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Travel costs can influence numerous aspects of the lives of primates, includ-
ing net energy balance (and therefore reproductive success of females) and
maximum group size. Despite their potential impact, there has been no sys-
tematic comparison of different measures of travel distance. We compared
three measures of travel distance in 30 min (actual distance of individuals,
straight-line distance of individuals, and straight-line distance of groups)
and their ratios in a small group and a large group of vervet monkeys (Cer-
copithecus aethiops) and between the large group of vervets and a group of
patas monkeys (Erythrocebus patas) of roughly similar size. The large group
of vervets traveled farther than the small group regardless of the measure
used, but the ratios of the different measures were not significantly differ-
ent between those groups. Patas monkeys traveled significantly farther than
the large group of vervets regardless of the measure used. In both vervets
and patas, straight-line distances of individuals (ISLD) and groups (GSLD)
underestimated actual distances traveled by individuals (IAD), but the de-
gree to which they did so differed between species. IAD is more accurate
than the other two measures and is preferred for studies of energetics and
individual reproductive success, although ISLD or GSLD may be substi-
tuted when the ratios of TAD/ISLD or IAD/GSLD do not differ between groups
or species. The ratio of IAD/ISLD was larger in vervets than in patas, sug-
gesting that individual vervets meander more over short periods of time
than patas. The ratio of ISLD/GSLD was larger in patas than in vervets,
suggesting that patas move at angles or across the group’s center-of-mass
whereas vervets move more consistently along with others in their group.
This has implications for the formation of spatial subgroups and alliances
within groups. Am. J. Primatol. 48:87-98, 1999. © 1999 Wiley-Liss, Inc.
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INTRODUCTION

It is becoming increasingly evident that the cost of travel is an important
selective pressure impinging on lifetime reproductive success of primates through
its influence on net energy balance and limits to group size. For example, baboons
(Papio cynocephalus) that fed primarily on artificially high densities of foods (gar-
bage dumps) were heavier than free-ranging baboons that fed on naturally occur-
ring foods [Altmann et al., 1993]. Examination of their activity budgets and diets
indicated that the heavier baboons gained their greater weight by reducing travel
distance rather than by increasing food intake [Altmann & Muruthi, 1988; Muruthi
et al., 1991]. Free-ranging female vervets (Cercopithecus aethiops) that are better
fed are often younger when they have their first offspring and have shorter interbirth
intervals than females that are less well-fed [Whitten, 1983; Cheney et al., 1988]. If
reproductive success of females is indeed limited by access to foods, a more positive
net energy balance should lead to greater lifetime reproductive success, up to a
point. For species in which females typically remain in their natal groups and for
which travel costs increase with group size, e.g., baboons, macaques (Macaca spp.),
and vervets [Isbell, 1991; Wrangham et al., 1993; Janson & Goldsmith, 1995; Isbell
et al., 1998], successful reproduction may lead eventually to poorer reproductive
success as maturing offspring increase group size, thus increasing travel costs for
individuals within groups. Limits to group size in such species appear to occur at a
point at which energy output (travel costs) exceeds tolerable levels relative to en-
ergy intake for all group members [Wrangham et al., 1993; Chapman et al., 1995;
Janson and Goldsmith, 1995].

Travel costs have usually been inferred from the distances individuals or groups
move. Distances of individuals per unit time (often a 12 h day) have been measured
by pacing the route of individual animals [e.g., Watts, 1991; Yamagiwa & Mwanza,
1994] or by estimating their distances with meter tape, by animal pace number and
length, or by eye [e.g., Stacey, 1986; Altmann & Muruthi, 1988; Isbell et al., 1998].
Measuring or estimating the route of individuals has been done for some of the
more terrestrial animals such as gorillas (Gorilla gorilla) or baboons. Distances of
groups per unit time have typically been measured by plotting onto maps the cen-
ter-of-mass of a group at timed intervals as the group moves through its environ-
ment and then calculating the distance as the summation of the most direct path
between successive chronological points [e.g., Altmann & Altmann, 1970; Struhsaker
1975; Isbell, 1983; Bennett, 1986; Cords, 1987; Butynski, 1990; Olupot et al., 1994;
Ostro et al., 1998]. This is commonly referred to as the straight-line distance (SLD)
of the group. Group estimates of travel distances have been employed more often
than individual estimates for arboreal animals (although there is no a priori reason
why estimates of individual distances of arboreal animals cannot be obtained).

Although Altmann [1987] suggested that SLD estimates may underestimate
actual distances by individuals by up to a factor of three or more, a comparison
of the results of the different methods has not previously been published. In this
paper, we first compare SLD of individuals and their groups with actual dis-
tances moved by those individuals (IAD) within a large and a small group of
vervets, a species in which group size is known to affect travel distances of indi-
viduals [Isbell et al., 1998], to determine if differences in IAD are reflected by
similar differences in SLD. We then compare the same between vervets and pa-
tas monkeys (Erythrocebus patas), two phylogenetically closely related species
that are known to have different ways of moving through their environments
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[Hall, 1965], to examine whether species differences in IAD are also apparent in
SLD. Finally, we compare the ratios of the three measures to examine the extent
to which straight-line distances of individuals (ISLD) and groups (GSLD) under-
estimate (IAD) and explore the descriptive value of the ratios in furthering our
understanding of movements of individuals relative to their groups. We use IAD
as the baseline measure for comparison with the other two measures because,
unlike SLD, TAD includes circuitous movements over short periods of time and
therefore reflects more accurately travel costs to the individual [Altmann, 1987],
the unit upon which natural selection acts.

METHODS
Study Site and Species

The study was conducted on Segera Ranch (36°50’E, 0°15’N) on the Laikipia
Plateau of north-central Kenya. The Laikipia Plateau is a semi-arid ecosystem,
with mean annual rainfall at the study area of approximately 600—700 mm but
with considerable yearly variation. Segera Ranch is a working cattle ranch and
conservation area with most of its natural mammalian biodiversity still intact.
Two habitat types occur in the study area. Acacia xanthophloea-dominated wood-
lands along rivers and streams also support a dense woody shrub layer (Carissa
edulis, Euclea divinorum). Acacia drepanolobium-dominated woodlands away from
rivers and streams on vertisolic (black cotton) soils of impeded drainage [Ahn &
Geiger, 1987] support a dense understory of grasses, primarily by Pennisetum
mezianum, P. stramineum, and Themeda triandra [Young et al., 1997, 1998].

Comparative data on total distances of individuals, straight-line distances of in-
dividuals, and straight-line distances of groups were collected from May to December
1994, excluding July 1994, on one small and one large group of vervets living in
adjacent home ranges (n = 7-9 and 26-28) and one group of patas living about 4 km
from the vervets (n = 45). All individuals were habituated to the presence of observ-
ers. All vervets were identified individually by natural markings and characteristics.
All adult female patas were identified initially with Nyanzol-D dye (Belmar, Inc.,
North Andover, MA) sprayed on their pelage with a SuperSoaker 300 water gun
(Larami Corp.) and then later identified by natural markings and characteristics.
The two vervet groups live in adjacent home ranges along the Mutara River and
sleep and forage in A. xanthophloea habitat, but also forage in adjacent A.
drepanolobium habitat. The patas group is restricted to A. drepanolobium habitat.

Data Collection

Data were collected by B.M.N. on the movements of groups. Data were col-
lected by J.D.P. on the movements of all ten adult females in the two groups of
vervets (n = 2 and 8) and all 14 adult females in one group of patas (8-13 adult
females in any 1 month; monthly sample sizes varied mainly because of diffi-
culty in locating particular individuals). Each group was systematically observed
4 days each month. During each of the 4 days, an adult female was sampled for
30 min beginning at the top of the hr. With vervets, the order of sampling was
predetermined to allow each female to be sampled once in the morning or once in
the afternoon. This order was different each sampling day within each month so
that each female was sampled evenly between morning (0800-1200 hr) and af-
ternoon blocks (1200-1600 hr) during each month. With patas, a similar prede-
termined order of sampling had to be abandoned because individuals were difficult
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to locate in time to sample on the hr. Adult females were instead sampled oppor-
tunistically on the hour and were sampled for 30 min without replacement in the
morning or in the afternoon.

The Measures

Actual distance of individuals (IAD). During each focal sample, the ob-
server estimated by eye the distance of the focal individual when it moved, where
a move was defined as any locomotion involving the hindlimbs. When individu-
als moved out of sight, their time out of sight was recorded, and their minimum
travel distance was estimated based on where they disappeared and where they
reappeared.

Straight-line distances of individuals (ISLD). Straight-line distances of
individuals were determined by estimating by eye the distance between a flag
placed where the focal animal was located at the beginning of the focal sample
and her location at the end of the sample.

Straight-line distances of groups (GSLD). The group’s straight-line dis-
tance was determined by measuring the distance between a flag placed at the
group’s center-of-mass at the beginning and at the end of the 30 min sample.
The group’s center-of-mass was estimated by eye after locating all group mem-
bers that could be seen within a reasonable amount of time. The shortest dis-
tance between the flags was measured initially by meter tape and, later in the
study, by paces of known average distance (one pace = 1 m).

The accuracy of the observers in estimating variable distances was examined
each month at the research camp by estimating distances between flags set up
by another person (monthly n = 40-80). Estimates of distances were found to be
within 5% of true distances in each month.

Statistical Analyses

All data were entered into Microsoft Excel and imported into JMP (SAS In-
stitute, Cary, SC) for statistical analyses. Regression analyses were conducted on
data lumped by group. All other analyses were conducted on means taken from
individual adult females within each group. The following means were calcu-
lated for each female: 1) her actual distance traveled in 30 min, including mini-
mum distances moved while out of sight (IAD); 2) her straight-line distance over
the same time period (ISLD); 3) the group’s straight-line distance over the same
time period covered by the focal sample (GSLD); 4) actual individual distance
relative to the straight-line distance of that individual (IAD/ISLD); 5) actual in-
dividual distance relative to the straight-line distance of the group (IAD/GSLD);
and 6) straight-line distance of the individual relative to the straight-line dis-
tance of its group (ISLD/GSLD). The latter three measures are not directly infer-
able from the first three because the ratio of two means is not the same as the
mean of the ratios [Templeton & Lawlor, 1981]. Data were log-transformed to
normalize distributions when necessary. The distributions of the three measures
had no obvious outliers and were normally distributed, as were means across
females. When values were made into ratios, however, nine (4 from patas mon-
keys and 5 from vervets, involving 7 out of 21 females) were 10-30 standard
deviations above the means. These extreme outliers were considered, therefore,
to be likely errors in estimating or recording one of the three distances and were
excluded from analyses. Also excluded from analyses were individuals (three patas)
with five or fewer data points [see Isbell & Young, 1993]. Resultant sample sizes
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ranged from 13-23 for individual vervets (small group’s overall n = 44; large
group’s overall n = 144) and 7-19 for individual patas (group’s overall n = 133).
Type I ANOVAs compared the large and small vervet groups, and the patas group
and large vervet group. Tests were two-tailed. The smaller vervet group was
excluded from interspecific analyses because group size is known to affect travel
distance in vervets [Isbell et al., 1998].

RESULTS
Travel Distances Relative to Group Size and Species

Mean IAD was 67.6 m (+ 0.5 m SE) per 30 min among adult females in the
small group of vervets, 107.6 m (+ 8.2) per 30 min among adult females in the large
group of vervets, and 218.8 m (+ 8.0) per 30 min among adult females in the group of
patas monkeys (Fig. 1; Table I). For the same sample period per female, mean ISLD
was 34.1 m (+ 2.7) in the small group of vervets, 65.8 m (+ 6.2) in the large group of
vervets, and 168.0 m (+ 5.4) in the patas group (Fig. 1; Table I). Mean GSLD was
46.6 m (+ 4.1) in the small vervet group, 74.2 m (+ 5.4) in the large vervet group, and
144.9 m (+ 11.7) in the patas group (Fig. 1; Table 1).

Actual distances of individuals in the large vervet group were expected to be
greater than actual distances of individuals in the small vervet group despite the
apparently higher-quality habitat of the large group [see Isbell et al., 1998], and
indeed, they were (F = 5.3, df = 8, P = 0.05; Table I). Straight-line distances, both
of individuals and of the group, mirrored this difference (ISLD: F = 5.9, P = 0.04;
GSLD: F = 5.9, P = 0.04; Fig. 1; Table I). Actual distances of individual patas
monkeys were also expected to be greater than actual distances of individual
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Fig. 1. Differences between small and large vervet groups and between vervets and patas in estimates of
travel distance. IAD, actual distance travelled by individuals within groups; ISLD, straight-line distances of
individuals within groups; GSLD, straight-line distances of the groups. Individuals in the large vervet group
travelled significantly farther than individuals in the small vervet group in all three measures (all: P <
0.05), and individuals in the patas group travelled significantly farther than individuals in the large vervet
group (all: P < 0.0002).
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TABLE 1. Summary of Distances Measured Over 30 min Periods and Their Ratios in
Vervets and Patas Monkeys

Vervets

Small group Large group Patas monkeys
Actual distance of individuals (IAD) 67.6m+0.5%* 107.6m+82 218.8m + 8.0%*
Straight-line distance of individuals (ISLD) 34.1 m + 2.7% 65.8m+6.2 168.0m * 5.4%*
Straight-line distance of groups (GSLD) 46.6 m £ 4.1% 742m+54 1449 m + 11.7%*
IAD/ISLD 2.94 + 0.28 2.35+0.24 1.51 £ 0.07**
IAD/GSLD 2.79 £ 0.32 2.14 £ 0.26 2.50 £ 0.63
ISLD/GSLD 0.92 £ 0.05 1.09 £0.13 1.66 + 0.38%*

*Comparison between small and large group of vervets, P < 0.05.
**Comparison between large group of vervets and group of patas monkeys, P< 0.01.

vervets [see Isbell et al., 1998]; IAD of patas monkeys was more than twice as
great as that of vervets (F = 94.4, df = 18, P < 0.0001; Table I). The greater travel
distance of patas monkeys is reflected also in both measures of SLD (ISLD: F =
127.1, P < 0.0001; GSLD: F = 22.6, P < 0.0002; Table I).

ISLD and GSLD as Estimators of IAD

In both vervet groups, ISLD and GSLD underestimated IAD by more than a
factor of two (x of IAD/ISLD: large group, 2.35 * 0.24; small group, 2.94 + 0.28; X of
TAD/GSLD: large group, 2.14 + 0.26; small group, 2.79 + 0.32; Fig. 2; Table I). On the
other hand, ISLD was nearly similar to GSLD (x: large group, 1.09 + 0.13; small
group, 0.92 £ 0.05; Fig. 2; Table I). Regression analyses indicated that both ISLD
and GSLD were positively correlated with IAD, although ISLD was a stronger corre-
late of IAD than was GSLD for both groups (large group, ISLD: r* = 0.64, n = 142, P
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Fig. 2. Differences between small and large vervet groups and between vervets and patas in ratios of indi-
vidual actual distance to individual straight-line distance (IAD/ISLD), and individual straight-line distance to
group straight-line distance (ISLD/GSLD), and individual actual distance to group straight-line distance (IAD/
GSLD). None of the ratios was significantly different between vervet groups (all: P > 0.20); IAD/ISLD was
significantly greater in the large vervet group compared to the patas group (P = 0.0009), whereas ISLD/GSLD
was significantly greater in the patas group compared to the large vervet group (P = 0.008).
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< 0.0001; GSLD: r* = 0.23, n = 139, P < 0.0001; small group, ISLD: r* = 0.46, n = 44,
P <0.0001; GSLD: r* = 0.22, n = 40, P = 0.002).

Among patas monkeys, GSLD also underestimated IAD by more than a fac-
tor of two (X: 2.50 + 0.63). In contrast, ISLD underestimated IAD, and GSLD
underestimated ISLD, by only approximately 50% (x of IAD/ISLD: 1.51 £ 0.07; x
of ISLD/GSLD: 1.66 + 0.38; Fig. 2). As for vervets, although both ISLD and GSLD
were positively correlated with IAD, ISLD was the stronger correlate of IAD (ISLD:
r?=0.65,n = 142, P < 0.0001; GSLD: r* = 0.22, n = 117, P < 0.0001).

The fact that ISLD and GSLD are positively correlated with IAD and have
very small P values does not mean, however, that either can simply be substi-
tuted for IAD by using fitted regression lines. The confidence limits on estimat-
ing a given IAD from a given ISLD or GSLD are surprisingly broad for even relatively
high r* values. The 95% confidence limits on the IAD for a given ISLD or GSLD in
our data set were often greater than half of the mean value of the predicted IAD
itself. However, across multiple individual estimates, the confidence intervals on the
regression coefficients are much smaller. Thus, the significant differences between
groups and species in mean ISLD and GSLD also differ in the harder-to-measure
IAD, and by a similar magnitude (but see Discussion).

Ratios as Indicators of Individual Movements Relative to the Group

None of the three ratios was significantly different between vervet groups
(all F values < 1.4, all P values > 0.20; Fig. 2; Table 1), suggesting that vervets in
the two groups moved similarly relative to others in their groups despite the
difference in group size and despite differences in average distance traveled.

Between vervets and patas monkeys, IAD/GSLD was not significantly differ-
ent (log-transformed: F = 1.8, P = 0.20) whereas ISLD underestimated IAD sig-
nificantly less; (F = 15.7, P = 0.0009), and GSLD underestimated ISLD
significantly more, in patas than in vervets (log-transformed: F = 8.8, P = 0.008;
Fig. 2). The lower IAD/ISLD of patas monkeys suggests that they move in a
more directed manner than vervets, at least over short time periods (Fig. 3a).
The higher ISLD/GSLD of patas monkeys suggests that individual patas mon-
keys move laterally or at angles across the center-of-mass of the group (Fig. 3b).
Vervets, on the other hand, had a ISLD/GSLD close to parity, suggesting that
they move more in association with each other rather than laterally or at angles
to the group’s center-of-mass (Fig. 3b). Individual patas monkeys did not differ
significantly in either IAD or ISLD (both: F < 1.2, P > 0.30) but did differ signifi-
cantly in all three ratios (IAD/GSLD, log-transformed: F = 3.82, P = 0.0002; ISLD/
GSLD, log-transformed: F = 2.75, P = 0.005; ISLD/GSLD: F = 6.25, P < 0.0001),
whereas there were no statistically significant differences between individuals in
the large vervet group in either IAD or ISLD or the three ratios (all F values <
1.8, all P values = 0.09). This provides further evidence that individual patas
monkeys move relatively independently of other members of their group whereas
vervets move less independently of other group members.

DISCUSSION
Straight-Line Distances as Substitutes for Actual Distances
of Individuals
Mean actual distance of individuals was longer than their own mean straight-

line distance and that of their groups in all three groups of primates, underscor-
ing the greater accuracy of IAD in measuring travel costs. For studies of energetics
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Fig. 3. Schematic of movement patterns that could affect values of (a) IAD/ISLD and (b) ISLD/GSLD.
Thickest lines represent group straight-line distances, intermediate lines represent individual straight-line
distances, and thinnest lines represent individual actual distances.

and individual reproductive success, the best measure is IAD because it most
accurately reflects the energetic output of the individual. IAD is more time-in-
tensive to measure than SLD, however, because estimating actual distances of
individuals requires continuous sampling, whereas estimating SLD requires only
point sampling. When making broad-scale comparisons, the use of the less time-
intensive distance measures (ISLD and GSLD) can be appropriate for energetic
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comparisons when the ratios of these measures to IAD are independent of varia-
tion in the trait being considered. In our data set, this means that differences in
mean ISLD and GSLD between groups are likely to represent similar differences
in mean IAD because the ratios of IAD/ISLD and IAD/GSLD were independent
of group size. Similarly, mean GSLD is likely to represent a similar difference in
mean IAD between species because IAD/GSLD was independent of species. How-
ever, because variation in IAD/ISLD was significantly different between species,
ISLD would not be a valid proxy for IAD in interspecific comparisons.

The Ratios as Tools for Describing Movements of Individuals Relative to
Their Groups

A promising descriptive tool for studies of movements of individuals in rela-
tion to their groups is the use of the ratios of the different measures, in which
case data on all three distance estimates are required. These ratios have the
value of being directly comparable both within and between species. The ratio of
actual distances of individuals to straight-line distances of individuals (IAD/ISLD)
can be interpreted as a measure of the directedness of individuals as they move
during the sampling period. This directed movement is akin to the “self-avoiding
walks” and “non-reversing walks” modeled by Hayes [1998]. As ratios deviate
farther from 1.0, individuals meander more. Similarly, the ratio of straight-line
distances of individuals to straight-line distances of groups (ISLD/GSLD) can be
interpreted as a measure of the consistency by which individuals move relative
to other group members. As ratios deviate farther from 1.0, individuals become
more independent in their movements relative to particular neighbors.

Among vervets, although group size was positively related to overall dis-
tances of individuals and groups, the ratios of the different measures did not
differ significantly between large and small groups. This is intriguing because it
implies that although individuals respond to differences in habitat and to group
dynamics by quantitatively adjusting their travel distances, their movements are
qualitatively similar regardless of habitat quality or group size. This consistency
may contribute to our perception of a gestalt for the behavior of a given species
across habitats and group sizes.

The differences between vervets and patas monkeys in these ratios suggest
that individual patas monkeys move in a more directed manner than vervets
over short periods of time. This contrasts with the subjective impression by nu-
merous fieldworkers that patas travel more circuitously than vervets [see Hall,
1965], and less predictably. It may be, however, that patas travel more circui-
tously than vervets over longer time periods (e.g., several hours). This subjective
impression may also be reconciled by the fact that individual patas monkeys
move more independently of their group than do vervets, which can give the
appearance of more circuitous travel. Patas monkey groups typically have wide
group spreads [often 300-500 m wide; Chism & Rowell, 1988], allowing individu-
als to have a longer SLD than the group while still remaining with the group.
Vervets, on the other hand, have smaller group spreads (typically 50-100 m;
LAI, unpub. data), and it would be difficult for individual vervets to travel at
angles to the center-of-mass of the group and still remain with the group.

The difference between patas monkeys and vervets in the degree of indepen-
dence of individual monkeys in their movements relative to their groups has
implications for the expression of social relationships. The movements of indi-
vidual vervets should facilitate the formation of spatial subgroups (e.g., relatives
who could provide coalitionary support if necessary) or reflect their existence
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within groups to a greater extent than the movements of patas. If ISLD/GSLD is
a measure of the consistency by which individuals move relative to other group
members, assuming that consistent spatial proximity is required for the forma-
tion of alliances, one might expect the ratio to deviate less from 1.0 for popula-
tions in which females frequently form alliances relative to species that seldom
form alliances. The proportion of agonistic interactions that involved coalitions
was indeed greater in this population of vervets (5.8% of 138 agonistic inter-
actions) than in patas (1.0%; n = 209) [J. Pruetz, unpublished data; see also
Struhsaker, 1967; Cheney, 1983], and as predicted, vervets deviated less from
unity in ISLD/GSLD than patas (1.09 vs. 1.66). The possibility of an associa-
tion between coalitionary support and movements of individuals relative to
their groups is worthy of further study to determine causality, i.e., whether
the movements of individuals determine the potential for alliance formation
or whether the need for alliances constrains movements of individuals within
their group.

CONCLUSIONS

1. A comparison of three measures of travel distance (individual total dis-
tance, straight-line distance of individuals, and straight-line distance of groups)
and their ratios in vervets revealed that individuals in the large group traveled
farther than those in the small group regardless of the measure. The ratios of
these measures were not, however, statistically different between the two groups.

2. A comparison of the same measures in the large group of vervets and a
group of patas monkeys showed that patas traveled farther than vervets regard-
less of the measure. These species also differed in their ratios of distance mea-
sures. Vervets had a greater ratio of individual actual distance to individual
straight-line distance than patas, suggesting that vervets meander more over
short time periods. In contrast, patas had a greater ratio of individual straight-
line distance to group straight-line distance than vervets. Patas monkeys can
move twice as far as the group as a whole and still remain with the group be-
cause group spread is large and relative position within the group is fluid.

3. All three measures have their advantages, and the appropriate one to use
depends most on the research question. Ratios of the three measures can be
useful in describing movements of individuals relative to their groups.
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