11. The methods used in this study are fundamentally
stimulationintensitywas adjusted to produce a poprosci. Abstr. 16, 263 (1990).
similarto those previously summarized in detail (6,
24. R. U. Mullereta/., J. Gen. Physiol. 107, 663 (1996);
ulation spike that was 30% of maximum at the be7). Briefly, food-deprived adult male Long-Evans
P. A. Hetherington and M. L. Shapiro, Behav. Neuginning of the experiment, and the evoked potential
rats (Harlan) were trained to chase randomly
rosci. 107,434 (1993); R. U. Mullereta/., Hippocamwas tested once every 12 s for at least 40 min. After
dropped food pellets (Bio-Serv)in a 51 -cm-high gray
pus 1, 243 (1991).
a 5-min baseline period, primed-burst potentiation
cylinder(76-cm diameter)with a white card mounted
25. M. L. Shapiro and C. O'Connor, Behav. Neurosci.
was induced duringbehavioralimmobility,with a sinon one wall to provide an asymmetrical cue. After
106, 604 (1992); Z. Caramanos and M. L. Shapiro,
gle stimulus pulse followed 170 ms later by a fourbeing thoroughly familiarizedwith the task and enviibid. 108, 30 (1994).
pulse, 200-Hz burst at an intensity that produced a
ronment, animals were implanted stereotactically
26. D. M. Bannerman, M. A. Good, S. P. Butcher, M.
maximal population spike. This procedure was re(anterior,-2 mm; lateral,1.8 mm; dorsal, 2 mm) with
Ramsay, R. G. M. Morris,Nature 378,182 (1995); D.
peated four times: during a baseline session, the
a drivable10-wire (25-p.m nichrome) microelectrode
Saucier and D. P. Cain, ibid., p. 186.
next day both 90 and 180 min after injection of CPP
array about 1 mm dorsal to the CAl hippocampal
27. A. Rotenberg, M. Mayford, R. D. Hawkins, E. R.
(10 mg/kg ip), and again 24 hours after the CPP
pyramidal cell layer. At least 5 days after surgery,
Kandel, R. U. Muller,Cell 87, 1351 (1996); A. Roteninjection.
animals were screened for units while chasing pellets
berg, T. Abel, E. R. Kandel, R. U. Muller,Soc. Neu19. T. J. McHugh et al., Cell 87, 1339 (1996).
in the gray cylinder. Units were amplified 10,000
rosci. Abstr. 23, 501 (1997); Y. Cho, K. P. Giese, H.
20. R. J. Cole et al., Psychopharmacology 111, 465
times and bandpass filtered at 300 to 10,000 Hz.
Tanila,A. J. Silva, H. EichenbaLIm,Science 279, 867
(1993); M. P. Pellicano etal., Physiol. Behav. 54, 563
The amplifieroutput was digitized at 40 kHz.When at
(1998).
(1993); A. Ungerer et al., Brain Res. 549, 59 (1991).
least two place cells could be simultaneously record28. C. Kentros et a/., data not shown.
21. S. Davis et al., J. Neurosci. Methods 75, 75 (1997);
ed in the gray cylinder, cue control was tested by
29. We thank M. Pellan for typing the manuscript. SupR. V. Hernandez et al., Brain Res. 656, 215 (1994);
rotatingthe cylinder90?. Inallcases, allfields rotated
ported by the Howard Hughes Medical Institute,the
W. C. Abraham and S. E. Mason, ibid. 462, 40
90? (28). The next day, after one 8-min test session
National Instituteof Mental Health (ROl 45923), the
(1988).
(Dl GO)in the gray cylinder (the familiarenvironment),
NIH(ROl 20686), and the National Instituteon Aging
22. J. W. Rudy, S. Stadler-Morris,P. Albert,Behav. Neuanimals were injected intraperitoneally(ip)with either
(T32 AGO 00189).
rosci. 101, 62 (1987).
saline or CPP (10 mg/kg) and returnedto their cages
23. K. B. Austin, W. F. Fortin,M. L. Shapiro, Soc. Neu6 March 1998; accepted 14 May 1998
for an hour. Allother recording sessions were 16 min.
The intervals between sessions are shown in the
legend for Fig. 1. Animals were always returned to
their home cage between recording sessions. Units
were analyzed offlinewith the Discovery CP Analysis
and Autocut software packages (Datawave, Longmont, CO). Although it is possible that in some cases
a "unit"was really two neurons, this would have
worked against our main findings by increasing the
variabilityof the data.
12. The rate maps produced by a given cell in two sessions were treated as two lists of numbers for the
Theory predicts that small populations may be driven to extinction by random fluctucalculation of a correlation coefficient. The values of
correlation coefficients for all cells from an animal
ations in demography and loss of genetic diversity through drift. However, population
were averaged to provide a mean "similarity"
score.
size is a poor predictor of extinction in large carnivores inhabiting protected areas.
Cells that had an overall firing rate of less than 0.1
Conflict with people on reserve borders is the major cause of mortality in such popuspikes per second in both sessions were excluded
lations, so that border areas represent population sinks. The species most likely to
from quantitativeanalysis.
13. Peak firingrate is the rate inthe three by three block of
disappear from small reserves are those that range widely-and are therefore most
pixels with the highest average rate. Coherence is the
exposed to threats on reserve borders-irrespective of population size. Conservation
z transformof the correlationcoefficient between the
efforts that combat only stochastic processes are therefore unlikely to avert extinction.
rate of a pixel and the average rate of its eight nearest
neighbors. Signal-to-noise ratio is the number of infield spikes divided by the total number of spikes in a
session. Informationcontent = P,(R,/R)log2(R,/R),
where i is the bin number, P, is the probabilityfor
occupancy of bin i, R, is the mean firingrate for bin i,
The contention that smallpopulationsare areas, intentional or accidental killing by
and R is the overallmean firingrate {fromE. Markuset
vulnerable
to extinction throughstochastic humans frequently limits their numbers
al. [Hippocampus 4, 410 (1994)]}. Running speed
processes
has
a sound theoreticalbasis in (4). Even within protected areas,conflict
was calculated every 0.25 s and averaged across the
session.
both demographyand populationgenetics with humans is usually the single most
14. For saline-injected rats, the similarityof Dl Gl to
(1). Managementof small populationshas important cause of adult mortality (5).
DlWl was -0.006 ? 0.014, and the similarityof
therefore
dominatedboth the theory and Most of this mortalityoccurswhen carni=
Dl Gl to D2G2 was 0.565 ? 0.037 (t (10) 6.55, P
= 6.5 x 10-5 comparing the two similarityscores].
practiceof conservationbiology for nearly vores range beyond reserve borders (5);
For CPP-injected rats, the similarity of DlGl to
20 years(2). However,most empiricalevi- such deaths account for proportions of
DlWl was 0.170 ? 0.044, and the similarityof
dence
supportingthis contention is indi- mortalitycomparablewith those known to
=
?
Dl G1 to D2G2 was 0.466
0.065 [t (10) 3.32, P
rect, because direct measuresof size are cause decline in harvestedpopulationsof
= 7.8 x 10-3].
15. L. Ward et al., Pharmacol. Biochem. Behav. 35, 785
rarely availablefor populationsthat have the same species (4, 5). Border areas of
(1990).
subsequentlybecome extinct (3).
reservesmay thereforebecome population
16. H. V. Curran, Biol. Psychol. 23, 179 (1986); T. U.
If
small
are
sinks. Such sinks will have the greatest
populations
vulnerable,
Jarbe, Acta Neurol. Scand. Suppl. 109, 37 (1986).
17. D. M. Diamond et al., J. Neurosci. 8, 4079 (1988); J.
large carnivoresshould be especially ex- impact on overall populationdynamicsin
Larson and G. Lynch, Brain Res. 441, 111 (1988).
tinction-pronebecausetheir trophic posi- smallreserveswith high perimeter:areara18. Male Long-Evans rats (Charles River Laboratories)
tion
constrainsthem to living at low pop- tios and in species that range widely and
were anesthetized and implanted with two twisted
ulation densities.However,carnivorepop- thereforecome into frequentcontact with
pairs of Teflon-coated stainless steel wires (127-p.m
diameter) for stimulationand recording. The recordulations are also exposed to strong exter- reserveborders.In large carnivores,then,
ing electrode was positioned in the pyramidallayerof
nal pressuresbecause their requirements both stochastic processesand strong edge
the CAl region of the hippocampus, and the stimulating electrode was positioned in the contralateral conflict with those of local people. Where effects could contribute to the extinction
ventral hippocampal commissure. Electrode posilarge carnivoressurvive outside protected of isolated populations.
tions were confirmed by postmortem histology. After
We investigated the relative imporat least 5 days of recovery, evoked potentials were
R. Woodroffe, Department of Zoology, Downing Street,
tance of these two factors by compiling
recorded in awake, freely behaving animals. The
Cambridge CB2 3EJ, UK.
electroencephalogram was also recorded to insure
data on populationextinctions for 10 spethat there were no after dischargesand that the J. R. Ginsberg, WildlifeConservation Society, Bronx,.NY cies of largecarnivores(Table 1). Foreach
animalswerenotasleep.Population
spikeamplitude 10460-1099, USA.

Edge Effects and the Extinction of Populations
Inside Protected Areas
Rosie Woodroffe*and Joshua R. Ginsberg

was measuredbetweenthe negativepeak and the
maximumpositivepeakof the evokedpotential.The
2126

*Towhom correspondence should be addressed. E-mail:
rbw20@cam.ac.uk

species, we chose a geographic region
within the species'historic rangein which
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Table 1. Results of logistic regressions on the presence and absence
of large carnivores in protected areas falling within their historic ranges
(7, 8). Wherever possible, data on population densities and home range
sizes are taken from the regions for which critical reserve sizes were

REPORTS

determined (11). Population density refers to the density of adults, averaged across studies; home range size refers to the mean area used
by each adult female (or social group for social species).

Change in deviance

Species
Species

Lycaonpictus
(Africanwild dog)
Canis lupus
(gray wolf)
Cuonalpinus
(dhole)
Panthera leo
(lion)
Pantheratigris
(tiger)
Panthera uncia
(snow leopard)
Panthera onca
(aguar)
Crocuta crocuta
(spotted hyena)
Ursus americanus
(black bear)
Ursus arctos
(brown bear)
*P= < 0.05.

Region
Region

of
~~~No.
No.
reserves

due to

Reserve

Reserve

age

size

reserve size
(kM2)

ICritical

Populationdensity
(adults
00 kM2)t
aut/
0k2)t

range size
(kM2)t

2.4 (4)

823.1 (12)

Home

East Africa

46

3.15

26.59***

3606

Western Canada

44

0.0

19.82***

766

1.1(9)

684.6 (11)

India

71

1.69

30.59***

723

10.6 (1)

68.8 (2)

East Africa

32

1.39

17.61

291

16.2 (12)

121 .4 (59)

India, Nepal

154

0.0

39.1*

135

3.6(3)

16.9(3)

India, Nepal, Pakistan

30

1.27

21.09***

116

4.6 (6)

29.3 (2)

Central America

28

0.91

29.98***

69

6.8 (2)

18.8 (5)

East Africa

37

5.14*

20.22***

179

74.5 (6)

34.9 (12)

California

45

1.48

13.05***

36

58.0 (3)

19.8 (32)

Western Canada,
Northwest U.S.

54

0.78

18.48***

3981

2.0 (5)

773.8 (36)

***P= < 0.0001.

tTheareaforwhichthe logisticmodelpredictsa 50%probability
of populationpersistence.

suitable habitat has become fragmented.
In all of these regions, people kill large
carnivoresthat range outside the protected areas(5). Foreach region,we identified
protectedareasthat fell within the former
geographicrange of the species, treating
complexesof contiguousreservesas single
protected areas (6). We determined the
presenceor absenceof the species in each
of these protectedareas,using a combination of published and unpublished data
(7). Becausenone of the specieshas highly
specific habitatrequirements,and all have
experiencedrangecontractionswithin the
last century,their absencefromthose protected areas that contain suitable habitat
can be taken as evidence of local extinction. We excluded areas where evidence
indicatedthat extinction had occurredbefore the reserveswere designated.We recorded the size of each protected area
(reserve size) and the time elapsed between the dates when the area was offically designatedand when it was surveyed
for carnivores(reserveage).
We investigatedthe relation between
reserve size, reserve age, and carnivore
extinction, using logistic regression, a
standardtechnique for the analysisof binary data (8). All 10 species were more
likely to disappear from small reserves
than from largerones, but extinction was
related to reserveage in only one species
(Table 1). The statisticaleffect of reserve
size was very strong for all species, but

there was considerable variation in the
size of the reservesfrom which each species had disappeared(Fig. 1). We derived
a measureof critical reserve size by using
the logistic regressionmodels to predict
the area at which populations persisted
with a probabilityof 50%.This measureis
analogousto the LD50of a drug,the dose
that, administered to experimental subjects, kills exactly>halfof them. Critical
reserve size varied among species by over
two ordersof magnitude(Table 1).
If probability of extinction is determined primarilyby population size, then
critical reserve size should be related to
average population density, because the
size of a population at isolation will be
determinedby the populationdensity and
the area of the reserve. In contrast, if
extinction is causedby edge effects, critical reservesize should be related to home
range size, as long as reserveshape varies
randomly with reserve area. Population
density and home range size will not necessarily be correlated with one another,
becausecarnivoresthat rangewidely tend
to occupy overlappinghome ranges (9).
For each species, we collected data
frompublishedreportsto estimateaverage
population density and average female
home range size within the regions for
which we investigatedpopulation extinction (Table 1). We avoided statistical
nonindependenceof measuresfromclosely
related species by analyzingphylogeneti-
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tNumbersinparenthesesgivesamplesizes.
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Fig. 1. Proportionof reservesof varioussizes in
which10 species of largecarnivoreshavepersisted (7). Populationpersistenceis relatedto reserve
area for all species (Table1). Curvesshow the
of persistencepredictedby logisticreprobability
gressionsfittedto the binarydata (8);filledcircles
show the criticalreservesizes (I-F-SE)
forwhichthe
models predicta 50% probabilityof population
persistence.Species: (A)black bear;(B)jaguar;
(C)snow leopard;(D)tiger;(E)spotted hyena;(F)
lion;(G)dhole;(H)graywolf;(I)Africanwilddog; (J)
grizzlybear.
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cally independent contrasts, calculated
from a composite phylogeny for the Carnivora (10). All contrastswere calculated
with log-transformeddata, and all regressions of contrastson contrastswere forced
throughthe origin.
After controllingfor phylogeny,average
femalehome rangesizewasa goodpredictor
of critical reservesize (Fig. 2) (r2 = 0.84,
F18 = 42.1, P < 0.0005). The effect of
population density was much weaker (r2
= 0.52, F1,8 = 8.8, P < 0.05), and disappearedentirelyafterwe controlledforhome
rangesize (multipleregression:overall,F2,7
= 20.6, P < 0.005;effectof density,t =
0.82, P > 0.4; effectof home rangesize,t =
4.00, P = 0.005). As expected,contrastsfor
populationdensityand femalehome range
size were only weaklyintercorrelated(r8 =
-0.69), partlybecause some species were
social and partlybecausehome rangeoverlap was high in species with large home
ranges(9, 11).
These resultsshow that, in a reserveof
givensize,wide-rangingcarnivoresaremore
likely to become extinct than those with
smallerhome ranges,irrespectiveof population density. Thus, population size is a
relatively poor predictor of extinction
amongcarnivores.Rangingbehaviormediates contact with human activity, contact
that accountsfor a very high proportionof
adult mortalityin all of these species.Our
results therefore indicate that human-induced mortality contributesmore to the
extinction of populations of large carnivores isolated in small reserves than do
stochasticprocesses.Conservationmeasures
that aim only to combatstochasticprocesses arethereforeunlikelyto avertextinction.
Instead,priorityshould be given to measuresthat seekto maximizereservesizeor to
mitigate carnivorepersecutionon reserve
bordersand in bufferzones.
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Fig. 2. Relation between phylogenetically independent contrasts in log(criticalreserve size) and
log(female home range size) calculated for 10 species of largecarnivore.r2 = 0.84, F18 =42.1, P

< 0.005. The effect remainsstrongaftercontroleffect of population
ling for the (nonsignificant)
density(t = 4.00, P = 0.005).
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