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Statistical comparison of proximity matrices: applications in animal behaviour 
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Abstract. Animal behaviour studies often require the diagnosis and statistical evaluation of patterns 
among individuals of a group. However, association values derived for all pairs of individuals are 
mathematically interrelated and, hence, difficult to evaluate. A general method of matrix comparison, 
called the Mantel test, is described which accounts for such interdependencies. In this test, two square 
difference matrices are compared to determine whether a statistical association exists between 
corresponding elements. For example, distances in one of the matrices might represent differences in songs 
for each pair of a group of birds, while distances in the other matrix could be the geographic distances 
between each of the same bird pairs; the test would assess whether or not birds close to one another have 
songs that are more similar than those pairs that are located further apart geographically. Distances in the 
matrices can be of a variety of sorts (depending on the application), including for instance geographic 
distances, morphological differences, or behavioural differences. The test has wide applicability in studies 
of animal behaviour, and we present three examples. First, dialects of splendid sunbirds (Nectarinia 
coccinigaster) were investigated to determine whether local or regional patterns of geographic variation in 
song were present, and whether birds with similar dialects were concentrated within the same habitat. 
Second, dominance hierarchies of white-throated sparrows (Zonotrichia albicollis) and dark-eyed juncos 
(Junco hyemalis oreganus) were analysed by constructing appropriate hypothesis matrices that were 
contrasted against a matrix summarizing behavioural interrelationships of flock members. In the third 
application, involving progressions of yellow baboons (Papio cynocephalus), an approach was developed 
to assess whether members of a given sex occur adjacent (or at least closer) to one another in progression 
order more often than expected by chance, and also whether individuals of a given sex tend to be found at 
or near the end of a progression more frequently than predicted. Other possible applications of the Mantel 
test are discussed, and a detailed computational example is included. 

Ethologists frequently need to evaluate associ- 
ations among individual animals in a group or 
population. For instance, investigations of song 
dialects in birds can be approached by comparing 
the geographic distances between individuals 
against measures of song dissimilarities for the 
same birds. Also, studies of dominance hierarchies 
frequently involve factors such as age or plumage, 
which influence social interactions among indi- 
viduals in a group. Other researchers are interested 
in the geometric arrangement of individuals--for 
example, the positions of primates in progressions 
with respect to age, sex or status. 

These examples represent rather disparate kinds 
of research problems, but have in common the fact 
that they involve comparisons between all pairs of 
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individuals to determine whether a pattern exists in 
the inter-associations of group members. Since 
association values between all possible pairs are 
mathematically related to one another, statistical 
techniques typically used to test for significant 
differences become inappropriate. Therefore, sta- 
tistical methods must be chosen that take into 
account and correct for the presence ofinterdepen- 
dencies. 

Mantel (1967), while investigating temporal and 
spatial clustering of disease, developed a general 
method of matrix comparison which can be applied 
to each of the behavioural research problems 
mentioned above. In Mantel's procedure, two 
square difference matrices, each representing inter- 
individual distances of some type, are compared to 
determine whether there is a statistical association 
between corresponding elements. 

The general approach has been applied by 
animal systematists studying geographic variation 
(e.g. Sokal 1979; Jones et al. 1980) and may be of 
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use for certain problems in geography (Glick 1979). 
Schnell et al. (in press) used the test in an analysis of 
wildlife data, while Douglas & Endler (1982) and 
Ryman et al. (1980) applied the technique in 
evolutionary analyses of population differentia- 
tion. Cothran & Smith (1983) evaluated chromo- 
somal and genic divergence in mammals using the 
test. In a computer simulation study of population 
genetics and the isolation-by-distance model, Sokal 
& Wartenberg (1983) used the Mantel test essen- 
tially as an analysis of variance for distances that 
could not be analysed by conventional means 
because of the lack of independence of the indi- 
vidual distances. Huber (1978, 1979, 1983) pointed 
out further generalizations and extensions of these 
procedures, and Dietz (1983) has examined a broad 
class of appropriate permutation tests. 

In this paper we briefly outline Mantel's (1967) 
method and then demonstrate its application in the 
following ethological examples: (1) dialects of 
splendid sunbirds (Nectarinea coccinigaster); (2) 
dominance hierarchies in white-throated sparrows 
(Zonotriehia albieollis) and dark-eyed juncos 
(Junco hyemalis oreganus); and (3) progressions of 
yellow baboons (Papio cynocephalus). 

T H E  M A N T E L  TEST 

The test of Mantel (1967) is a generalized regres- 
sion technique that looks for associations of inter- 
individual distances based on one characteristic (or 
set of characters) with those calculated from a 
second characteristic. It is a non-parametric test (in 
terms o (  the distribution-free requirements of 
matrix cell contents) and, if desired, one set of 
distances can be artificially constructed to reflect a 
particular hypothesis of inter-individual associ- 
ations (see below, as well as Douglas & Endler 
1982). In an investigation of n individuals, each 
matrix would be of size n x n and composed of 
distances between all pairs of individuals, with 
distances along the diagonal (i.e. distances of 
individuals from themselves) set at zero. All other 
elements in each matrix must have quantities 
assigned: there can be no missing values. Zero 
distances in non-diagonal cells are treated like any 
other distance value. Usually, and in all of our 
examples, matrices are symmetric (i.e. the distance 
from individual i to j is the same as from j to 0, 
although asymmetric matrices can be compared. 

One matrix, for example, may represent differ- 

ences in song between each pair of 10 birds, while 
the other matrix could indicate geographic dis- 
tances separating each bird pair. The null hypoth- 
esis would be that there is no association between 
song differences and geographic distances (i.e. the 
songs of  birds located far apart geographically are 
not any more or less different than those of  birds 
close together). 

The sum of the products of corresponding 
elements of the two distance matrices X and Y is 
calculated as 

z = Z Zx0Y  
i j 

for all rows i and columnsj. The expected value of 
Z is based on the null hypothesis of random 
permutations of the rows and columns of matrix Y, 
and is calculated as (or estimated for) the inner 
product of each of these permutations with the X 
matrix. Thus, the observed association between 
sets of  differences is tested relative to their permuta- 
tional variance. Operationally, one computes Z, 
subtracts the expected value of Z, and divides this 
difference by the standard error of Z. The resulting 
statistic (a t-value) is compared against a standard 
normal distribution (which of course is equivalent 
to a t-distribution with infinite degrees of freedom). 
A detailed computational example of the Mantel 
test is supplied in the Appendix using data from one 
of the behavioural applications presented later in 
this paper. 

When small numbers of individuals (less than 
about 20) are involved in comparisons, the asymp- 
totic normality of the Mantel test might be too 
crude an approximation. In such cases, an investi- 
gator may wish to test the significance of the 
Mantel statistic by means of a Monte Carlo test. 
When the results are borderline, statistical conclu- 
sions may be different for the two approaches to 
testing. Sokal & Wartenberg (1983) used such a 
Monte Carlo test in their application of the tech- 
nique. Besag & Diggle (1977) have discussed, in a 
very general way, some simple Monte Carlo tests 
for the analysis of spatial patterns. These authors 
refer to several types of research questions that can 
be or have been assessed using the Mantel test. 

It  should also be noted that Mielke (1979) has 
demonstrated that departures from normality can 
occur with null distributions of the type used in the 
Mantel test. Thus one can expect that some 
additional refinements in testing procedures may 
be employed in the future. His findings, however, 
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do not detract in a substantive way from the 
considerable practical utility to animal behaviour- 
ists of the Mantel test as it is now designed. 

We performed computations using GEOVAR, a 
library of computer programs written by David M. 
Matlis and furnished by Robert R. Sokal. We also 
computed the matrix correlation (Sneath& Sokal 
1973) by matching pairs of common elements in the 
two difference matrices; the resulting value is 
equivalent to the product-moment correlation of 
the corresponding matrix elements (ignoring the 
diagonal entries). The statistical significance of 
these coefficients cannot be tested using standard 
techniques, because difference values for all pairs of 
individuals are not statistically independent. How- 
ever, the resulting quantity, taken in conjunction 
with the Mantel t-value, provides another indica- 
tion of the degree of matrix concordance. 

D I A L E C T S  IN S U N B I R D S  

An obvious ethological application of Mantel's test 
is the analysis of geographic variation in bird song, 
since the research problem is very similar to those 
encountered by systematists using morphological 
and other types of characteristics. Payne (1978) has 
evaluated microgeographic variation in vocaliza- 
tions of splendid sunbirds from a 6-kin 2 area on the 
campus of Cape Coast University in Ghana. He 
recorded songs of individual birds to test whether 
sunbirds exhibit 'dialects'. The first step in such an 
analysis is to demonstrate geographic variation 
coupled with local homogeneity in songs. Snnbirds 
have relatively simple songs, and Payne recorded 
five temporal and six sound-frequency measure- 
ments for the songs of 39 birds. He also recorded 
the geographic locations of these birds and the type 
of habitat in which they were found. An assessment 
was made of the song differences against geo- 
graphic distances but, as indicated by Payne (1978), 
without a valid statistical test. 

Using the Mantel test, we evaluated the follow- 
ing questions. (1) Is there an overall association of 
song differences and geographic distances? (2) Is 
there local patterning of  song variation? (3) Is there 
an association of song differences with differences 

�9 in habitat? 
Our treatment of Payne's (1978) data was differ- 

ent from his in that we standardized each of the 11 
frequency and temporal characters for the 39 birds, 
which resulted in each character having a mean of 

zero and standard deviation of one. Product- 
moment correlations were calculated between all 
pairs of birds, and then, to obtain distance 
measures like those used by Payne, we subtracted 
all correlations from one. The resulting 'song-dis- 
tance' values were non-negative, with low values 
indicating similarity. In Payne's original study, he 
reanalysed the songs to exclude three birds at the 
edge of the study area which may have had nearest 
neighbours that were overlooked. Therefore, we 
computed a second song distance matrix for the 36 
remaining birds following the procedures outlined 
above. 

Using a map of bird locations (Fig. 1 of Payne 
1978), we calculated kilometric distances between 
all bird pairs, thus forming geographic distance 
matrices for the 36- and 39-bird samples. These 
matrices were tested against matrices of song 
distances to determine if a regional geographic 
pattern was present in the songs--that is, whether 
songs for the closest birds were the most similar, 
and those of the most widely separated birds had 
the greatest divergence. This would be indicated in 
the Mantel test by a positive association (i.e. 
positive t-value) of geographic distances and song 
distances. 

We also tested whether local geographic pattern- 
ing was evident, by comparing song distances 
against the reciprocals of geographic distances (as 
done by Jones et al. 1980; Schnell et al., in press). A 
significant negative association (negative because a 
reciprocal scale is reversed from that of kilometric 
distances) would indicate that--given the song 
differences for all pairs of birds---close birds would 
have more similar songs than expected by chance 
alone. When employing reciprocals of geographic 
distances, all larger distances are considered to be 
effectively equal, while that portion of the scale 
involving smaller distances is expanded. Therefore, 
the use of reciprocals increases the power of the 
analysis to reveal geographic patterns that are local 
in nature (Mantel 1967), whereas tests involving 
linear distances evaluate broader, regional trends. 
Positive associations of frequency differences and 
geographic distances are indicated by positive 
t-values from the Mantel test, while negative 
t-values denote such associations when the recipro- 
cals of distances are used. 

It is possible to have both kinds of patterns or to 
have only local associations. For  instance, birds at 
two ends of an elongated study area could have 
similar songs, although songs of birds from inter- 
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mediate locations are quite different. This is not  a 
regional pattern by our operational definition, but  
would be an example of local patterning if birds at 
either end and in the centre of  the study area had 
songs similar to their relatively close neighbours. 
While hypothetically one could find regional but  
not  local patterning using our test criteria, this is an 
improbable result for biological populations. 

Payne (1978) identified two broad habitat types 
within the study area that supported sunbi rds - -  
one included the residential and administrative 
areas on the campus, with well manicured lawns, 
shrubs and gardens: the other encompassed crop- 
land and brushy areas within the immediate 
vicinity of  the campus. He wanted to determine 
whether birds with similar dialects were concen- 
trated in similar habitats. In order to evaluate this 
idea statistically using the Mantel  test, we first 
constructed a 'habitat  matrix '  involving all birds: a 
zero was entered for each pair o f  birds found in the 
same habitat, while a one was used for all dyads 
where the birds were in different habitats. The 
habitat matrix is considered a hypothesis matrix, 
indicating on the basis of  some criteria (in this case, 
habitat) the song distances predicted to be larger 
(i.e. those corresponding to one placed in the 
hypothesis matrix) and those expected to be smaller 
(where zeros were placed). A positive association 
between the habitat and song-distance matrices 
would indicate that songs were more different 
between rather than within habitats. This approach 
is similar to that used by Douglas & Endler (I982) 
in constructing hypothesis matrices that  reflect 
models of  populat ion differentiation. 
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Figure 1. Relationship of song differences based on 11 
sound frequency and temporal characters for 36 splendid 
sunbirds with (A) geographic distances and (B) the 
reciprocals of these distances. A total of 630 difference 
and distance values are depicted in each graph, involving 
comparisons of all bird pairs. As indicated, some of the 
graph points represent more than one comparison. 

Table I. Association of inter-individual song distances with geographic distances 
(kin), reciprocals of distances (1/km), and contrasting habitat indices: results of 
Mantel tests (t) and matrix correlations (r) 

Reciprocal of Contrasting 
Distance (km) distance (l/km) habitats 

Song distance characters t r t r t r 

39 birds 
All llcharacters 5-45*** 0-176 -6.95*** -0.252 0.40 0.014 

36 birds 
All llcharacters 9-21"** 0-336 -7-20*** -0-285 0-33 0-012 
Frequencies only(6) 9.54*** 0.396 -6.96*** -0.278 0.54 0.023 
Temporal charactersonly(5) 6.32*** 0.223 -5.67*** -0.224 0.83 0.029 

*** P<0"001. 
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In Fig. 1, plots are provided for the 36-bird 
sample showing the association of song distances 
(based on 11 characters) with geographic distances 
and reciprocals of distances. The relatively wide 
scatter of points is not unexpected, given that all 
pairs of distances are considered--the trends rela- 
tive to distances and reciprocals are marked and 
significant. Table I presents the t-values resulting 
from Mantel tests and the matrix correlations for 
song-distance matrices against those for geo- 
graphic distances and the reciprocals, as well as for 
the one contrasting habitats. Whether considering 
36 or 39 birds for the 11 song characters or either of  
the character subsets, the tests involving geo- 
graphic distances indicate that there was a rela- 
tively strong regional pattern, with birds geo- 
graphically distant having the most dissimilar 
songs. Tests with reciprocals of geographic dis- 
tance are also significant, demonstrating that birds 
sang songs that were relatively more similar to 
those of their close neighbours than predicted by 
chance. There was no relationship between song 
differences and differences in habitat. Our conclu- 
sions agree with those reached by Payne (1978), but 
now we are able to attach measures of statistical 
significance to the evaluation. 

DOMINANCE HIERARCHIES 

White-throated Sparrows 

One of us (Watt 1983) has been analysing 
dominance behaviour in flocks of white-throated 
sparrows, as a function of plumage and other 
characteristics. Such studies involve extensive 
analyses of  inter-individual associations, and the 
Mantel test can be helpful in addressing questions 
about the interactions of group members. 

Birds were captured in the wild, fitted with 
coloured leg bands to facilitate identification, and 
introduced into an aviary (circa 2 m on a side, with 
food and water dishes on a shelf in one corner). The 
sparrows were observed for 120 to 165 min each 
day for several days to determine (on the basis of 
numbers of interactions) the positions of individual 
birds in the group's social hierarchy. Watt (1983) 
recorded several different types of encounters in- 
cluding: (1) 'supplantings', where a bird chased or 
displaced another bird from the vicinity of the 
feeding dish; and (2) 'shares', where two birds 

would 'share' the food, both eating from the food 
dish at the same time. 

Experiment 1 
After a hierarchy of 16 birds was established by 

the birds, Watt recorded the frequency of supplant- 
ing in order to evaluate two related hypotheses: 
first, that individuals tend to supplant birds adja- 
cent to them in dominance rank less often than they 
supplant others; and second, that individuals are 
more aggressive (as indicated by supplanting) 
towards birds distant from them in the social 
hierarchy than towards those close in rank. 

The upper right portion of Table II gives sup- 
planting frequencies--the number of times each of 
the 16 birds supplanted another. For example, the 
13 in row 5 and column 7 of Table II indicates the 
number of times the fifth bird supplanted the 
seventh bird. Birds are listed in order relative to 
their position in the hierarchy, with bird 1 being the 
highest. No 'reversals' occurred, where a bird 
supplanted one higher than it in the hierarchy. 

The hypothesis matrix for the first supposition 
was constructed with zeros for the immediately 
off-diagonal elements and ones for the rest (except 
the diagonal values, which are always zeros). Thus, 
zeros were placed in the cells associating bird 1 with 
bird 2 (there are two of these cells in the complete 
symmetric matrix), and ones for bird 1 with birds 
3-16; bird 2 had zeros with bird 3 and ones with the 
rest, etc. The lower left portion of Table II gives 
values (rank difference indices) for the second 
hypothesis matrix. They indicate how many birds 
separate any given pair in the social hierarchy. 

For  the first hypothesis, there was a significant 
negative association between supplanting frequen- 
cies and corresponding elements in the hypothesis 
matrix. The t-value for the Mantel test was -2 .31  
(P<0-05) and the matrix correlation -0.198,  
demonstrating that within the hierarchy, supplant- 
ing occurred more often between adjacent birds 
than between birds that were separated by one or 
more birds in the hierarchy. 

For the second hypothesis, Fig. 2 indicates a 
relatively strong negative association of supplant- 
ing frequencies with rank difference indices. The 
Mantel test yielded a t of - 3.84 (P < 0-001), while 
the matrix correlation was -0.377.  Clearly, 
dominant birds supplanted those relatively close to 
them in social rank much more frequently than 
they did birds quite different from them in status. 
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Table U. Frequency of  supplanting in a group of  16 white-throated sparrows (upper right*), and 
numbers in hypothesis matrix (rank difference indices) to test if birds are more aggressive 
towards birds more distant from them in the hierarchy (lower left) 

Bird 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 x 4 2 2 5 4 2 6 1 - -  2 - - -  2 1 2 - -  
2 0 x 5 3 2 l l  7 1 8 2 2 1 2 - -  3 2 
3 1 0 x 4 4 7 7 6 4 - -  1 1 1 - -  3 2 
4 2 1 0 x 6 5 2 5 2 2 - -  1 2 - -  3 3 
5 3 2 1 0 x 7 13 5 10 3 5 - -  4 1 
6 4 3 2 l 0 x 9 7 4 2 1 5 1 1 1 - -  
7 5 4 3 2 1 0 x 6 - -  2 5 5 6 2 6 - -  
8 6 5 4 3 2 1 0 x 10 - -  2 2 2 - -  1 1 
9 7 6 5 4 3 2 1 0 x 2 2 l 2 - -  3 1 

10 8 7 6 5 4 3 2 1 0 x 1 1 5 3 3 4 
1l 9 8 7 6 5 4 3 2 1 0 • 3 6 3 1 - -  
12 10 9 8 7 6 5 4 3 2 1 0 x 4 2 2 14 
13 11 10 9 8 7 6 5 4 3 2 1 0 x 2 3 9 
14 12 11 10 9 8 7 6 5 4 3 2 1 0 • - -  3 
15 13 12 11 10 9 8 7 6 5 4 3 2 1 0 x 5 
16 14 13 12 1l 10 9 8 7 6 5 4 3 2 1 0 x 

* Birds are listed numerically as to their positions in the social hierarchy, with tabulations 
indicating how many times a lower-ranking (i.e. higher-numbered) bird was supplanted by one 
of  higher rank. 

Experiment 2 
In  a d i f ferent  g r o u p  o f  17 wh i t e - t h roa t ed  spar -  

rows,  the  n u m b e r  o f  t imes  b i rds  sha red  the  feeding 
dish  (i.e. were  close to  the  dish  and  wi th in  a b o u t  15 
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Figure 2. Association of  supplanting frequency with an 
index representing the difference in social rank of  inter- 
acting white-throated sparrows. All possible pair com- 
binations of  the 16 sparrows are plotted, with some graph 
points representing more than one comparison. 

c m  o f  one  ano t he r )  was  recorded .  A s u m m a r y  is 
p rov i ded  in the  uppe r  r ight  o f  Table  III ,  where  
spa r rows  are  o rde r ed  acco rd ing  to  their  r ank  in t he  
social  h ie rarchy .  

The  first  hypo thes i s  was  tha t  individuals  w o u l d  
share  less o f t en  wi th  those  ad jacen t  to  t h e m  in the  
h ie ra rchy  t h a n  wi th  o the r  birds.  As  wi th  the  init ial  
tes t  in expe r imen t  1, the  hypo thes i s  ma t r ix  con-  
t a ined  zeros  in the  immed ia t e  o f f -d iagona l  e lements  
a n d  ones  in the  res t  o f  the  mat r ix .  

W h i t e - t h r o a t e d  s p a r r o w s  have  var iable  plu-  
mages  ( T h o r n e y c r o f t  1975), and  we were  pa r t i cu-  
larly in te res ted  in the  n ine  ' b r i g h t - m o r p h '  males  in 
this  g r o u p  o f  17 spa r rows  (see Tab le  III).  W e  
w a n t e d  to  de t e rmine  whe t he r  b r i g h t - m o r p h  males  
sha red  less o f t en  wi th  each  o the r  t h a n  d id  o the r  
c o m b i n a t i o n s  o f  birds .  Thus ,  the  hypo thes i s  ma t r ix  
c o n t a i n e d  zeros  for  cells involv ing  two  br ight -  
m o r p h  males  a n d  ones  for  all o the r  e lements  ( lower  

left o f  Table  III).  
F o r  the  initial  tes t  conce rn ing  sha r ing  wi th  

ad jacen t  b i rds  in the  h ie rarchy ,  the  M a n t e l  t -value 
o f  1-89 was  sl ightly less t h a n  the  cri t ical  value a t  the  
0.05 level (1.96), while  the  ma t r ix  co r re l a t ion  was  
0-156. Thus ,  we were  unab le  to  d e m o n s t r a t e  any  
stat ist ical  re la t ionsh ip  o f  the  shar ing  f requencies  
be tween  ad jacen t  b i rds  as c o n t r a s t e d  to  those  for  
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Table IIl. Frequency of sharing the food dish by pairs of 17 white-throated sparrows 
(upper right), and hypothesis matrix with zeros indicating pairs of bright-morph 
males and ones for all other combinations (lower left) (birds are listed according to 
their positions in the social hierarchy) 

Bird 1" 2* 3* 4* 5* 6* 7* 8 9 10" 11 12 13 14" t5 16 17 

1" x 1 - -  2 1 1 - -  
2* 0 x 1 1 2 - -  3 - -  3 
3* 0 0 • 3 1 1 - -  1 2 
4* 0 0 0 x 1 
5* 0 0 0 0 x 
6* 0 0 0 0 0 x - -  1 2 
7* 0 0 0 0 0 0 x - -  3 2 1 1 1 - -  5 - -  1 
8 1 1 1 1 1 1 1 x - -  1 1 
9 1 1 1 1 1 1 1 1 x l 1 l 

10" 0 0 0 0 0 0 0 1 1 x - -  1 1 
11 1 1 1 1 1 1 1 1 l 1 x 2 2 1 
12 1 1 1 1 1 1 1 1 1 1 1 x 1 
13 1 1 1 1 1 1 1 1 1 l 1 1 x 1 
14" 0 0 0 0 0 0 0 1 1 0 1 1 1 x 
15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 x - -  1 
16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 x - -  
17 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 x 

* Bright-morph bird. 

o t h e r  c o m b i n a t i o n s  of  b i rds .  I n s t e a d  of  ana ly s ing  
the  f r equency  of  shar ing ,  one  can  eva lua te  s imply  
w h e t h e r  s h a r i n g  was obse rved  (one  or  m o r e  
t i m e s ) - - t h u s  p r o d u c i n g  a d a t a  m a t r i x  o f  zeros  a n d  
ones,  wi th  ones  rep lac ing  all n o n - z e r o  en t r ies  in  the  
u p p e r  r igh t  o f  Tab le  III .  In  this  case,  the  tes t  aga ins t  
the  ad jacency  hypo thes i s  m a t r i x  is s ign i f ican t  
( t = 2 - 1 6 ,  P < 0 - 0 5 )  a n d  the  m a t r i x  c o r r e l a t i o n  is 
0.172, sugges t ing  t h a t  ad j acen t  b i rds  a re  no t  as 
likely ever to  engage  in s h a r i n g  as b i rds  o f  all o t h e r  
pa i r  c o m b i n a t i o n s .  Such  a s t a t e m e n t  covers  on ly  
w h e t h e r  or  n o t  they  were  obse rved  to  sha re  a t  leas t  
once.  

T h e  f r equency  o f  s h a r i ng  b e t w e e n  b r i g h t - m o r p h  
males  was  n o t  s igni f icant ly  d i f ferent  f r o m  t h a t  for  
o the r  b i rd  c o m b i n a t i o n s ,  a l t h o u g h  the  t o f  1.94 for  
the  M a n t e l  tes t  a p p r o a c h e d  the  cri t ical  va lue .  T h e  
m a t r i x  c o r r e l a t i o n  was  0-200. T h e  tes t  aga in s t  the  
d a t a  m a t r i x  i nd i ca t i ng  on ly  w h e t h e r  s h a r i n g  was  
obse rved  a t  leas t  once  was  also non- s ign i f i can t  
( t = 1 - 9 2 ,  P > 0 . 0 5 ;  r = 0 ' 2 1 7 ) .  Thus ,  the  d a t a  a t  
h a n d  do  n o t  d e m o n s t r a t e  differences in  sha r i ng  for  
pa i r s  o f  b r i g h t - m o r p h  males  as c o m p a r e d  to the  
o t h e r  pa i r s  o f  the  17 spa r rows .  

D a r k - e y e d  J u n c o s  

S a b i n e  (1959) c o n d u c t e d  s tudies  o f  d o m i n a n c e  

a n d  s u b o r d i n a t i o n  in a win te r  f lock o f  da rk -eyed  
j u n c o s  in the  D e e p  Spr ings  Basin ,  I n y o  C o u n t y ,  
Ca l i fo rn ia .  T h e  27 m e m b e r s  o f  a f lock t h a t  fre- 
q u e n t e d  a feeding s t a t i on  were  c o l o u r - m a r k e d ,  a n d  
d o m i n a n c e  (as ind ica ted  by  pecks  a n d  re t rea t s )  
be tween  pa i r s  o f  b i rds  was  r eco rded  (Fig. 1 in  
Sab ine  1959). A bas ica l ly  l inear  social  h i e ra rchy  
exis ted in the  flock. T h e r e  were  "reverse pecks ' ,  
where  a typical ly  s u b o r d i n a t e  ind iv idua l  wou ld  win  
a p a r t i c u l a r  e n c o u n t e r  wi th  a d o m i n a n t  b i rd;  
howeve r ,  these  were  relat ively i n f r equen t ,  a n d  we 
d id  n o t  cons ide r  t h e m  in o u r  ca lcu la t ions .  

W e  ana lysed  a to t a l  o f  2414 in t e r ac t i ons  t a k e n  
f r o m  the  u p p e r  r igh t  p o r t i o n  of  the  m a t r i x  in  Fig. 1 
o f  Sab ine  (1959). As  w i th  o u r  d a t a  for  whi te -  
t h r o a t e d  s p a r r o w s  (Tab le  II),  the  m a t r i x  was  
o r g a n i z e d  by  l is t ing b i rds  o n  the  basis  o f  
d o m i n a n c e  f r o m  the  h ighes t  ( a l p h a  b i rd)  o n  the  left  
a n d  t o p  to the  lowes t  o n  the  r igh t  a n d  b o t t o m .  F o r  
the  j uncos ,  we tes ted  the  two  h y p o t h e s e s  eva lua t ed  
in e x p e r i m e n t  1 a b o v e  for  the  w h i t e - t h r o a t e d  
spar rows .  T h e  h y p o t h e s i s  mat r ices  were  the  same,  
excep t  for  be ing  en l a rged  to a c c o m m o d a t e  the  27 
j u n c o s  in the  flock. 

As  wi th  the  w h i t e - t h r o a t e d  spa r rows ,  a s tat is t i -  
cal ly s igni f icant  nega t ive  a s soc ia t ion  was  f o u n d  for  
the  first  hypo thes i s ,  whe re  we eva lua t ed  w h e t h e r  
b i rds  h a d  fewer aggress ive  e n c o u n t e r s  wi th  t hose  
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juncos adjacent to them in dominance rank than 
with others. The Mantel t-value was -2-85 
(P<0.01) and the matrix correlation -0.128. 
Encounters occurred more often between adjacent 
juncos in the hierarchy than between birds separ- 
ated by one or more birds. 

The second hypothesis suggests that birds are 
more aggressive towards those distant from them 
in the social hierarchy than those close in rank, As 
with the white-throated sparrows, a significant 
negative association was found between the ele- 
ments in the junco data matrix and those in the 
hypothesis matrix (which has zeros in the immedia- 
tely off-diagonal elements and progressively larger 
numbers as one proceeds away from the diagonal). 
We obtained a t-value of -2-79 (P<0.01) and a 
matrix correlation of -0.203. Thus there are 
progressively fewer interactions between birds as 
one serially considers pair combinations of more 
distant birds in the social hierarchy. 

BABOON PROGRESSIONS 

As indicated by Altmann (1979), troops of yellow 
baboons often progress in an elongated formation, 
which in the extreme becomes a single file. He 
analysed numerous progressions of baboons in 
terms of the positions of individuals relative to their 
sex, age or social status. In addition, Altmann 
(1979) discussed a number of statistical techniques 
for the analysis of group geometry and demon- 
strated that some of these are insensitive to subtle 
spatial patterning. 

The Mantel test can be particularly useful in the 
analysis of progressions. We demonstrate its use in 
approaching the following questions, which are 
addressed separately with respect to each sex. (1) 
Do members of a sex occur adjacent to one another 
more often than expected by chance? (2) Overall, 
do individuals of a sex occur closer together in a 
progression than would be expected on the basis of 
chance? (3) Do individuals of a sex tend to occur at 
or near the ends of progressions more often than 
expected if progression positions were randomly 
determined? 

Altmann (1979) noted that, while many claims 
had been made as to the adaptive group geometry 
found within baboon troops, no author had pub- 
lished the order of individuals in even a single 
progression. He provided 20 examples of progres- 
sion orders involving eight different groups of 

baboons. In Table IV, we have summarized baboon 
positions for 17 of these progressions, indicating 
whether an individual was an adult male, adult 
female, juvenile or infant. The other three progres- 
sions listed by Altmann involved groups with 15 or 
fewer individuals; typically, a troop of this size or 
smaller includes so few individuals of any particu- 
lar sex or age class that one has insufficient 
information to show statistically significant devia- 
tions from random progression orders. 

Hypothetical Example 

As in our other applications of the Mantel test, 
we constructed hypothesis matrices to evaluate the 
three questions posed above. The actual baboon 
progressions involve numerous animals, and thus 
result in large matrices. Therefore, a shorter 
hypothetical progression of six animals is presented 
in Fig. 3A to assist in the explanation of our 
procedures. For this example, we consider only 
questions concerning female-female associations; 
inter-male associations were tested in a similar way. 

Our initial hypothesis concerned whether 
females in a progression occurred adjacent to one 
another more often than expected by chance. Our 
data matrix consisted of zeros to identify female- 
female pairs and ones for all other combinations 
(see upper right of Fig. 3B, which is half of the 
symmetric matrix tested). The hypothesis matrix 
contained zeros for elements just off the diagonal 
and ones for the rest of the elements (half of this 
matrix is represented in lower left of Fig. 3B). The 
zeros in the hypothesis matrix represent all pairs of 
adjacent individuals in the progression (i.e. animals 
1 and 2, 2 and 3, etc.). If females typically occurred 
adjacent to each other, the zeros in the upper right 
of Fig. 3B would be nearer the diagonal. In such a 
case, there would be a positive matrix correlation 
involving corresponding elements of the data and 
hypothesis matrices, as well as a positive t-value 
from the Mantel test. A negative association and 
negative t-value would be found if females were less 
often found adjacent to one another than predicted 
from chance. 

Clearly, the second hypothesis--whether 
females tend to be closer to one another in the 
progression than expected by chance--is related to 
the first. However, in this hypothesis matrix we 
were not interested in differentiating only between 
adjacent versus all other combinations of animals, 
but wished to incorporate information about 
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Table IV. Examples of progression orders of yellow baboons taken from Table II of Altmann (1979) 
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Progression No. 
no.* baboons Order (front to back)t 

1 37 

2 37 

3 37 

4 37 

5 25 
6 18 
7 18 
8 18 
9 18 

10 21 
11 19 
12 19 
13 35 
14 29 

15 (18) 25 
16 (19) 39 

17 (20) 18 

F-M-F-j-F-j-j-F-F-F-j-M-j F-F-F-j-j-i-j-i i-M-i-F-i-j-i i-M-F-M-F-M- 
M-M-F 
F-M-j-j-j-F-j-F-M-i-F F-j-j-j-M-i-j-F-j-M-F-M-j-i i -F- i -F-~F-M-F-F-i -  
M-M 
M-F-j-j-F-i-F-j-j-F-j-i-j-F-j-M-M-M-i-i-j-i-F-F-i-j-F-i-M-F-M-M-F i-j- 
M-F 
F-M-F-M-M-j-j-j-j-F-F-j-M-j-j-j-F-F-i-j  - i - i -F-F-F-i-F-i- j -F-i-M-F- M- 
F-M-M 
M-M-F-i-i-j-j-F-j-F-M-F-j-i-j-j-j-i-F-j M-F-M-jq 
M-F M-F-F-i-F-i-~i- i-F-i- j-F-F-j-F 
F-j-M-F-F-M-F-F-j-M-i-j-F-i- j-F-i-F 
M-M-i-i-M-F-F-F-F-i-j-F-F-j-i-i-F-i  
M-F-F-j-M-i-i-i- j-F-F-i-i-F-F-M-F-i 
M-F-M-F-i~-F-i  -M-j-F-j-M-j -j-j-F-i-M-j~ 
F-j-F-M-F-M-F-i-i-i-i-i-F-j-F-i-F-M-j 
F-M-j-F-F-F-j-j-F-j-F-i-j-i-j-M-F-i-j  
j-F-j-M-i-i-F-j-j-F-j-F-M-j-M-j-F-i-F-i-i-F-i~-M F-j-F F-F M-M-F-i-M 
F-F-M F-i-F-M-i-j-j-j~-M-i-i-M-j-M-F-i-F-j-M-F-F-i-M-F-j 
j-F-j-M j-j-i  F-F-i-F-j-M-F-F-F-j-F-i- i -M-M-F-i-F 
j-F-F-j-F-M-F-j- j-F-M-j- j-F-j-F-j-F-j-F-i- j -F-M-F-j- j-F-j-F-F M-i-F-i-F 
M-M-F 
F-M-j-F-j-j-j-F-i-F-i-M-j-M-j-i-F-F 

* Numbers in parentheses refer to Altmann's (1979) where they differ from ours. 
]" M = adult male, F = adult female, j =juvenile, i = infant. Altmann (1979) further divided the latter category into small 

and large infants. 

exactly how close or how far away animals were 
from one another in the progression. Our data 
matrix (upper right of Fig. 3C) was the same as in 
the previous test, but the hypothesis matrix differed 
(lower left of Fig. 3C). The numbers in the latter 
represent differences in the progression positions of 
each pair of baboons. For example, the positions of 
the first and second baboons are one apart, while 
those of animals 1 and 6 are five apart. If females 
tend to be relatively close to one another, zeros in 
the data matrix (upper right) will correspond to 
small values in the hypothesis matrix (lower left), 
with the result being a positive matrix correlation 
coefficient and a positive t-value. When females are 
more uniformly distributed throughout the pro- 
gression than predicted from chance, a negative 
coefficient and negative t-value will result. (A 
detailed computational example for this second 
hypothesis and our hypothetical data is presented 
in the Appendix.) 

In order to evaluate the third hypothesis (e.g. 
that females occur near the ends of progressions 
more often than expected by chance), we first 
established a hypothesis matrix that contrasted 

pairs of animals where both were near the ends (or 
even at the same end) of the progression with pairs 
where both were in the middle. For this hypothesis 
matrix (lower left of Fig. 3D), calculations were 
made of what we have termed reflected distances 
between positions in the progression. Such a 
distance is in effect the difference between two 
positions in the progression, but counted by going 
from one position to the centre of the progression 
and then back to the other position. In our 
hypothetical example (Fig. 3A), the centre of the 
progression is between positions 3 and 4. Thus, the 
reflected distance between animals 1 and 6 (which 
are the most extreme with respect to being on the 
ends of the progression) is five. In addition, this 
distance is also relatively great (a value of 4) for 
animals 1 and 2, which are near one end of the 
progression. The shortest distance (e.g. 1) is 
between animals 3 and 4, which are the most central 
pair. The overall result is that the hypothesis matrix 
has high values where both animals are near the 
ends of the progression and low values where both 
are in the centre. 

For this hypothesis the same data matrix was 
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(A) PROGRESSION 
Animol 

I 2 3 4 5  6 
IF -F -M- j -F -MI  

(B) ADJACENCY 
2 3 4 5 6  

I ~ 0  I I 0 I 

2 0 ~ 1  I 0 I 
I o \ 1 1  i 

 411 o \ l l  
5 I I 0 ~ 1  
6 I I I 0 \ 

(C) CLOSENESS 
I 2 3 4 5  6 

I ~ O  I I 0 I 
_ 2 [ I  ~ ,  I 0 l 

, 

(D) REFLECTED DISTANCE 
I 2 3 4 5 6  

l ~ O  l l 0 I l 

_214 \ , i o  , i 
2 \ ' ' ' I  

Figure 3. Hypothetical example used to explain our 
approach in evaluating associations in baboon progres- 
sions. (A) Progression of three females, two males and 
one juvenile. Below this progression are three matrices 
containing data to assess three hypotheses involving 
female-female relationships: (B) adjacency of females; 
(C) closeness of females; and (D) whether females tend to 
occur near the ends of progressions. The upper right 
portion of each matrix contains zeros for pair associ- 
ations that are female-female and ones for all other 
combinations of individuals. The lower left half of each 
matrix represents half of a symmetric hypothesis matrix. 
See text for further explanation. 

used (upper right of Fig. 3D), with zeros for the 
female-female pairs. If females tend to occur at or 
near the ends, these zeros in the data matrix will 
correspond with high values in the hypothesis 
matrix, and the matrix correlation coefficient and 
t-value will be positive if females are found near the 
centre of the progression more often than expected 
by chance. 

Evaluation of Progressions 

The results of Mantel test (t-values) and matrix 
correlations for evaluations of data matrices repre- 
senting female-female and male-male associations 
against hypothesis matrices for adjacency, close- 
ness and reflected distance are presented in Table 
V. When adjacency was assessed for females, 15 of 
the 17 progressions produced negative t-values and 
correlations. Progressions 8 and 9 (see Table IV), 
which resulted in positive values, had females 
adjacent to one another somewhat more often than 
the expected frequency of such pairings. However, 
the deviation is not statistically significant in either 
case. For all other progressions, the trend is in the 
opposite direction, indicating that the females were 
found next to other females less often than 
expected on the basis of chance. Two of these 
progressions (11 and 16) exhibit statistically signifi- 
cant deviations from chance expectations. None of 
the females in progression 11 were next to one 
another, while in progression 16 there was only one 
pair of adjacent females (Table IV), 

For male-male pairs, seven progressions pro- 
duced positive values, while 10 resulted in negative 
values (Table V). None of the t-values were even 
close to being statistically significant. It appears as 
if, for this sample of progressions, the males 
showed no tendency to occur next to one another, 
nor were they spaced out in progressions. 

The evaluations of closeness in females gave five 
positive and 12 negative t-values and correlations 
(Table V). Only one progression (no. 14) produced 
a t-value close to being statistically significant 
( -1 .94,  with the 0'05 level being at --1.96). 
Overall, more progressions showed a tendency for 
females to be more uniformly distributed along 
the line of individuals than showed a grouping 
tendency. 

Analysis of male-male closeness in progression 
positions produced three positive and 14 negative 
values (Table V). Progression 4 is the only one with 
a statistically significant t-value ( -  2.55). For most 
of the progressions, male-male differences in posi- 
tion were somewhat greater than the null expec- 
tation. 

Table V shows that, with respect to reflected 
distances, the data matrices for female-female 
pairs produced seven positive and 10 negative 
t-values. The value for progression 14 was statisti- 
cally significant and negative, indicating that 
females were closer to the ends of the progression 
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Table V. Association of inter-individual difference matrices for progression positions of female and male yellow 
baboons with hypothesis matrices indicating adjacency, closeness, and reflected distance: results of Mantel tests (t) and 
matrix correlations (r) 

Female-female M ale-male 

Reflected Reflected 
Adjacency Closeness distance Adjacency Closeness distance 

Progression 
no. t r t r t r t r t r t r 

1 --0-16 --0-004 -0 .82 --0.050 -1-26 --0.149 0.49 0.016 -0-54 --0.029 --1.92 -0.183 
2 - 1.19 -0.035 -0.67 --0-040 --0.52 --0.060 -0 .52 -0.017 - 1.23 --0-066 --0.74 -0.071 
3 -1.58 -0.048 -1 .12  --0.066 --1.02 --0.112 1.50 0.049 -0 .38 -0-020 --0.15 --0.014 
4 --0.16 --0.004 -0.18 -0.011 0.14 0.016 0.49 0.016 -2.55* --0.136 -3.03** -0.289 
5 -1-38 -0.068 0.00 0.000 0.44 0.053 0-27 0.014 -1 .83 --0.127 -1.60 -0.175 
6 -1.05 -0.060 -1 .16 -0.122 -1-25 -0.234 -0.35 -0.029 1 - 0 5  0.086 --1.69 -0-137 
7 -1.05 -0.060 -1 .05 --0.110 --0.89 --0.167 -0.65 -0.050 0.66 0.057 0.71 0.080 
8 1.66 0.101 1.58 0.162 1.82 0.322 1.30 0.100 -1 .46 --0.126 -1.67 -0.186 
9 0.66 0.040 -0-59 -0.060 --0.36 --0.064 -0-65 -0.050 1.46 0.126 -1.43 -0-160 

10 - 1.21 -0.073 -0 .04 -0.003 0.03 0.004 - 1.21 -0.073 - 1.06 --0.087 -0.63 -0.081 
1l -2.20* -0.128 -0 .85 --0-082 --0.98 -0.165 -0.63 -0.046 -1 .00  --0.082 --0.84 -0-089 
12 --0.21 -0.012 0.34 0.033 0.03 0-004 -0 .34  -0.026 -1 .69 -0-129 -1.20 -0.092 
13 - 1.34 -0-041 0.01 0.001 0.13 0.016 -0 ,22  --0,008 -0-87 -0.047 0.97 0.092 
14 -0.43 -0.017 -1 .94 -0.134 -2.24* --0.284 -1 .52  -0.064 -0 .20  --0.013 0.48 0.054 

15 (18)~" -0 .50 -0.021 0-34 0,028 0.82 0.124 0.86 0 .046-0.63 -0.041 -0.15 -0.015 
16 (19) --2.58* -0.063 -0 .64 -0.040 --0.25 --0.031 0.30 0-010 - 1.03 --0.049 - l . 21  -0.095 
17 (20) --0.72 -0.047 -1.68 - 0 . 1 6 6 - 0 . 9 4  -0.155 -0 .65 - 0 . 0 5 0 - 0 - 6 6  --0-057-0-24 -0.027 

No. positive:~ 2 5 7 7 3 3 
No. negative 15 12 10 10 14 14 

* P<0-05; ** P < 0 ' 0 1 .  

t Numbers in parentheses refer to Altmann's (1979, Table II) numbers where they differ from ours. 
:~ Tabulated before t-values and correlations were rounded to two and three decimal places, respectively. In all cases, 

the numbers of positive and negative values were the same for t-values and correlations. 

than  would be predicted by chance  alone; as 
indicated in Table  IV, there were a n u m b e r  Of 
immature  and  juvenile animals  in this progression.  
However,  when  considering all 17 progressions,  it 
is clear tha t  no  s t rong tendency exists for females to 
be near  the ends (as indicated by negative values) of  
progressions,  no r  toward  the centre (positive 
values). 

However,  a different result was found  when 
analysing ma le -ma le  pairs  in terms of  reflected 
distances. Only two progressions produced positive 
t-values, while 15 resulted in negative t-values. In 
progression 4, where males were clearly concen-  
t ra ted  near  the ends of  the progression,  the negative 
t-value is very highly significant (P  < 0.001). 

One obvious  finding f rom the analysis of  female -  
female and  male -male  pairs  of  baboons ,  with 
respect to the three hypotheses,  is tha t  wi th  the 

Mante l  test it was seldom possible for us to show a 
statistically significant deviat ion f rom chance 
expectat ions in the posi t ionings of  such pairs  in any 

single progression.  In fact, the number  of  progres- 
sions tha t  exhibited significant deviat ions for  any 
par t icular  hypothesis  (for example, tha t  female-  
female pairs would be found adjacent  to one 
ano ther  more  often than  predicted) was typically 
no t  much  higher  than  one would expect by chance 
alone: tha t  is, 2 of  17 progressions produced 
significant deviat ions for the first hypothesis  when  
considering female-female  pairs (Table V), while 
we would expect 1 of  20 by chance at  the 0.05 
probabi l i ty  level. 

The reason for no t  obta in ing  more  conclusive 
results when  considering a single progression is no t  
because of  the Man te l  test  itself, bu t  is related to 
propert ies  of  individual  progressions per  se and  the 
informat ion  conta ined  in them. Typically, con- 
siderably fewer t han  ha l f  of  the individuals in a 
given progression were adul t  and  of  one sex 
(because of  the presence of  immatures  and  
juveniles). In  such cases, the changing of  posi t ions 
of one or two individuals in a progression could 
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substantially modify inter-pair associations. Statis- 
tical power would be greater in those situations 
where the type of individuals in question constitute 
close to 50% of the total number of individuals. Of 
course, the opportunity for showing statistically 
significant deviations from chance expectation in- 
creases as the length of progressions increases 
(assuming the same proportion of males and 
females). 

Sometimes an investigator will wish to evaluate 
positioning in a single progression and, as shown 
above, this can be statistically analysed. However, 
often one would want to determine only whether a 
trend exists for a series of progressions. This kind of  
problem can be approached simply by using the 
inter-individual data and hypothesis matrices, as 
has been done in our baboon examples. A series of  
t-values and/or matrix correlation coefficients 
would be calculated as indices to be analysed for 
statistical trends, 

For  example, when considering the 17 progres- 
sions (Table IV) it is clear that a statistically 
significant trend exists for female-female pairs not 
to occur adjacent to one another. The probability 
of getting two positive and 15 negative t-values or a 
more extreme deviation from a 50% split by chance 
alone is only 0-0023 (exact binomial probability; 
Sokal & Rohlf 1981). The probabilities of obtain- 
ing the numbers of positive and negative t-values 
for the other hypotheses evaluated (see Table V) 
are as follows: female-female closenesS, 5 positive 
and 12 negative, P=0.1435 (NS); female-female 
reflected distance, 7 and 10, P=0.6291 (NS); m a l ~  
male adjacency, 7 and 10, P=0"6291 (NS); male- 
male closeness, 3 and 14, P=0.0127; male-male 
reflected distance, 3 and 14, P=0.0127. Thus our 
general conclusions for this set of progressions are 
that: (1) females tend not to be next to one another; 
(2) males occur farther apart from one another 
than expected by chance; and (3) males show a 
tendency to occupy positions near the ends of 
progressions. 

D I S C U S S I O N  

These examples demonstrate a range of potential 
applications of this matrix approach in beha- 
vioural investigations. In some cases, like the 
evaluation of sunbird vocalizations, there are other 
statistical techniques like spatial autocorrelation 
(for examples of its application in geographic 

variation analyses, see Sokal & Oden 1978a,b) 
which can be extremely helpful when used separa- 
tely or in conjunction with the Mantel test to 
elucidate geographic or ecological patterning. 

There are also a number of other kinds of 
questions posed by animal behaviourists that can 
profitably be investigated using the Mantel test or 
one that employs a similar approach. For example, 
Wampold & Margolin (1982) have recently applied 
the cross-product notion to test for independence 
of behavioural states in sequential data. Their 
techniques are conceptually related to those we 
have presented. 

When evaluating spatial geometry within animal 
groups, there are additional questions related to 
those posed above that could be considered using 
this matrix approach. For instance, one could just 
as easily investigate the two-dimensional or three- 
dimensional positioning of  individuals, and not 
restrict an investigation to linear progressions. In 
fact, it appears as if a major reason for previous 
workers analysing progressions instead of two- 
dimensional positioning of primates was because 
the former was the simpler case with fewer metho- 
dological problems. However, primates in groups 
most often do not position themselves in a straight- 
line arrangement, and questions of interest are 
often investigated more realistically when the 
worker is not limited to situations where a linear 
arrangement of individuals is produced. The 
matrix approach described here can be used to 
study metric distances in addition to rank ordering, 
which would allow one to evaluate a much wider 
range of questions concerning individual spacing 
within a group. 

For  most sets of data on inter-individual associ- 
ations, there are a considerable number of possible 
and reasonable hypothesis matrices. Testing a 
single data matrix against a large number of such 
hypotheses can, of course, lead to concerns about 
the statistical interdependencies of these multiple 
tests. Thus, if numerous hypotheses are of interest, 
it may be necessary to repeat experiments in order 
to test multiple questions for a given group of 
organisms. In this way the data required and the 
requirements for avoiding multiple testing are not 
different from those of other statistical tests. How- 
ever, Hubert (1983) has outlined procedures of 
matrix construction that can be used to determine 
whether a given set of data better supports one 
hypothesis in contrast to another. His methods 
may be of considerable interest to ethologists. 
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One other refinement that can be employed when 
conducting multiple tests is the I3unn-Sid~tk 
method (Sokal & Rohlf 1981) used by Sokal & 
Wartenberg (1983). It evaluates results on the basis 
of experimentwise error rate rather than having the 
error rate set for individual tests in a series. In this 
way, inter-associations of tests are taken into 
account, and repetition of an experiment or set of 
observations--which is often impossible or at least 
impractical in behavioural studies--is not 
required. 

As indicated earlier, the test does not require any 
particular statistical distribution of matrix ele- 
ments and is in this sense a non-parametric test. 
However, as is clear from some of our examples, 
the Mantel test is sensitive to the choice of metric. 
For instance, in the case where we analysed sunbird 
songs for geographic patterning, a slightly different 
test value would result if we represented distances 
in miles instead of in kilometres. This statistical 
property can be obviated by using tests like those 
outlined by Dietz (1983), where ranks of differences 
are analysed, rather than the actual differences. The 
resulting statistics are invariant under monotone 
transformations of matrix elements, a desirable 
property when comparing distance measures 
whose actual magnitudes may be arbitrary. 

However, for a number of kinds of research 
problems, one may well not wish to remove 
sensitivity to the choice of metric, but instead use 
this property to one's advantage in discriminating 
between different types of patterns. As an example, 
if the tests employed by Dietz (1983) were applied 
to Payne's (1978) sunbird data, identical test 
statistics would result if one used kilometric dis- 
tances or their reciprocals. In our analysis of 
Payne's data, we have used the Mantel test to tease 
apart what can be considered to be very different 
aspects of spatial patterning (see also Jones et al. 
1980; Schnell et al., in press). 

We have in effect employed different metrics for 
what amount to different hypotheses, thus at least 
suggesting that this sensitivity could lead to some 
subtleties of interpretation. One might ask whether 
or not every admissible metric, of which there exist 
an uncountable number, represents a different 
biological hypothesis. While technically the answer 
to such a query is probably yes, in practice it has 
been our experience that the test is not dangerously 
sensitive to the choice of distance measure. 

When we first became interested in differentiat- 
ing between regional and local patterning in geo- 

graphic data, numerous transformations of dis- 
tance measures were tried. A variety of tranforma- 
tions of kilometric distances--logs, squares, cubes, 
squared reciprocals, etc.--expand small distances 
and de-emphasize large ones. In our empirical 
evaluations, all gave essentially the same results for 
a wide variety of data sets. Likewise, while there 
were slight differences when we used kilometres 
rather than miles as a distance measure, the 
differences in resulting test statistics were so minor 
as to be inconsequential. An awareness of possible 
subtleties related to the metric chosen can help one 
avoid making unwarranted inferences and, for 
certain problems, can allow the investigator to 
extend his or her analyses in profitable ways. 

A chief benefit of following the kinds of matrix 
procedures outlined in this paper for the study of 
problems of inter-individual or inter-group associ- 
ations may be simply in the clear delineation of the 
research questions. The process of determining the 
correct hypothesis matrix can in itself have con- 
siderable heuristic value and result in more pre- 
cisely defined hypotheses. We foresee considerable 
use of this test and believe that it (or a similar one) is 
likely to become a standard statistical method 
widely applied in animal behaviour. 

A C K N O W L E D G M E N T S  

We thank Daniel J. Hough for assistance in 
statistical analyses and preparation of the manu- 
script. Susan K. Peck also helped with manuscript 
preparation. E. Jacquelin Dietz, Daniel J. Hough, 
Lawrence J. Hubert, Robert R. Sokal, Frank J. 
Sonleitner and two anonymous reviewers provided 
helpful comments on the manuscript. Robert R. 
Sokal generously provided the computer pro- 
grams, and Robert B. Payne supplied his original 
data on sunbird songs. 

APPENDIX:  
C O M P U T A T I O N A L  EXAMPLE OF 

THE MANTEL TEST 

Actual calculations are included below for the 
hypothetical example of baboon progressions (Fig. 
3A), to evaluate whether females in a progression 
occurred closer to one another than expected by 
chance (Fig. 3C). This exercise is for illustrative 
purposes only, since given such small matrices the 
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asymptot ic  normal i ty  of  the Mante l  test  would be 
too crude an  approx imat ion  and  a more  appro-  
priate  way of  test ing the Mante l  statistic would be 
to use a M o n t e  Carlo procedure.  The  outl ined 
procedures  assume tha t  matrices are symmetric,  
which will he the case in essentially all behavioura l  
applications.  Refer to  Mante l ' s  ( /967)  original 
paper  if asymmetr ic  matrices are to be compared.  

The complete  data  matr ix  (X; Table  VI), 
expanded  f rom tha t  in the upper  r ight  ha l f  of  Fig. 
3C, has zeros for female--female pairs  and  ones for 
all o ther  combinat ions .  The hypothesis  matr ix  (Y; 
Table  VI)  is the expanded form of the one in the 
lower left po r t ion  of Fig. 3C. The  X and  Y matrices 
are b o t h  symmetric  in tha t  row 1 equals co lumn 1, 
row 2 equals co lumn 2, etc. Also, b o t h  have zeros 
for their  d iagonal  elements. 

For  the test, as detailed in the following para-  
graphs,  we mus t  compute  the test  statistic Z,  as well 
as its pe rmuta t iona l  variance,  s t andard  error,  and  
expected value. The expected value is subtracted 
from the test statistic and  the result  divided by the 
s tandard  error  to provide a t-value tha t  can be 
compared  against  a t -dis tr ibut ion with infinite 
degrees of  f reedom (i.e. the s tandard  normal  
distr ibution).  

The sum of  products  of  the cor responding  
elements of  the two matrices is computed  in the 
final co lumn of  Table VI and  is the test statistic Z. 
A n u m b e r  of  o ther  calculat ions required for the test 
are shown in Table  VI. Symbols  for summat ions  
are given at the b o t t o m  of  the table (with subscripts  
x or y to indicate the matrix).  In  words,  these 
variables are the: (A) grand tota l  of  all elements; (B) 

sum of  squares  of  all elements; and  (D) sum of  
squares of  the row totals. In  addi t ion,  the squares 
of  the grand tota l  for each mat r ix  are 

Gx = (Ax) 2 = 576 

and  

Gy = (At) 2 = 4900 

and  the sum of  squares of  row totals minus  the sum 
of  squares of  all elements are 

Hx = D x - B x  = 78 

and  

Hy = D y - B y  = 644 

We then  calculate K for each matrix,  

Kx = Gx+ 2Bx--4Dx = 216 

and  

Ky = Gy+ 2By-4Dy = 1904 

The following are needed: 

I~ = 2BxBy = 10080 

0 = 4HxHJ(n-2)  = 50232 

P = KxKy/((n- 2)(n - 3)) = 34 272 

Q = GxGfl(n(n- 1)) = 94080 

and  

R = L + O + P - - Q  = 504 

where n is the n u m b e r  of  rows which is equivalent  
to the n u m b e r  of  columns (in our example n = 6). 

Table V|. Symmetric X (data) and Y (hypothesis) matrices expanded from Fig. 3C, along with 
initial computations* 

X matrix s s (EXj) 2 Y matrix E ~  s165 (Ig y j )2  s 

0 0 1 1 0 1 3 3 9 0 1 2 3 4 5 15 55 225 10 
0 0 1 1 0 1 3 3 9 1 0 1 2 3 4 11 31 121 7 
1 1 0 1 1 1 5 5 25 2 1 0  1 2  3 9 19 81 9 
1 1 1 0 1 1 5 5 25 3 2 1 0  1 2  9 19 81 9 
0 0 1 1 0 1 3 3 9 4 3 2 1 0 1 11 31 121 4 
1 1 1 1 1 0 5 5 25 5 4 3 2 1 0 15 55 225 15 

Totals 24 24 102 70 210 854 54 

Notation Z~,Xij ]~Y~X2ij Ei(EjXij) 2 EEY/j EEY2ij Zi(~,jYij) 2 E~.(XijYij) 

Symbols Ax Bx Dx Ay By Dy Z 

* Notation and symbols from Mantel (1967). An i designates rows, while a j refers to columns. 
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The  permuta t iona l  var iance is 

S = Var  Z = R / ( n ( n -  1)) = 16.8 

and  the s tandard  error  is 

T = sE Z = S ~ = 4.09878 

The expected value (or null  expectat ion for r a n d o m  
associat ion o f  elements in X with those in Y) is 

U = exp Z = AxAy / (n (n -1 ) )  = 56 

and  

V = Z - e x p  Z = Z - U  = - 2  

The lat ter  quant i ty  is divided by the s tandard  error  
of  Z to provide the t-value, 

W = t = V / T  = - 0 . 4 8 8 0  

After  compar ing  this result  against  the s tandard  
normal  d is t r ibut ion (or t -dis t r ibut ion with infinite 
degrees of  freedom; t = 1-96 and  - 1.96 at the  0.05 
probabi l i ty  level), we conclude tha t  for our  exam- 
ple there is no  indicat ion tha t  females are closer to 
one ano ther  more  often t han  expected by chance  
alone. In fact, the negative t-value shows tha t  the 
females are slightly fur ther  apa r t  t han  expected 
a l though,  as indicated above,  this is no t  a statisti- 
cally significant deviat ion f rom chance  expec- 
tations.  

In our  analyses, we have also presented the 
mat r ix  corre la t ion (r). I t  is the p r oduc t - m om en t  
corre la t ion of  cor responding  entries in the two 
matrices,  ignoring the d iagonal  elements (i.e. the 
zeros tha t  indicate the associat ion of  an  individual  
with itself). Fo r  this example, the matr ix  correla-  
t ion is - 0-134. 
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