a larger hippocampus (Hp), a part of the brain

involved in spatial memory. Here, we present the first large-scale test of the hypothesis that Hp structure is

related to the severity of the environment within a single food-caching species (the black-capped chickadee,

Poecile atricapillus) with a large range encompassing a great diversity of climatic conditions. Hp size in birds

collected at five locations along a gradient of environmental harshness from Alaska to Kansas ranked

perfectly with climatic severity. Birds from more harsh northern climates (defined by lower ambient

temperature, shorter day length and more snow cover) had significantly larger Hp volumes and more Hp

neurons (both relative to telencephalon volume) than those from more mild southern latitudes.

Environmental pressures therefore seem capable of influencing specific brain regions independently, which

may result in enhanced memory, and hence survival, in harsh climates.

Keywords: hippocampus; neuron; environmental gradient; black-capped chickadee; caching;

food hoarding
1. INTRODUCTION
Memory is an important mechanism used to gather, retain

and recall information about the world. As such, it is

probably important for survival. We know that many

factors can produce increased demands on memory

(Shettleworth 1998), which in turn may potentially affect

memory function. However, it is not clear how selection

influences memory, its underlying neural mechanisms

and which specific pressures might be most relevant to

produce changes in function and the mechanism(s).

Climatic severity has been suggested in food-storing

animals as one possible selective factor affecting memory

(Krebs et al. 1989; Sherry et al. 1989, 1992). Since many

food-storing species are also non-migratory, food caching

(storing food in numerous locations for retrieval at a later

time) is thought to be an adaptation to survive harsh

winter conditions (Krebs et al. 1989; Sherry et al. 1989;

Pravosudov & Grubb 1997; Pravosudov & Lucas 2001).

Cache retrieval is facilitated frequently by memory, of

which spatial memory appears to be particularly import-

ant (Krebs et al. 1989; Sherry et al. 1989; Vander Wall

1990). Theory (Pravosudov & Lucas 2001) predicts that

selection on cache retrieval ability, and hence spatial

memory, is a function of environmental severity charac-

terized by low ambient temperature, high snow cover and

reduced day length, all of which demand more efficient

foraging. There is probably then strong selection pressure

for accurate memory, especially in harsh climates (e.g.

high latitudes) where caching and retrieving food become
r for correspondence (tcroth@unr.edu).
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more important for survival. Still, how memory is linked

to fitness and how selection works on the mechanisms of

enhancing memory remain unclear.

One possibility is that selection on spatial memory may

involve the hippocampus (Hp), the region of the brain

that, in part, supports memory function. The importance

of the Hp for spatial memory has been well demonstrated

in both mammals and birds (Sherry & Vaccarino 1989;

Sherry et al. 1989; Hampton & Shettleworth 1996).

A leading thought is that the volume of the Hp is directly

related to memory capability (Krebs et al. 1989). As

suggested by the adaptive specialization hypothesis,

selection may produce a specialized phenotype (a larger

Hp region) for a specific important task (memory-

based cache retrieval; Krebs et al. 1989; Sherry et al.

1989; Garamszegi & Eens 2004; Lucas et al. 2004).

However, support for this hypothesis is not without

controversy (Shettleworth 1995; Bolhuis & Macphail

2001; Macphail & Bolhuis 2001; Brodin & Lundborg

2003; Brodin & Bolhuis 2008). In fact, many interspecific

comparative studies fail to show consistent patterns,

leaving the overall connections between memory, caching

intensity and the brain ambiguous. These discrepancies in

the observed relationship between Hp volume and

memory may be due in part to inconsistencies in the

data collection and methodology of numerous inde-

pendent studies, as well as ecological confounds and

invalid assumptions related to phylogeny and the pheno-

types of ancestral species (Bolhuis & Macphail 2001;

Macphail & Bolhuis 2001; Brodin & Lundborg 2003;
This journal is q 2008 The Royal Society
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de Kort & Clayton 2006; Brodin & Bolhuis 2008). In

addition, many of these studies considered only volu-

metric measurements of the Hp while ignoring the

number of neurons, which might be a better indicator of

hippocampal function (Roth & Dicke 2005).

Brodin & Bolhuis (2008) suggested that the best

support to date for the adaptive specialization hypothesis

is a study by Pravosudov & Clayton (2002), which

suggested a direct link between environmental conditions,

spatial memory and the Hp. Upon comparing the

behaviour and brain morphology of a single species of

food-caching birds from a single harsh (high latitude)

location and a single mild (lower latitude) location under

identical laboratory conditions, Pravosudov & Clayton

(2002) found that those from the harsh environment had

significantly more accurate memory, as well as larger Hp

volume and more Hp neurons, and cached more food.

However, the support for the direct link between the

environment and the brain is limited to this comparison of

only two populations. It therefore remains unclear

whether the relationship between the environment and

the brain is robust, and whether it will hold as an

ecologically relevant pattern among many different

climates and locations.

To definitively test the relationship between the

environment and the Hp as it might relate to the adaptive

specialization hypothesis, we compared the Hp volume

and the total number of Hp neurons in a single species, the

black-capped chickadees (Poecile atricapillus), on a large

geographical scale at five locations along a latitudinal

gradient of environmental harshness across its range in

North America (figure 1). According to our hypothesis,

survival benefits provided by better spatial memory should

be more pronounced in populations living in more harsh,

energetically demanding environments, in which food

caches are likely to be especially important. Thus, we

predict that birds living at northern latitudes, where the

climate is harsh (figure 1) and survival may be highly

dependent upon cached food, will have larger Hp

formations containing more neurons than those living at

more southern latitudes.
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Figure 1. Collection locations ranked by (a) latitude and
(b–d ) climatic severity. All measures of climate severity
decrease as latitude decreases. All ranked correlations
of latitude and climate variable are perfect (Spearman rZ1,
p!0.001).
2. MATERIAL AND METHODS

(a) Collection sites

We compared the hippocampal volume and total number of

Hp neurons of black-capped chickadees (P. atricapillus) at five

locations across North America: Fairbanks, AK (64851 0 N,

147849 0 W); Prince George, BC (53854 0 N, 122847 0 W);

Missoula, MT (46851 0 N, 114807 0 W); Fort Collins, CO

(40839 0 N, 105811 0 W); and Manhattan, KS (39808 0 N,

96837 0 W). These sites were chosen specifically along a

latitudinal gradient of climate severity (figure 1). At each

site, 12 birds were captured at feeders. While it would be best

to collect the birds at the peak of caching at each location in

order to maintain consistency and to maximize the potential

effects on the brain, due to logistics, we could not determine

specifically when that peak occurred at each site. Thus, we

chose to collect chickadees during the two-month period of

intensive autumn caching, from mid-September (AK) to late

October (KS) 2007, based on the literature (Brodin 2005;

Pravosudov 2006).
Proc. R. Soc. B (2009)
(b) Tissue preparation

Brains were extracted immediately after capture. Birds were

anaesthetized (0.07 ml of 50 mg mlK1 Nembutal) and

perfused transcardially with 0.1 M phosphate-buffered saline

for 10 min followed by 15–20 min of 4 per cent paraformal-

dehyde in 0.1 M phosphate buffer. The brains were post-fixed
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in 4 per cent paraformaldehyde for 7 days before cryoprotec-

tion in 15 per cent and then 30 per cent sucrose, and then

frozen at K808C for storage.

(c) Tissue analysis

Tissue was cut into 40 mm coronal sections on a Leica CM

3050S cryostat at K208C. Every fourth section was mounted

and stained with thionin Nissl stain. Hp volumes and neuron

numbers were estimated with modern sterological methods

using STEREOINVESTIGATOR software (Microbrightfield, Inc.,

Colchester, VT) and Leica microscope (M4000B). Both the

Hp and telencephalon were measured in their entirety. We

measured the Hp (the hippocampal formation or hippo-

campal complex) as per Krebs et al. (1989). Brain volumes

were estimated with the Cavalieri procedure (Gundersen &

Jensen 1987). Hp volume was measured with a 200 mm grid;

telencephalon volume was measured with a 1200 mm grid.

The optimal grid size and frequency of sections sampling has

been determined previously (Pravosudov & Omanska 2005).

Neuron counts were performed with an optical fractionator

procedure (West et al. 1991) at 1000!. A 250 mm grid with

a 30!30 mm counting frame, 5 mm dissector height and

2 mm guards was used as in the previous studies of

chickadees (Pravosudov & Omanska 2005). We calculated

a coefficient of error (CE) to estimate precision with the

nugget effect for both neuron counts (CE mean (s.e.)Z0.097

(0.003)) and volume (CE mean (s.e.)Z0.016 (0.000)). The

left and right hemispheres were measured independently and

summed to produce the reported total values. There were no

significant differences between left and right hippocampal

volume and between the total number of neurons in

right and left Hp (repeated-measures general linear

model (GLM). Hp, F1,56Z1.143, pZ0.290; neuron

numbers: F1,62Z0.036, pZ0.850). All brains were measured

blind to location.

(d) Climate data

Climatological data are represented as the average over the

winter months (November to March) of yearly averages from

1971 to 2000. Data from AK, MT, CO and KS were obtained

from the National Oceanic and Atmospheric Administration

(2008) climate database. Data for BC were obtained from the

Environment Canada climate database (Environment

Canada 2008). We used average winter temperature (8C),

average snow depth (mm) and day length (min) during winter

solstice as our climate variables of interest.

(e) Statistical analysis

We tested the specific prediction that Hp volume and neuron

count would decline with latitude, i.e. a decline in climate

severity. Thus, we used an ordered heterogeneity test to assess

the predicted relationship among sites ranked by environ-

mental harshness (Gaines & Rice 1990). We analysed Hp

volume and neuron count after controlling for telencephalon

volume and body mass within a GLM; we report least-

squares means in the analyses (table 1). The ordered

heterogeneity test followed Rice & Gaines (1994).
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3. RESULTS
Hp volume and the total number of Hp neurons relative

to the remainder of telencephalon and body mass

increased continuously with an increase in latitude and

climate severity (perfect rank correlation of latitude and
Proc. R. Soc. B (2009)



28

26

24

re
la

tiv
e 

hi
pp

oc
am

pa
l

vo
lu

m
e 

(m
m

3 )
re

la
tiv

e 
nu

m
be

r
of

 n
eu

ro
ns

 (
×

 1
06 )

22

(a)

(b) 2.2

2.0

1.8

1.6

1.4

1.2
5 (AK) 4 (BC) 3 (MT) 2 (CO) 1 (KS)

location ranked by climate severity
harsh mild

Figure 2. Relative (a) hippocampal volume and (b) neuron
numbers (least-squares means) across locations ranked by
climate severity. Chickadee Hp volumes (ordered hetero-
geneity test, rsPc Z0.997, kZ5, p!0.001) and neuron
numbers (rsPcZ0.944, kZ5, p!0.001) significantly
decreased with latitude and climate severity. Both rank Hp
volumes and neuron numbers perfectly correlated with rank
latitude and climate (all Spearman rZ1, p!0.001). Analysis
of absolute Hp volumes (rsPc Z0.999, kZ5, p!0.001) and
neuron counts (rsPc Z0.760, kZ5, p!0.01) did not change
the observed patterns.
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climate severity; figure 1a–d; all p!0.001, Spearman rank

correlation). Black-capped chickadees in harsh climates

had larger relative Hp ( p!0.001, ordered heterogeneity

test; figure 2a) and more Hp neurons ( p!0.001, ordered

heterogeneity test; figure 2b) than their conspecifics in

more mild climates. We observed a perfect rank corre-

lation of Hp measures, latitude and all climate variables

(all p!0.001, Spearman rank correlation; compare

figures 1 and 2). Absolute Hp volume and the total

number of neurons also followed exactly the same pattern

(all p!0.01; table 1).
4. DISCUSSION
The observed relationship between latitude, climate and

brain morphology of chickadees along our environmental

gradient followed exactly the predicted pattern. Our

results demonstrate that as latitude increases and climates

become more harsh, chickadees increase their Hp volumes

and Hp neuron numbers (both in absolute terms and

relative to telencephalon volume). Furthermore, our

results suggest that this relationship is quite robust, as it

follows the same pattern when observed across the wide

geographical range of North America.
Proc. R. Soc. B (2009)
This variation in the Hp volume may be explained

by the adaptive specialization hypothesis (Krebs et al.

1989; Sherry et al. 1989; Garamszegi & Eens 2004;

Lucas et al. 2004). In this study, we have removed the

ecological confounds and phylogenetic assumptions of

previous work by examining the relationship between the

brain and the environment in a single species. In addition,

we have demonstrated the relationship between brain

morphology and the environment not only with Hp

volume but also with Hp neuron counts, which may be

more meaningful for variation in memory capabilities.

Furthermore, while caching intensity may potentially

correlate with environmental conditions, the actual

severity of the environment may be a better predictor

of the degree of potential dependency on cached food

for survival. Ultimately, it is not just the number of caches,

but the ability to accurately retrieve those caches that is

probably most crucial for fitness. It is this ability to retrieve

caches during demanding times that may connect the

environment with memory and the brain (Pravosudov &

Clayton 2002).

Thus, our results provide strong support for the idea

of the adaptive specialization hypothesis. As climate

becomes more harsh, chickadees may have increasing

demands for more caches and for better memory, and

respond by increasing their Hp volumes and the associated

neuron numbers. In addition, Pravosudov & Clayton

(2002) showed that birds from a harsh climate had higher

caching rates and better spatial memory than those from a

mild climate. Together, these data demonstrate that the

relationship between Hp structure and climate is robust

on a large scale, which supports the hypothesis that

environmental conditions demanding better memory

for survival result in an enlarged Hp with more neurons.

Particularly striking is that both Hp and neuron number

correlated perfectly with every variable measured

to assess climate harshness as theoretically predicted

(Pravosudov & Lucas 2001). Thus, in more harsh

environments, better memory may be facilitated through

a larger Hp and more neurons leading to increased fitness.

Our data suggest that this effect can be limited to a specific

region of the brain, in our case the Hp, and thus specific

environmental pressures may affect Hp volumes and

neuron numbers independent of other brain regions.
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thank A. Roth for assistance in the field, and L. LaDage and
R. Fox for their helpful comments on earlier drafts of the
manuscript. This research was supported by grants from
the National Science Foundation (IOB-0615021) and the
National Institutes of Health (MH079892 and MH076797)
to V.V.P. Birds were collected under state permits 07-001
(AK), 1603 (MT), 07TRB1100 (CO) and SC-009-2007
(KS), and federal permits MB022532-1 (USA), 102990
(USDA import) and 59-07-0198 (Canada), in accordance
with UNR (A05/06-35) and UNBC (A2007.0509.015)
IACUC approval.



Comparison of Hp volume and neuron number T. C. Roth & V. V. Pravosudov 405
REFERENCES
Bolhuis, J. J. & Macphail, E. M. 2001 A critique of the

neuroecology of learning and memory. Trends Cogn. Sci. 4,
426–433. (doi:10.1016/S1364-6613(00)01753-8)

Brodin, A. 2005 Hippocampal volume does not correlate
with food-hoarding rates in the black-capped chickadee
and willow tit. Auk 122, 819–828. (doi:10.1642/0004-
8038(2005)122[0819:HVDNCW]2.0.CO;2)

Brodin, A. & Bolhuis, J. J. 2008 Memory and brain in food
storing birds: space oddities or adaptive specialisations?
Ethology 114, 633–645. (doi:10.1111/j.1439-0310.2008.
01508.x)

Brodin, A. & Lundborg, K. 2003 Is hippocampal volume
affected by specialization for food hoarding in birds? Proc.
R. Soc. B 270, 1555–1563. (doi:10.1098/rspb.2003.2413)

de Kort, S. R. & Clayton, N. S. 2006 An evolutionary
perspective on caching by corvids. Proc. R. Soc. B 273,
417–423. (doi:10.1098/rspb.2005.3350)

Environment Canada 2008 Climate data 1971–2000. See
http://www.climate.weatheroffice.ec.gc.ca.

Gaines, S. D. & Rice, R. R. 1990 Analysis of biological data
when there are ordered expectations. Am. Nat. 135,
310–317. (doi:10.1086/285047)

Garamszegi, L. Z. & Eens, M. 2004 The evolution of
hippocampus volume and brain size in relation to food
hoarding in birds. Ecol. Lett. 7, 1216–1224. (doi:10.1111/
j.1461-0248.2004.00685.x)

Gundersen, H. J. G. & Jensen, E. B. 1987 The efficiency of
systematic sampling in stereology and its prediction.
J. Microsc. Oxf. 147, 229–263.

Hampton, R. R. & Shettleworth, S. J. 1996 Hippocampal
lesions impair memory for location but not color in
passerine birds. Behav. Neurosci. 110, 831–835. (doi:10.
1037/0735-7044.110.4.831)

Krebs, J. R., Sherry, D. F., Healy, S. D., Perry, V. H. &
Vaccarino, A. L. 1989 Hippocampal specialization of
food-storing birds. Proc. Natl Acad. Sci. USA 86,
1388–1392. (doi:10.1073/pnas.86.4.1388)

Lucas, J. R., Brodin, A., de Kort, S. R. & Clayton, N. S. 2004
Does hippocampal size correlate with the degree of
caching specialization? Proc. R. Soc. B 271, 2423–2429.
(doi:10.1098/rspb.2004.2912)

Macphail, E. M. & Bolhuis, J. J. 2001 The evolution of
intelligence: adaptive specializations versus general pro-
cess. Biol. Rev. 76, 341–364. (doi:10.1017/S1464793101
00570X)

National Oceanic and Atmospheric Administration 2008
Climate data 1971–2000. See http://www.weather.gov/
climate.

Pravosudov, V. V. 2006 On seasonality in food-storing beha-
viour in parids: do we know the whole story? Anim. Behav.
71, 1455–1460. (doi:10.1016/j.anbehav.2006.01.006)
Proc. R. Soc. B (2009)
Pravosudov, V. V. & Clayton, N. S. 2002 A test of the adaptive

specialization hypothesis: population differences in cach-

ing, memory, and the hippocampus in black-capped

chickadees (Poecile atricapilla). Behav. Neurosci. 116,

515–522. (doi:10.1037/0735-7044.116.4.515)

Pravosudov, V. V. & Grubb, T. C. 1997 Management of fat

reserves and food caches in tufted titmice (Parus bicolor) in

relation to unpredictable food supply. Behav. Ecol. 8,

332–339. (doi:10.1093/beheco/8.3.332)

Pravosudov, V. V. & Lucas, J. R. 2001 A dynamic model of

short-term energy management in small food-caching and

non-caching birds. Behav. Ecol. 12, 207–218. (doi:10.

1093/beheco/12.2.207)

Pravosudov, V. V. & Omanska, A. 2005 Dominance-related

changes in spatial memory are associated with changes

in hippocampal cell proliferation rates in mountain

chickadees. J. Neurobiol. 62, 31–41. (doi:10.1002/neu.

20065)

Rice, R. R. & Gaines, S. D. 1994 The ordered-heterogeneity

family of tests. Biometrics 50, 746–752. (doi:10.2307/

2532788)

Roth, G. & Dicke, U. 2005 Evolution of the brain and

intelligence. Trends Cogn. Sci. 9, 250–257. (doi:10.1016/

j.tics.2005.03.005)

Sherry, D. F. & Vaccarino, A. L. 1989 Hippocampus and

memory for food caches in black-capped chickadees.

Behav. Neurosci. 103, 308–318. (doi:10.1037/0735-7044.

103.2.308)

Sherry, D. F., Vaccarino, A. L., Buckenham, K. & Herz, R. S.

1989 The hippocampal complex of food-storing birds.

Brain Behav. Evol. 34, 308–317. (doi:10.1159/000116516)

Sherry, D. F., Jacobs, L. F. & Gaulin, S. J. C. 1992 Spatial

memory and adaptive specialization of the hippocampus.

Trends Neurosci. 15, 298–303. (doi:10.1016/0166-2236

(92)90080-R)

Shettleworth, S. J. 1995 Memory in food-storing birds:

from the field to the skinner box. In Behavioral brain

research in naturalistic and semi-naturalistic settings (eds

E. Alleva, A. Fasolo, H. P. Lipp, L. Nadel & L.

Ricceri), pp. 158–179. The Hague, The Netherlands:

Kluwer.

Shettleworth, S. J. 1998 Cognition, evolution, and behavior.

Oxford, UK: Oxford University Press.

Vander Wall, S. B. 1990 Food hoarding in animals. Chicago,

IL: University of Chicago Press.

West, M. J., Slomianka, L. & Gundersen, H. J. G. 1991

Unbiased stereological estimation of the total number of

neurons in the subdivisions of the rat hippocampus using

the optical fractionator. Anat. Rec. 231, 482–497. (doi:10.

1002/ar.1092310411)

http://dx.doi.org/doi:10.1016/S1364-6613(00)01753-8
http://dx.doi.org/doi:10.1642/0004-8038(2005)122%5B0819:HVDNCW%5D2.0.CO;2
http://dx.doi.org/doi:10.1642/0004-8038(2005)122%5B0819:HVDNCW%5D2.0.CO;2
http://dx.doi.org/doi:10.1111/j.1439-0310.2008.01508.x
http://dx.doi.org/doi:10.1111/j.1439-0310.2008.01508.x
http://dx.doi.org/doi:10.1098/rspb.2003.2413
http://dx.doi.org/doi:10.1098/rspb.2005.3350
http://www.climate.weatheroffice.ec.gc.ca
http://dx.doi.org/doi:10.1086/285047
http://dx.doi.org/doi:10.1111/j.1461-0248.2004.00685.x
http://dx.doi.org/doi:10.1111/j.1461-0248.2004.00685.x
http://dx.doi.org/doi:10.1037/0735-7044.110.4.831
http://dx.doi.org/doi:10.1037/0735-7044.110.4.831
http://dx.doi.org/doi:10.1073/pnas.86.4.1388
http://dx.doi.org/doi:10.1098/rspb.2004.2912
http://dx.doi.org/doi:10.1017/S146479310100570X
http://dx.doi.org/doi:10.1017/S146479310100570X
http://www.weather.gov/climate
http://www.weather.gov/climate
http://dx.doi.org/doi:10.1016/j.anbehav.2006.01.006
http://dx.doi.org/doi:10.1037/0735-7044.116.4.515
http://dx.doi.org/doi:10.1093/beheco/8.3.332
http://dx.doi.org/doi:10.1093/beheco/12.2.207
http://dx.doi.org/doi:10.1093/beheco/12.2.207
http://dx.doi.org/doi:10.1002/neu.20065
http://dx.doi.org/doi:10.1002/neu.20065
http://dx.doi.org/doi:10.2307/2532788
http://dx.doi.org/doi:10.2307/2532788
http://dx.doi.org/doi:10.1016/j.tics.2005.03.005
http://dx.doi.org/doi:10.1016/j.tics.2005.03.005
http://dx.doi.org/doi:10.1037/0735-7044.103.2.308
http://dx.doi.org/doi:10.1037/0735-7044.103.2.308
http://dx.doi.org/doi:10.1159/000116516
http://dx.doi.org/doi:10.1016/0166-2236(92)90080-R
http://dx.doi.org/doi:10.1016/0166-2236(92)90080-R
http://dx.doi.org/doi:10.1002/ar.1092310411
http://dx.doi.org/doi:10.1002/ar.1092310411

	Hippocampal volumes and neuron numbers increase along a gradient of environmental harshness: a large-scale comparison
	Introduction
	Material and methods
	Collection sites
	Tissue preparation
	Tissue analysis
	Climate data
	Statistical analysis

	Results
	Discussion
	We offer our gratitude to many of our colleagues who facilitated our chickadee collection across North America: A. Kitaysky and Z. Kitaiskaia at the University of Alaska at Fairbanks; K. Otter (the Otter Laboratory), L. Troc and E. Bayrd at the Univers...
	References


