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Ecology, 74(6), 1993, pp. 1659-1673 
(c? 1993 by the Ecological Society of America 

SPATIAL AUTOCORRELATION: TROUBLE OR NEW PARADIGM? 

PIERRE LEGENDRE 
Departement de sciences biologiques, Universite de Montreal, C.P. 6128, succursale A, 

Montreal, Quebec, Canada H3C 3J7 

Abstract. Autocorrelation is a very general statistical property of ecological variables 
observed across geographic space; its most common forms are patches and gradients. Spatial 
autocorrelation, which comes either from the physical forcing of environmental variables 
or from community processes, presents a problem for statistical testing because autocor- 
related data violate the assumption of independence of most standard statistical procedures. 
The paper discusses first how autocorrelation in ecological variables can be described and 
measured, with emphasis on mapping techniques. Then, proper statistical testing in the 
presence of autocorrelation is briefly discussed. Finally, ways are presented of explicitly 
introducing spatial structures into ecological models. Two approaches are proposed; in the 
raw-data approach, the spatial structure takes the form of a polynomial of the x and y 
geographic coordinates of the sampling stations; in the matrix approach, the spatial structure 
is introduced in the form of a geographic distance matrix among locations. These two 
approaches are compared in the concluding section. A table provides a list of computer 
programs available for spatial analysis. 

INTRODUCTION 

Spatial autocorrelation may be loosely defined as the 
property of random variables taking values, at pairs of 
locations a certain distance apart, that are more similar 
(positive autocorrelation) or less similar (negative au- 
tocorrelation) than expected for randomly associated 
pairs of observations. Autocorrelation is a very general 
property of ecological variables and, indeed, of all vari- 
ables observed along time series (temporal autocor- 
relation) or across geographic space (spatial autocor- 
relation). 

Most natural ecological phenomena display geo- 
graphical patchiness, and it is found at all spatial scales- 
from micrometres to continental and ocean-wide scales. 
Picturing the spatial variation of the variables) under 
study in the form of a map shows the structure to be 
smoothly continuous or marked by sharp discontinu- 
ities. Most real-case studies concern only a part of a 
spatial structure; the special case where the part under 
study essentially looks like a gradient is discussed at 
more length in the third section of this paper. 

The statistical problem that accompanies the spatial 
structuring of ecological data can be illustrated using 
the following common case of spatially autocorrelated 
data. The observed values of the variable of interest- 
for instance, species composition-are most often in- 
fluenced, at any given locality, by the species assem- 

I For reprints of this Special Feature, see footnote 1, p. 
1615. 

blage structure at surrounding localities, because of 
contagious biotic processes such as growth, reproduc- 
tion, mortality, migration, and so on. In such a case, 
because the value at any one locality can be at least 
partly predicted by the values at neighboring points, 
these values are not stochastically independent from 
one another. This may come as a surprise to ecologists 
who have been trained in the belief that nature follows 
the assumptions of classical statistics, one of them be- 
ing the independence of the observations. However, 
field ecologists know from experience that living beings 
in nature are distributed neither uniformly nor at ran- 
dom; the same applies to the physical variables that 
we use to describe environments. Following hierarchy 
theory (Allen and Starr 1982), we may look at the 
environment as primarily structured by large-scale 
physical processes-geomorphologic processes on land, 
currents and winds in fluid environments - that, through 
energy inputs, cause the appearance of gradients on the 
one hand, and of patchy structures separated by dis- 
continuities (interfaces) on the other. These large-scale 
structures induce the formation of similar responses in 
biological systems, spatially and temporally. Within 
these relatively homogeneous zones, smaller scale con- 
tagious biotic processes take place that cause the ap- 
pearance of more spatial structuring through repro- 
duction and death, predator-prey interactions, food 
availability, parasitism, and so on. Spatial heteroge- 
neity is then functional in ecosystems, and not the result 
of some random, noise-generating process, so it be- 
comes important to study it for its own sake. One of 
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Confidence interval => l True interval: r not significantly 
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from the usual tables: r ? 0 *** 

FIG. 1. Effect of spatial autocorrelation on tests of correlation coefficients for randomly generated, positively autocorrelated 
data. 

the consequences is that ecosystems without spatial 
structuring would be unlikely to function. Imagine the 
consequences: large-scale homogeneity would cut down 
on diversity of habitats; feeders would not be found 
close to their food; mates would be located at random 
throughout the landscape; soil conditions in the im- 
mediate surrounding of a plant would not be more 
suitable for its seedlings than any other location on 
earth; newborn animals would be spread around in- 
stead of remaining in favorable environments; and so 
on. Irrealistic as this view may seem, it is still common 
in many of our theories and models describing popu- 
lation and community functioning. This shift in views 
translates into a new paradigm for ecologists: spatial 
structuring is an important component for ecosystems. 
The first message of this paper is then that we have to 
revise our theories and models, to make them include 
realistic assumptions about spatial and temporal struc- 
turing of communities. The second message is that 
statistical concepts and techniques are now becoming 
available to handle such data. 

Autocorrelation in a variable brings with it a statis- 
tical problem: it impairs our ability to perform stan- 
dard statistical tests of hypotheses. The reason can best 
be illustrated by the case of the correlation coefficient. 
The problem lies in the fact that, when both variables 
are positively autocorrelated, the confidence interval 
estimated by the classical procedure around a Pearson 
correlation coefficient is narrower than it is when cal- 
culated correctly, so one declares too often that the 
coefficient is significantly different from zero (Fig. 1; 
see Bivand 1980). With all other standard statistical 
tests, positive autocorrelation induces the same bias: 
computed test statistics are too often declared signifi- 
cant under the null hypothesis. Negative autocorrela- 
tion may produce the opposite effect, for instance in 
ANOVA. This problem is discussed in more detail by 
Cliff and Ord (1981), and by Dutilleul and Legendre 
(1992) in the context of the tests of normality (good- 
ness-of-fit). 

This question can be contemplated from the point 
of view of the degrees of freedom: in classical statistical 
testing, one counts one degree of freedom for each 
independent observation, and this procedure allows 
one to choose the statistical distribution appropriate 
for the given test. As we have seen above, the problem 
with autocorrelated data is their lack of independence 
or, in other words, the fact that new observations do 
not each bring with them one full degree of freedom. 
Indeed, knowledge of the variable's value at some lo- 
cations gives the observer some prior knowledge of the 
value the variable will take at new locations. The con- 
sequence is that these new observations cannot be 
counted for one full degree of freedom. Corrections are 
available for the number of degrees of freedom and 
will be mentioned below. 

The scope of this paper is threefold. First, I will show 
how spatial autocorrelation can be described and mea- 
sured. Next, I will examine how valid tests can be 
performed. Finally, I will give substance to the new 
paradigm by presenting ways of introducing spatial 
structures into ecological modeling, in both univariate 
and multivariate situations. The paper by Dutilleul 
(1 993a) addresses the companion problem of designing 
controlled experiments, especially in nature, in a spa- 
tially structured environment. The presence of spatial 
autocorrelation (two sites located near one another are 
unlikely to be independent from one another) is part 
of the larger problem of pseudoreplication (Hurlbert 
1984) often encountered in mensurative and manip- 
ulative experiments. 

ASSESSING SPATIAL STRUCTURES 

The analysis of spatial ecological patterns comprises 
two families of methods. Point pattern analysis is con- 
cerned with the distribution of individual objects 
through space - for instance individual plants or ani- 
mals. The chief purpose of this type of analysis is to 
determine whether the geographic distribution of data 
points is random or not and to describe the type of 
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pattern, in order to infer what kind of process may 
have created the observed structure. From this family 
of methods, the quadrat-density and the nearest neigh- 
bor methods have been widely used in vegetation sci- 
ence (Galiano 1982, Carpenter and Chaney 1983). Point 
pattern analysis will not be discussed further here, as 
it has been authoritatively reviewed by a number of 
authors listed in the last section of this paper. 

Surface pattern analysis, on the other hand, is con- 
cerned with the study of spatially continuous phenom- 
ena. The spatial distribution of the variables is known, 
as usual, through sampling at discrete sampling sta- 
tions. One or several variables are observed, each ob- 
servation point representing its surrounding portion of 
space; the analysis of continuous transect data, such as 
echolocation data, is not specifically discussed here. 
Surface pattern analysis includes a family of methods 
designed to answer a variety of questions, which can 
be summarized under the following headings. 

1) Description of spatial autocorrelation 

Ecologists are first interested in quantifying the au- 
tocorrelation present in their data. The objective may 
be to demonstrate that no significant spatial autocor- 
relation is present (or remains, after it is extracted), in 
order to make valid use of the standard univariate or 
multivariate statistical tests of hypotheses. Or, the in- 
vestigator may be interested in demonstrating that sig- 
nificant spatial autocorrelation is present, in order to 
use it in conceptual or statistical models. Spatial struc- 
tures are first described through so-called structure 
functions, which allow us to quantify the spatial de- 
pendency and partition it along the various distance 
classes. The most commonly used structure functions 
are correlograms, variograms, and periodograms, which 
have been reviewed in more detail by Legendre and 
Fortin (1989). A correlogram is a graph in which au- 
tocorrelation values are plotted on the ordinate, against 
distance classes among sampling stations (localities) on 
the abscissa. Correlograms (Cliff and Ord 198 1) can be 
obtained for single variables (Moran's I, 1950, or 
Geary's c, 1954, autocorrelation coefficients), or for 
multivariate data (Mantel correlogram: Sokal 1986). 
In all cases, a test of significance is available for each 
individual autocorrelation coefficient plotted in the 
correlogram; with proper correction for multiple test- 
ing, one can then determine whether a significant spa- 
tial structure is present in the data. (This test requires 
that the condition of second-order [or weak] station- 
arity be satisfied; that condition says that the expected 
value [mean] and variance of the variable over the 
study area must have constant and finite values, and 
the autocorrelation function must depend only on the 
length and orientation of the vector between any two 
points, not on their position in the study area.) The 

shape of the correlogram also indicates the type of 
spatial structure. In a semi-variogram (often called a 
variogram for simplicity), the function of autocorre- 
lation plotted on the ordinate is the semi-variance, a 
measure closely related to Geary's c autocorrelation 
coefficient. When computing a semi-variogram, one 
only assumes that the autocorrelation function is apt 
to describe the whole surface under study. (This relaxed 
form of stationarity is called the "intrinsic hypothesis," 
i.e., the increments Yi - yj must have zero mean and 
constant variance over the study area.) In the geosta- 
tistical tradition, semi-variances are not tested for sig- 
nificance, although they could be through the test de- 
veloped for Geary's c, if the condition of second-order 
stationarity is satisfied. Statistical models can be fitted 
to variograms (linear, exponential, spherical, Gaus- 
sian, etc.) that allow the investigator to relate the ob- 
served structure to hypothesized generating processes. 
Because they measure the relationship between pairs 
of observation points located a certain distance apart, 
correlograms and variograms can be computed either 
for preferred geographic directions or, when the phe- 
nomenon is assumed to be isotropic in space, in an all- 
directional way. When the structure under study can 
be assumed to consist of a combination of sine waves 
propagated through space, a Schuster (1898) periodo- 
gram can be computed. The basic idea is to fit sines 
and cosines of various periods, one period at a time, 
and to determine the proportion of the series' variance 
(r2) that can be explained by that period. In periodo- 
grams, the abscissa is either a period or its inverse, a 
frequency; the ordinate is the proportion of variance 
explained. Two-dimensional periodograms can be 
plotted for all combinations of directions and spatial 
frequencies (Priestley 1964, Ripley 1981, Renshaw and 
Ford 1984). 

2) Estimation and mapping 

Structure functions require an interpretation. Be- 
cause their shape may not unambiguously correspond 
to a single type of spatial structure, they must be com- 
plemented by maps of various kinds representing the 
spatial variation of the variables) of interest, or some- 
times the variations of the variables' variance. Recent 
reviews for ecologists are by Burrough (1987) and Le- 
gendre and Fortin (1989). Several programs are avail- 
able for mapping (Table 3). The easiest way to obtain 
a contour map of a single variable is to use inverse- 
square distance, which is but one case of moving av- 
erage interpolation (Ripley 1981), or other such inter- 
polation methods. The older method of trend-surface 
analysis (Student 1914), in which the variation of the 
variable of interest is expressed as a function of the 
geographic coordinates of the sampling locations, does 
not produce very accurate maps except in the most 
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TABLE 4. Interspecific size ratios between sympatric species in three localities. In each case, the value for the larger species 
was divided by that for the smaller. 

Species compared Skull length Lower MI Upper canine 

South Africa 
C. adustus vs. C. mesomelas 1.04* 1.09* 1.05* 

East Africa 
C. adustus vs. C. mesomelas 1.04*t 1.08*t 1.04 
C. aureus vs C. mesomelas 1.03 1.01 1.12*t 
C. adustus vs. C. aureus 1.01 1.09* 1.07 

North Central Africa 
C. aureus vs. C. adustus 1.04 1.17* 1.05* 

* The two species differ significantly at the 0.05 level or better. 
t Ratio between the largest and smallest species (for each measure) rather than between those closest in size. 

The ratio data for blackbacked jackals support a shift 
towards carnivory in East Africa. Of the 22 ratios, 11 
differ significantly between South and East African 
populations of blackbacked jackals (P < 0.05, t test on 
arcsine-transformed values). East African blackbacked 
jackals have relatively longer and narrower carnassials, 
smaller grinding areas, deeper jaws, and wider skulls. 
Although these results are not independent because the 
ratios share common components and/or form part of 
the same functional complex (e.g., upper and lower 
tooth dimensions), the trend towards increased car- 
nivory is apparent. 

For some measures, the East African golden jackal 
had a morphology intermediate or very similar to both 
species, suggesting its presence in East Africa has acted 
as a wedge, driving the other two species apart. For 
example, the East African golden jackal had a distri- 
bution of relative lower grinding area values that was 
between that of South African blackbacked and side- 
striped jackals, but overlapped that of the former spe- 
cies (Fig. 6, top right). In East Africa, blackbacked and 
sidestriped jackals differed more in this feature, re- 
ducing the amount of overlap between the two species. 
A similar pattern was apparent for relative grinding 

East Africa i East Africa ' 
Cau - i Cau - 

Cme _ A i Cme - 

Cad i- H * Cad - 

South Africa South Africa 
Cme I ..-L_ Cme _ | 

Cad - I Cad - 

0.056 0.060 0.064 0.068 0.072 0.5 0.6 0.7 0.8 

RELATIVE LOWER M2 SIZE LOWER MOLAR GRINDING AREA 

I I 11 I - I I I I I 
East Africa IIEast Africa l 

Cau - i | Cau _ 
Cme A {_ Cme - 
Cad - | Cad - 

South Africa II South Africa 
Cme - A _ Cme - A-- 

Cad - Cad - 

I Ii 1 , 1 I 
0.36 0.38 0.40 0.42 0.44 0.800 0.925 1.050 1.175 1.300 

LOWER MI WIDTH/LENGTH UPPER MOLAR GRINDING AREA 

FIG. 6. Relative lower molar dimensions (left) and relative molar grinding areas (right) for East and South African 
populations ofjackals. Cau, Canis aureus; Cme, C. mesomelas; Cad, C. adustus. Symbols designate the mean and bars indicate 
? 1 SD. Dashed lines show distance between the means for sidestripes and blackbacks in South Africa for comparison with 
the same relationship in East Africa. Ratios illustrated are ml SH, m2SZ, LRGA, and URGA (Table 2). 
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area of the upper dentition (Fig. 6, bottom right) and 
relative lower second molar size (Fig. 6, top left). In 
all three measurements, the blackbacked jackal was the 
only species in which the intraspecific differences be- 
tween East African and other African populations were 
significant (P < 0.05, t test). 

Not all of the ratios showed this pattern; for instance, 
lower carnassial shape was significantly narrower in 
East than South African blackbacked jackals and ap- 
pears to have converged on that of East African golden 
jackals (Fig. 6, bottom left). Nevertheless, the distance 
between sidestriped and blackbacked jackals in this 
feature was much greater in East Africa. Eight of the 
11 ratios that differed significantly between East and 
South African blackbacked populations differ such that 
sidestriped and blackbacked jackals are more distinct 
in East than South Africa. The three that did not were 
estimates of upper canine tooth shape and size (C 1 SZ, 
Cl SH) and the size of M2 relative to M l (M2M 1), and 
none of these has proved to be as effective at predicting 
dietary choice as the indices of cutting blade length and 
relative grinding area (Van Valkenburgh 1989, Van 
Valkenburgh and Koepfli 1993). 

Because East African populations of blackbacked 
jackals are smaller in body size than those in South 
Africa, shape differences between them might be due 
to allometric change with decreasing size. However, 
linear regressions against skull length revealed no sig- 
nificant association between ratio values and skull size, 
with one exception, relative skull width in blackbacked 
jackals. Larger blackbacks tended to have relatively 
narrower skulls (slope = 0.447, P < 0.01) and the slopes 
and intercepts of the regressions of log zygomatic width 
on log skull length were not significantly different be- 
tween East and South African populations (P = 0.49, 
analysis of covariance). Because the skull shape of East 
African blackbacked jackals is approximately that pre- 
dicted by extrapolation from the allometric pattern of 
the larger South African population, the apparently 
wide skulls of East African individuals could be ex- 
plained as a consequence of overall size reduction. 

Sidestriped jackals show no significant differences in 
shape, as estimated by the 22 ratios, between South 
and East African populations. The North Central Af- 
rican population of sidestriped jackals differs from those 
in both South and East Africa by having relatively 
shorter blades and larger grinding areas on the lower 
carnassial (RBL), suggesting a shift away from carniv- 
ory. The East African population of golden jackals is 
most similar in shape to those of North Central and 
West Africa, and differs significantly from the North 
African sample in three ratios, all of which describe 
relative lower carnassial size and cutting blade length 
(RBL, BSZ, ml SZ). East African golden jackals appear 
to be slightly less carnivorous because of the shorter 
cutting blades and larger grinding areas on their lower 
carnassial relative to both total tooth length and man- 
dible length. 

3. Levels of morphologic variability. -In East Africa, 
only the blackbacked jackal exhibits a significant de- 
crease in variability relative to populations elsewhere. 
A test of homogeneity of the variances for all 62 mea- 
sures reveals that South and East African blackbacked 
jackal populations exhibit significant heterogeneity (P 
< 0.05, Bartlett's test) in 16 measures, and all 16 are 
reduced in East relative to South Africa. After the data 
were log10 transformed to reduce the effects of size 
differences between populations, 14 measures show 
significant heterogeneity and all are less variable in East 
than South African populations. The measures that 
differ in variance between the two localities are esti- 
mates of skull and jaw size (SKL, ZW, PW, CB, CD, 
PD, BL, JDM1, ML), upper canine size (C1H, ClAP, 
Cl ML), carnassial breadth (ml B, P4BBL), and lower 
premolar length (p4L). 

Among the three sidestriped populations for which 
sample sizes were large enough to compare (East, South, 
and North Central Africa), seven measures exhibit sig- 
nificant variance heterogeneity but none of the three 
populations emerge as clearly more or less variable 
than the others. A similar lack of pattern characterizes 
golden jackals. Of the 62 measures, 1 5 show significant 
variance heterogeneity among the seven populations 
large enough to test (> 10), but only the North African 
sample stands out as unusual in that it is the most 
variable population for 10 of the 15 measures. None 
of the remaining six populations predominate in the 
least variable category and thus there is no apparent 
reduction of variability in East Africa relative to pop- 
ulations eleswhere, other than North Africa. The high 
variance in the North African sample reflects the pres- 
ence of some individuals of the unusually large sub- 
species Canis aureus lupaster. If this subspecies is elim- 
inated from the analysis, 12 of the 62 measures exhibit 
significant variance heterogeneity and no single pop- 
ulation predominates as either the most or least vari- 
able. 

4. Sexual dimorphism. -The extent of sexual di- 
morphism varies in each jackal species by locality (Ta- 
ble 5), and is not pronounced as is typical of canids 
(Kleiman 1977). The average difference between sexes 
was only 4%, with a range of 0-13% (Table 5). In 7 
and 9 of the 12 populations tested, the sexes do not 
differ significantly in canine diameter and skull lengths, 
respectively. By contrast, in mustelids and felids, the 
difference between males and females exceeded 20% 
(Dayan et al. 1989a, 1990). 

Because of small samples of sexed individuals, sexual 
dimorphism in sidestriped jackals was compared only 
between South and East African populations. Of the 
62 measures of the skull and teeth, 9 showed significant 
dimorphism. A two-way ANOVA with sex and locality 
as treatments indicated two measures in which there 
appeared to be a significant interaction between locality 
and sex, lower first molar breadth (Ml B, Appendix; F 
= 6.07, df= 1, P < 0.05) and breadth across the upper 
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TABLE 5. Sexual dimorphism indices: mean dimorphism index calculated as the grand mean of all intraspecific ratios of 
male over female values for all 62 measures listed in the Appendix; ratio of male to female size for skull length and upper 
canine anteroposterior diameter. Starred values indicate males and females differ significantly at 0.05 level. 

Mean dimorphism Skull Canine 
index length ratio diameter ratio 

Locality No. males No. females (mean ? 1 SD) (6/v) (6/Q) 

Canis aureus 
East Africa 10 12 1.06 ? 0.044 1.04* 1.08* 
North Africa 18 10 1.04 ? 0.049 1.01 1.07 
North Central Africa 7 4 1.05 ? 0.040 1.06 1.05 
Middle East 10 6 1.03 ? 0.028 1.04 1.06* 
Northern India 13 9 1.04 ? 0.026 1.05* 1.13* 
Pakistan 7 9 1.04 ? 0.041 1.01 1.07 
Southern India 6 4 1.07 ? 0.067 1.06 1.09 

Canis mesomelas 
South Africa 9 14 1.08 ? 0.03 1.07* 1.10* 
East Africa 13 19 1.04 ? 0.041 1.02 1.07* 

Canis adustus 
South Africa 11 8 1.01 ? 0.037 1.01 1.00 
North Central Africa 4 4 1.05 ? 0.053 1.07 1.11 
East Africa 5 3 1.02 ? 0.059 1.04 1.11 

incisors (I313, Appendix; F= 10.98, df= 1, P < 0.01). 
In both cases, the level of dimorphism was :4% greater 
in East than South Africa. Among golden jackals, the 
sexes differ significantly in some measures in 4 of the 
10 localities: East Africa, North Africa, Middle East, 
and Northern India. A two-way ANOVA revealed only 
a single measure in which there was a significant in- 
teraction between locality and sex, mediolateral breadth 
of the upper canine (C 1ML, Appendix; F = 3.545, df 
= 3, P < 0.05). Contrary to expectation, East African 
golden jackals appear to be significantly more dimor- 
phic in this feature than were other populations; the 
ratio of male to female canine breadth is 1.18 in East 
Africa whereas it ranges from 1.03 to 1.08 elsewhere. 
The difference is primarily due to a greater reduction 
in female than male canine size in East Africa relative 
to the other localities. 

Among blackbacked jackals, the sexes differ signif- 
icantly in 47 of the 62 measures in South Africa and 
28 in East Africa. Two of these measures show a sig- 
nificant interaction between locality and sex: skull length 
and mandible length (CBL, ML; Appendix). Both of 
these are closely correlated with each other and overall 
body size (Van Valkenburgh 1990), suggesting a greater 
difference in size between the sexes in one of the lo- 
calities. East African blackbacked jackals are less di- 
morphic in skull size than are South African (Table 5). 
This decrease in dimorphism is primarily due to a 
greater reduction in skull size between South and East 
African males than females; East African males are 
12% smaller than those of South Africa whereas fe- 
males differ by only 6%. 

DISCUSSION 

Paleontological and molecular data suggest that the 
golden jackal entered East Africa after the other two 
species had been present there for some time. Both 

blackbacked and sidestriped jackals are known from 
the late Pleistocene of Kenya; but there is no fossil 
record of golden jackals in sub-Saharan Africa. Golden 
jackals first appear in Italy, the Middle East, and North 
Africa in the late Pleistocene (Kurten 1965, Savage 
1978). Blackbacked jackals have the longest record and 
are recorded from both South and East African fossil 
deposits spanning the last two to three million years 
(Savage 1978, Turner 1985, 1990). It is possible that 
some of the older specimens may be sidestriped jackals 
as the two species are difficult to distinguish based on 
fragmentary material (Ewer 1956, Turner 1985, Harris 
et al. 1988). Thus, blackbacks and sidestripes have 
coexisted in southern and eastern Africa for at least 
500 000 yr, and perhaps as much as 2.5 million years. 
Although negative evidence, the absence of any sub- 
Saharan fossil record of golden jackals suggests their 
invasion of East Africa is very recent. In addition, mo- 
lecular data favor a holarctic origin for golden jackals. 
Phylogenetic analysis of cytochrome b sequence data 
indicates that this species has a much closer affinity 
with the holarctic gray wolf than the other two jackals 
(Girman et al. 1993). The origins of the other two 
species are unclear; neither has a fossil record outside 
of Africa. Ongoing molecular studies indicate that they 
are not sister taxa and that neither has a close living 
relative (D. Girman, personal communication). 

The multivariate analyses of craniodental morphol- 
ogy indicated greater overall similarity between golden 
and blackbacked jackals than between either of them 
and the sidestriped jackal. This morphological simi- 
larity appears to be corroborated by field data on their 
behavior (Lamprecht 1978, Moehlman 1983, Fuller et 
al. 1989). Sidestriped jackals tend to be less carnivo- 
rous and favor more mesic habitats than the other two 
species (Rosevear 1974, Kingdon 1977, Smithers 1983). 
In the only radio-telemetry study of all three species 
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in sympatry, golden and blackbacked jackals were more 
similar in spatial and temporal activity patterns, al- 
though only one sidestriped jackal was monitored (Ful- 
ler et al. 1989). Further evidence of the distinctiveness 
of the sidestriped jackal comes from the relative rarity 
of sightings of sidestriped jackals at carcasses with ei- 
ther of the other species, relative to the number of 
simultaneous sightings of golden and blackbacked jack- 
als on carcasses (Wyman 1967, Schaller 1972, Kingdon 
1977, Fuller et al. 1989). Both the morphological data 
presented in this study and behavioral data suggest that 
competition between golden and blackbacked jackals 
is likely to be more intense than that between golden 
and sidestriped jackals. Consequently, if character dis- 
placement has occurred, it should be more evident 
between blackbacked and golden jackals than between 
the latter and sidestriped jackals. 

Four possible manifestations of character displace- 
ment were explored: (1) divergence in size, (2) diver- 
gence in shape, (3) reduced morphological variability, 
and (4) reduced sexual dimorphism. Our results showed 
that divergence in size among the three species in East 
Africa is small in magnitude relative to that among 
other sympatric carnivores and is not significantly 
greater than divergence values at localities where only 
two species are found. These generalizations were ap- 
parent in previously collected data on body mass 
(Wayne et al. 1989) and the data herein on linear mea- 
sures of skull and tooth size. Size divergence in skull 
length, lower first molar length, and canine anteropos- 
terior diameter often was not significant and was con- 
siderably less pronounced among sympatric jackals than 
that reported among other groups of sympatric canids. 
For example, species of adjacent-sized sympatric ca- 
nids of the Middle East and North Africa differed in 
skull length by 17-34% (Dayan et al. 1989a, 1992), 
whereas the sympatric jackals studied here differed by 
4% at most (Table 4). Similarly, lower first molar length 
ratios between sympatric foxes were larger and nearly 
constant, confined to a range of 1.18-1.21 (Dayan et 
al. 1 989b) whereas those between jackals averaged 1.09 
and varied from near unity to 1.17 (Table 4). In Da- 
yan's studies, canine diameters of adjacent-sized sym- 
patric canids differed by 20-63% as opposed to the 
maximum of 7% observed here for sympatric jackals. 

In fact, the jackals appear to have converged in size 
in East Africa rather than diverged. For each species, 
there exist African populations elsewhere that are larg- 
er in skull length. Golden jackals are larger to the north 
and sidestripes and blackbacks are larger to the south. 
The absence of size divergence in sympatry is surpris- 
ing because size differences among competitors are a 
commonly observed morphological evidence of com- 
petition (e.g., Lack 1944, Hutchinson 1959, Schoener 
1984) and sympatric canids typically differ in body 
mass by a factor of two or more (Wayne et al. 1989). 
Moreover, Dayan et al. (1989a, b, 1990, 1992) recently 
argued that sympatric carnivores readily and rather 

precisely adjust dental dimensions in sympatry to ac- 
commodate coexistence. 

The similarity in size of East African jackals might 
reflect both an absence of competition and selection 
for the same optimal size given the climate and array 
of available prey resources in East Africa. However, 
prey availability seems roughly similar in East and 
South Africa, suggesting other factors are more im- 
portant in determining interspecific divergence in body 
size. In our previous study on jackals we hypothesized 
that a constraint on body size divergence is the unique 
richness in East Africa of other carnivore taxa, both 
larger and smaller than a typical jackal (6-10 kg) (Wayne 
et al. 1989). There are at least 20 species smaller and 
7 species larger than the jackals in the Serengeti eco- 
system (Kingdon 1977) and a similar diversity exists 
in South Africa (Smithers 1983). Thus any significant 
increase or decrease in size might bring the jackals into 
greater competition with other species. Regardless of 
the causes of the convergence in size among the East 
African jackals, the potential consequences are clear. 
If competition is important and if character displace- 
ment cannot be effected through size divergence, then 
the three alternative avenues, shape divergence, re- 
duced variability, and reduced sexual dimorphism, 
should be exploited. 

Of the three species, the one that shows significant 
character displacement is the blackbacked jackal. In 
East Africa, this species is significantly less variable 
and less sexually dimorphic than in South Africa. 
Moreover, relative to South African populations, a 
morphological shift has occurred in East African black- 
backs toward increased carnivory as indicated by rel- 
atively longer meat-slicing blades and less dental area 
for grinding plant and insect foods. Consequently, the 
difference between East African blackbacked jackals 
and East African golden or sidestriped jackals is greater 
than that between South African blackbacked jackals 
and East African golden or sidestriped jackals. In East 
Africa, the other two jackal species show slightly in- 
creased sexual dimorphism relative to some popula- 
tions elsewhere, no consistent trends in variability, and 
differ less in craniodental shape from their populations 
elsewhere. 

In accordance with the observed decrease in mor- 
phological variability, the blackbacked jackal seems to 
have narrowed its niche breadth in East Africa relative 
to South Africa. In South Africa, blackbacked jackals 
are found in savannah, open woodland, and desert and 
are reported to favor arid areas (Smithers 1983). By 
contrast, in the Serengeti, golden jackals predominate 
in the drier habitats (short grass plains) and black- 
backed jackals are more common in brush woodlands 
(Wyman 1967, Moehlman 1983, Fuller et al. 1989). 
Similarly, the diet of the blackbacked jackals in South 
Africa is more diverse than in East Africa, in part due 
to the broader range of exploited habitats. In more arid 
areas, insects and plant matter form a much greater 
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proportion of their diets than in wetter habitats, where 
vertebrate prey and carrion are the dominant foods 
(Bothma 1971, Stuart 1976, Smithers 1983, Bothma 
et al. 1984). There are many fewer dietary studies on 
blackbacked jackals in East Africa, but it appears to 
be more strictly carnivorous (Kingdon 1977, Lam- 
precht 1978, Moehlman 1983), in agreement with the 
shifts in dental morphology reported here. The sole 
published quantitative analysis of sympatric golden and 
blackbacked jackal diets in Tanzania showed that ver- 
tebrate remains were much more frequent and arthro- 
pod remains were more rare in the feces of blackbacked 
jackals than those of golden jackals (Lamprecht 1978). 
If these results are representative, then golden jackals 
appear to be more omnivorous than blackbacked jack- 
als in East Africa. Clearly, more field data on diets of 
all three species are needed. 

If East African blackbacked jackals differed only in 
shape from their South African representatives, then 
it could be argued easily that resource differences be- 
tween the two areas are the most likely explanation. 
However, it is the association of shape differences with 
reduced variability and sexual dimorphism that makes 
this less than satisfactory. Their combined presence 
favors a role for interspecific competition in the mor- 
phologic and behavioral evolution of blackbacked 
jackals. The response to competition has been asym- 
metric, as East African golden and sidestriped jackals 
do not show significant character divergence or other 
manifestations of competition. We hypothesize that 
the outcome of competition among East Africanjackals 
may strongly reflect historical factors that preceded 
their recent sympatry. As suggested by the dental shape 
analyses, the golden jackals that invaded East Africa 
likely had dietary preferences intermediate to the two 
resident jackal species but more similar to the carniv- 
orous blackbacked jackal. Natural selection on golden 
jackals to alter their diet toward greater or lesser car- 
nivory might have been constrained by the presence 
of the two resident species on either side of the trophic 
axis. The successful insinuation of the golden jackal, 
as an intermediate form, may be due to their indepen- 
dent history of evolution in more varied environments 
outside of Africa. Golden jackals tolerate a much wider 
array of habitats and this flexibility could have favored 
their success as competitors. For example, golden jack- 
als are found in humid forest (e.g., Bandipur, India; 
annual rainfall of 800-2000 mm; Johnsingh 1981), as 
well as dry plains and desert (Prater 1980). Black- 
backed jackals, in contrast, are rare or absent from 
regions of southern Africa where annual rainfall ex- 
ceeds 1000 mm (Smithers 1983). The intolerance of 
blackbacked jackals for relatively mesic environments 
is clear from their distribution (Fig. 1); there is a dis- 
tinct gap between northern and southern areas, which 
corresponds to a region of higher precipitation (Smith- 
ers 1983). Similarly, the northern and southern bound- 
aries of the sidestriped jackal distribution seem attrib- 

utable to its avoidance of relatively arid habitats. 
Notably, fossils of both species have not been found 
north of Ethiopia, suggesting they have always had a 
sub-Saharan, entirely African distribution and never 
succeeded in emigrating from Africa. 

In sum, there is evidence of character displacement 
in response to increased levels of competition for food 
among East African jackals. However, the evidence is 
much more subtle than that reported previously for 
canids in which obvious differences between species in 
body size and tooth length were found. Because these 
other studies were based on a limited set of measure- 
ments, it is not known whether these size-separated 
canids differed in estimates of variability, sexual di- 
morphism, or craniodental shape as well. Nevertheless, 
the limited expression of character displacement in 
East Africa suggests the effects of competition among 
the jackals are minor despite their overlapping diets 
and habitat choice. Prior studies of carnivore guilds 
worldwide indicated that predator species richness is 
exceptionally high in the Serengeti, probably because 
of the great availability of vertebrate prey (Van Val- 
kenburgh 1985, 1989). Thus, not only is the African 
savannah woodland capable of supporting a greater 
number of carnivore species, but these species can be 
more similar in size and behavior than sympatric car- 
nivores elsewhere because of the diversity and abun- 
dance of prey. This may be more true for omnivorous 
predators, such as jackals, than more strictly carniv- 
orous species, such as felids. In a study of interspecific 
size regularities in tropical felid assemblages, Kiltie 
(1988) did not find evidence of greater similarity among 
East African cats than sympatric cats elsewhere. Prey 
size is strongly correlated with body size (as reflected 
by jaw length) in felids and interspecific size differences 
among sympatric cats probably reduce resource over- 
lap and competition (Kiltie 1988). Rather than sepa- 
rating according to prey choice, sympatric omnivorous 
carnivorans such as jackals often differ in the relative 
quantities of vertebrate and nonvertebrate foods con- 
sumed. Such differences are more likely to be deter- 
mined by dental morphology than body size. The ap- 
parent success of the golden jackal as an insinuator into 
East Africa suggests that the carnivore guild is not sat- 
urated, and that its size and configuration reflect his- 
torical as well as present-day ecological factors. 
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APPENDIX 
DEscRivrION OF MEASUREMENTS 

All widths, lengths, breadths, heights, and diameters are maximums unless otherwise noted. All tooth crown heights were 
measured from alveolar margin to tip along the buccal side. Most of these measurements have been used in previous studies 
and many are illustrated in Radinsky (1981), Wayne (1986), and Van Valkenburgh (1989). Those highlighted in bold type 
were used in the multivariate analyses (Figs. 3-4, Table 3). 

Lower teeth and mandible P4BBL: mediolateral breadth of fourth premolar mea- 
clH: canine tooth crown height. sured across paracone-metacone blade. 
clAP: canine anteroposterior diameter measured at the P4LP: anteroposterior length of protocone of fourth 

base. premolar. 
clML: canine mediolateral diameter measured at the P4LM: anteroposterior length of metacone. 

base. P4L: anteroposterior length of fourth premolar. 
p3H: crown height of third premolar. M1L: anteroposterior length of first molar. 
p3L: anteroposterior length of third premolar. M1B: mediolateral breadth of first molar. 
p3B: mediolateral width (breadth) of third premolar. M2L: anteroposterior length of second molar. 
p4H: crown height of fourth premolar. M2B: mediolateral breadth of second molar. 
p4L: anteroposterior length of fourth premolar. P4C 1: anteroposterior distance from posterior border 
p4B: mediolateral breadth of fourth premolar. of the fourth premolar to the anterior border of 
mlL: anteroposterior length of first molar. the upper canine. 
mlB: mediolateral breadth of first molar. 
m1TR: anteroposterior length of the trigonid of the first Skull 

molar. CBL: condylobasal skull length. 
m2L: anteroposterior length of second molar. OOL: occiput to orbit length measured between the 
m2B: mediolateral breadth of second molar. anterior margin of the orbit to the posterior mar- 
ML: mandible length from posterior of glenoid to an- gin of the occipital condyles. 

terior border of lower canine. BCL: basicranial length (anteroposterior length of ba- 
p3ml: anteroposterior distance between the posterior sioccipital and basisphenoid). 

of ml and anterior of p3. FL: face length measured as anteroposterior length 
MAT: moment arm of temporalis muscle estimated by of the hard palate (after Wayne 1986). 

distance from glenoid to tip of coronoid process PL: anteroposterior length of premaxilla and maxilla 
as in Radinsky (1981). along palate (after Wayne 1986). 

MAM: moment arm of masseter muscle estimated by PW: palatal width measured just posterior to the fourth 
distance from glenoid to ventral border of den- premolars. 
tary angle as in Radinsky (1981). ZW: maximum skull breadth across the zygomatic 

MFL: length of masseteric fossa from posterior glenoid arches. 
to anteriormost edge of fossa. POB: interobital breadth. 

JDml: dorsoventral depth of mandibular corpus at the POP: width between tips of postorbital processes. 
junction of p4 and ml. POC: width of postorbital constriction. 

JBml: mediolateral breadth of mandibular corpus at MCW: maximum cranial breadth. 
the junction of p4 and ml. 1313: distance between buccal margins of right and left 

JDD: dorsoventral depth of mandibular corpus at the third incisors. 
midpoint of the diastema. ClCl: distance between buccal margins of right and left 

canine roots, measured on the bone. 
Upper teeth MB: mastoid breadth. 
13H: crown height of third incisor. CB: breadth of occipital condyles. 
I3AP: buccolingual diameter of third incisor. OCH: height of occiput measured from superior margin 
I3ML: mesiodistal diameter of third incisor. of the foramen magnum to the superior margin 
C1H: crown height of canine. of the occiput. 
ClAP: anteroposterior diameter of canine measured at CD: cranial depth, measured from the external au- 

base. ditory meatus to bregma, the junction of the pa- 
ClML: mediolateral diameter of canine measured at base. rietal and frontal bones (after Wayne 1986). 
P2L: anteroposterior length of second premolar. PD: premaxilla depth, measured from tooth margin 
P3H: crown height of third premolar. to superior border of premaxilla, behind the ca- 
P3L: anteroposterior length of third premolar. nine (after Wayne 1986). 
P3B: mediolateral breadth of third premolar. BW: greatest width of auditory bulla. 
P4BP: mediolateral breadth of fourth premolar mea- BL: greatest length of auditory bulla. 

sured across protocone. 
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EARLY SURVIVAL OF JUVENILE SNOWSHOE HARES' 

MARK O'DONOGHUE2 
The Ecology Group, Department of Zoology, University of British Columbia, 

Vancouver, British Columbia, Canada V6T I W5 

Abstract. Juvenile snowshoe hares (Lepus americanus) were radio-tagged at birth on 
one food addition grid and one control grid, to determine early juvenile survival, the effects 
of the food addition on survival, and proximate causes of mortality. Indices of survival 
were also estimated by live-trapping on these grids and on a replicate pair of grids. The 
overall 30-d survival rates of radio-tagged leverets were 0.46, 0.15, and 0.43 for the first, 
second, and third litters of the year, respectively. There were no differences between early 
juvenile survival on the food addition and control grids in any of the litter groups. The 
main proximate cause ofjuvenile mortality was predation by small mammalian predators, 
the most important being red squirrels and arctic ground squirrels. Seventy percent of early 
juvenile mortality occurred during the first 5 d after birth. Survival of littermates was not 
independent; litters tended to all live or die as a unit more often than expected by chance. 
Fifty-one percent of litters had no known survivors after 14 d of age. Individual survival 
rates were negatively related to litter size and positively related to body size at birth, and 
litter size was negatively correlated with body size. These correlations were most closely 
related to differences in life history traits among litters born at different times of the summer, 
rather than to trade-offs among traits within litter groups. 

Key words: food limitation; life history theory; population cycle; snowshoe hare; survival; trade- 
offs; Yukon. 

INTRODUCTION 

The analysis of patterns of survival in animal pop- 
ulations is useful for constructing models of population 
dynamics, for examining the effects of various factors 
on survival, for identifying vulnerable stages in the life 
cycles of animals, and for determining their principal 
agents of mortality. Questions concerning the evolu- 
tion of life histories also have been addressed in studies 
of the effects of trade-offs between survival and other 
life history traits (e.g., litter size, size of offspring) on 
animal fitness (reviews in Lessells 1991, Stearns 1992). 
The survival of juveniles of many species is very low 
and variable relative to survival at other life stages 
(Caughley 1977), and it has therefore been the focus 
of many demographic studies. While studies presenting 
the fledging success of birds are quite numerous (e.g., 
Nur 1984, Dijkstra et al. 1990; summarized in Stearns 
1992), few studies have documented preweaning sur- 
vival in any small mammals (Morris 1986), largely due 
to the secretive nature of these animals. In this paper, 
I discuss the results of a study of factors affecting the 
survival of juvenile snowshoe hares (Lepus american- 
us), their implications for hypotheses of population 
regulation of hares, and the relationship between the 

I Manuscript received 5 April 1993; revised and accepted 
16 November 1993. 

2 Mailing address: Arctic Institute of North America, Mile 
1054 Alaska Highway, Kluane Lake, Yukon, Canada YlA 
3V4. 

survival rates of young hares and other life history 
traits. 

Small mammal populations have received a great 
deal of attention from population ecologists, since they 
are often highly variable, which presents an ideal op- 
portunity for examining questions about population 
regulation (Sinclair 1989). Snowshoe hare populations 
undergo cyclic fluctuations in abundance throughout 
the North American boreal forest, with peak numbers 
occurring each 8-11 yr (Elton and Nicholson 1942). 
The demography of hares over the course of this cycle 
has been examined in detail in several studies (Green 
and Evans 1940, Keith and Windberg 1978, Keith et 
al. 1984, Krebs et al. 1986). L. B. Keith and colleagues 
have hypothesized that the dramatic population 
"crashes" that follow the peak years are caused by hare 
overbrowsing and subsequent food shortage (Keith and 
Windberg 1978, Keith et al. 1984). However, studies 
in the Yukon showed that hare populations declined 
even when artificially supplemented with food (Krebs 
et al. 1986, Sinclair et al. 1988, Smith et al. 1988), 
indicating that food shortage is not a necessary factor 
in the population declines (but see Keith 1990). 

Juvenile survival in the autumn and early winter was 
highly correlated with the rate of population change in 
studies of the hare cycle in Alberta and the Yukon 
(Keith and Windberg 1978, Keith et al. 1984, Krebs 
et al. 1986). The influence of preweaning juvenile sur- 
vival on the rate of population change, however, is less 
clear. Cary and Keith (1979) autopsied hares and found 
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that reproductive output varied by a factor of 2.4 over 
the cycle in Alberta. Keith and Windberg (1978) used 
these rates and the ratio of live-trapped juveniles to 
adults to calculate indices of early juvenile survival. 
From these indices, they concluded that changes in the 
rates of juvenile hare survival before the age of 45 d 
did not significantly affect the pattern of population 
change. However, Krebs et al. (1986) suggested that 
the survival of juvenile hares during their first 8 wk of 
life strongly affected recruitment rate in the Yukon. 
These authors did not directly measure reproductive 
output, but calculated a recruitment index based on 
the number of juvenile hares trapped during the year 
per adult female counted in the spring. This index var- 
ied 5.3-fold from the population increase to the decline 
and was highly correlated with the rate of population 
change. As summer survival of juveniles older than 4 
wk was poorly correlated with population trends, Krebs 
et al. (1986) concluded that the important summer 
mortality must have occurred before the juvenile hares 
reached trappable age. No direct measures of snowshoe 
hare survival before weaning (at 28 d; Severaid 1942) 
have been made, due to the difficulty of locating hare 
nests and young leverets. 

Offspring survival is only one of the demographic 
parameters that determine the reproductive success of 
any animal. Other parameters include litter size, num- 
ber of litters, age of adult sexual maturity, and adult 
longevity. Classical life history theory predicts that there 
should be trade-offs between these traits, such that an 
increased allocation of energy to one (e.g., litter size) 
results in a decrease to another (e.g., survival or size 
of offspring; Lack 1947, Williams 1966, Stearns 1976). 
Lack (1947) suggested that natural selection should lead 
to an optimum clutch or litter size, in which the max- 
imum number of young survive to maturity (Charnov 
and Krebs 1974). More recent reviews have summa- 
rized several reasons why the most common clutch 
sizes observed in nature may not be the most produc- 
tive ones for a given clutch, including trade-offs be- 
tween present clutch size and future reproductive out- 
put, and stochastic variation in clutch sizes (Lessells 
1991, Stearns 1992). Experimental evidence for the 
existence of these trade-offs is mixed. Studies on birds 
have suggested negative (review in Klomp 1970), pos- 
itive (Hogstedt 1980), and no relation (Nur 1984) be- 
tween clutch size and juvenile survival. There have 
been very few studies of the relationship between litter 
size and juvenile survival in wild mammals. 

This study was undertaken to determine the rates of 
early survival of juvenile hares, and it was carried out 
in conjunction with a study of the effects of food ad- 
dition on hare reproduction (O'Donoghue and Krebs 
1992). My objectives were to (1) directly measure sur- 
vival rates of juvenile hares to weaning, for future use 
in a population model; (2) determine the main prox- 
imate causes of mortality of juvenile hares; (3) deter- 
mine the effects of food addition on juvenile survival 

to test their agreement with the Keith hypothesis; and 
(4) investigate whether there are trade-offs between lit- 
ter size, juvenile body mass, and juvenile survival, as 
predicted by life history theory (Stearns 1976, 1977, 
1989, 1992). 

METHODS 

The study area was located in the Kluane Lake region 
of southwest Yukon Territory, Canada (61? N, 138? 
W). The dominant vegetation of the area was white 
spruce forest (Picea glauca), with a dense but patchy 
shrub understory of mostly willow (Salix glauca and 
Salix alaxensis), soapberry (Shepherdia canadensis), 
and bog birch (Betula glandulosa) (Douglas 1974). 

I measured snowshoe hare reproduction and juvenile 
survival on four 36-ha study grids (marked with 400 
grid points at 30-m intervals) during the summers of 
1989 and 1990, which were peak years of hare. abun- 
dance (C. J. Krebs, unpublished data). Two of these 
were food addition grids, referred to as Foodl and 
Food2 grids in this paper, and two were controls, 
Control 1 and Control2. The Food 1 and Control 1 grids 
were selected for intensive (radio telemetry) monitor- 
ing, while hares on the other two grids were monitored 
only by live-trapping. All grids were established by the 
Kluane Boreal Forest Ecosystem Project, an ongoing 
experimental study of the hare cycle and boreal com- 
munity organization. In 1990, I switched one of my 
controls due to low sample sizes on Controll. On the 
food grids, commercial rabbit chow (16% crude pro- 
tein) was provided ad libitum throughout the year along 
four equally spaced cut lines traversing the areas. Pre- 
vious studies had shown that hares utilize the rabbit 
chow extensively, and that hares on the food grids had 
higher condition indices than those on the control grids 
(Krebs et al. 1986, O'Donoghue and Krebs 1992). On 
each of the grids, I monitored hare populations by 
trapping with 86 Tomahawk traps (Tomahawk Live 
Trap Company, Tomahawk, Wisconsin), placed on 
eight of the grid lines, at 2-wk intervals from May to 
September. 

Snowshoe hares are a multi-littered species with 
postpartum oestrus and synchronous breeding (Sev- 
eraid 1942). The precocial newborn leverets weigh 40- 
60 g, they are born fully furred, and their eyes open 
within an hour after birth. Although they are already 
ambulatory shortly after their birth, the leverets usually 
stay huddled together at their birth site for 3-5 d 
(O'Donoghue and Bergman 1992). At Kluane, three 
distinct groups of litters were born during the course 
of each summer in 1989 and 1990 (O'Donoghue and 
Krebs 1992). In order to locate newborn litters, I placed 
pregnant female hares in 60 x 60 x 120 cm chicken 
wire cages shortly before they were ready to give birth. 
The cages were covered with burlap and amply sup- 
plied with grass and spruce branches for natural cover. 
Captive hares were fed natural forage supplemented 
with apples and commercial rabbit chow. I attempted 
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to capture 10-15 females per grid for each litter group. 
On control grids, the cages were placed within the home 
ranges of the caged females, but due to disturbance by 
grizzly bears, the cages had to be placed within small 
(0.05-1.0 ha) enclosures surrounded by electric fences 
on the food grids. I transported pregnant females to 
and from these "nurseries" upon capture and after par- 
turition. 

Upon giving birth to their litters, female hares were 
immediately released. On the control grids, females 
were simply let out of their cages and the young stayed 
at this birth site, while on the food grids they were 
carried with their litters back to their home ranges. 
There, a nest was made for the newborn hares, and the 
female was left at the nest in a covered open trap to 
leave when she was ready. I counted each hare litter, 
and weighed, measured (right hind foot length), ear- 
tagged (number 1 monel tags), and determined the sex 
of the individual leverets before release. 

On two of the grids (Food 1 and Control 1), I affixed 
2-g radio transmitters (Models SR-1 and SR-2, Bio- 
track, Dorset, England) with glue to short-clipped fur 
between the shoulder blades of half of the juveniles in 
each litter (I rounded-up this number for odd-num- 
bered litter sizes). The radios had battery lives of -6 
wk, and ranges of 150-300 m. I, or a field assistant, 
subsequently located each of the radio-tagged leverets 
daily to monitor their survival and movements 
(O'Donoghue and Bergman 1992). A total of 254 lev- 
erets from 103 litters was radio-tagged over the course 
of this study. Juvenile hares were located visually by 
following their transmitter signals to their hiding places 
or sites of mortality. The transmitters usually began to 
fall off the leverets after 10-14 d, so I attempted to 
recapture each animal by hand or with a dip net at 10 
d of age to reglue the radio. Radios would then usually 
stay glued to the juvenile hares until they were 3-4 wk 
old. At this age, the leverets weighed 300-400 g 
(O'Donoghue and Krebs 1992), and could be trapped 
and fitted with light (15-20 g) radio collars (Model 
TW-2 transmitters, Biotrack) made with nylon web- 
bing, with a foam rubber insert to allow for growth. 
Using these techniques, I was able to follow juvenile 
survival from birth to dispersal, loss of radio (for those 
leverets which could not be retrapped), or to the end 
of the summer. 

I calculated survival curves for the radio-tagged ju- 
venile hares using the Kaplan-Meier procedure (Kap- 
lan and Meier 1958, Pollock et al. 1989b), a nonpara- 
metric estimator that allows censoring of data (due to 
radio loss or failure, dispersal, or animals living beyond 
the duration of the study) and staggered entry of ani- 
mals (Pollock et al. 1989a). Kaplan-Meier survival 
curves were compared using the log-rank test (Savage 
1956, as described in Pollock et al. 1 989a). I compared 
the survival rates of leverets on the different treatments 
to the age of 30 d, but in many subsequent analyses, I 
considered 14-d survival rates, since my sample sizes 

were often quite low after this age due to mortality and 
radio loss. I investigated the effects of covariates (food 
treatment, litter group, litter size, mass at birth, and 
sex) on survival rates to 14 d using logistic regression 
(Cox 1970, described in Lee 1980; SAS PROC LO- 
GISTIC and PROC PROBIT, SAS Institute, Raleigh, 
North Carolina). Statistical significance was evaluated 
in these regression models by comparing the predictive 
power of models with each of the covariates to models 
without them, and selecting the most parsimonious 
model (Trexler and Travis 1993). 

RESULTS 

Independence ofjuvenile survival 

Snowshoe hare litters stay together in the nest for 
only 1-7 d (mean = 2.7 d; O'Donoghue and Bergman 
1992), and 70% of all observed mortality occurred dur- 
ing the first 5 d of life (Fig. l a-c). While the hare litters 
were still intact, the survival of the individual litter- 
mates was not likely to be independent of each other. 
To examine the independence of littermate survival, I 
compared the observed distribution of the proportion 
of radio-tagged littermates in each litter surviving, with 
that expected by chance if survival was independent. 
Expected frequencies were calculated using the ob- 
served overall survival rate to 14 d of age (after this 
point, most transmitters fell off animals I was unable 
to recapture), and calculating the proportion of radio- 
tagged littermates expected to survive per litter based 
on the binomial distribution (as in Boutin et al. 1988). 
More littermates all survived (33% of all litters) or all 
died (38%) as a unit than expected by chance if litter- 
mate survival were independent (Fig. 2; G test with 
Williams' correction, G = 24.305, df= 4, P < 0.0001). 
When the survival ofjuveniles is considered from 5 to 
14 d of age, after > 90% of the litters had split up, then 
the observed and expected frequency distributions of 
proportions of littermates surviving were not different 
(Fig. 3; G test with Williams' correction, G = 0.104, 
df = 2, P = 0.95, classes with < 5 expected observations 
pooled). These analyses suggest that survival of litter- 
mates is not independent before the breakup of the 
litters, but may be so after this point. I therefore con- 
sidered survival rates both after birth and after 5 d in 
all subsequent analyses to account for the effects of 
correlated littermate survival. Correlated survival of 
radio-tagged individuals would not bias the Kaplan- 
Meier survival rates, but would reduce the observed 
variance (Pollock et al. 1989a). 

Survival rates of juvenile hares 
There were no significant differences between sur- 

vival rates calculated for juvenile hares in 1989 and 
those in 1990 (log-rank test, x2 = 1.696, df= 1, P = 
0.19), or between males and females (log-rank test, X2 
= 0.826, df = 1, P = 0.36), based on the survival of 
radio-tagged leverets. The data were therefore pooled, 
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FIG. 1. Kaplan-Meier survival curves for (a) first litter 
(mean birth dates 19-26 May), (b) second litter (mean birth 
dates 22 June-A July), and (c) third litter (mean birth dates 
25 July-8 August) juvenile snowshoe hares, based on radio- 
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PROPORTION OF LITTERMATES SURVIVING 
FIG. 2. Observed and expected frequency distributions of 

proportions of radio-tagged littermates surviving to 14 d of 
age. Expected frequencies were calculated assuming indepen- 
dent littermate survival and a survival rate of 0.35. More 
littermates all died or all survived as a unit than expected by 
chance (G test with Williams' correction, P < 0.0001). 

and survival curves were calculated for each litter group 
on the Food 1 grid, and for each litter group on the 
Control 1 grid (Fig. 1 a-c). The survival curves of first 
litter (Fig. la, mean 30-d survival = 0.46) and third 
litter (Fig. lc, mean 30-d survival = 0.43) juveniles 
were similar, and juvenile survival for these litters was 
quite high relative to that of second litter juveniles (Fig. 
lb, mean 30-d survival = 0.15). The results of the 
logistic regressions for 0-14 d and 5-14 d survival rates 
indicated that litter group was the covariate with the 
highest predictive power of subsequent survival (Ta- 
bles 1 and 2). For all three litters, 94% of the mortality 
occurred during the first 14 d of life. 

TABLE 1. Results of logistic regression for the effects of the 
food addition, litter group (first, second, or third litters of 
the year), litter size, birth mass, and sex on subsequent 
juvenile survival to 14 d of age (n = 236 animals). 

Change in G 
value 

caused by 
addition of Change 

Factor covariate in df P 
Food addition 0.318 1 0.573 
Litter group 22.700 2 <0.001 
Litter size 2.393 1 0.122 
Birth mass 4.939 1 0.026 
Sex 0.297 1 0.586 

tagged animals on the Foodl (litter 1, n = 28; litter 2, n = 
59; litter 3, n = 42) and Controll (litter 1, n = 23; litter 2, n 
= 64; litter 3, n = 35) grids in 1989 and 1990 (sexes pooled). 
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