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ABSZR4 C T  This study refines a method developed by Smallwood and Fitzhugh (1 993), which attempted to discriminate 
between indivictual mountain lions (Puma concolor) in the field by using measurements of their tracks. During January- 
March 1996, we followed 10 radio collared mountain lions in the Sierra Nevada mountains of California and obtained 
photographs of their tracks in the soil and mow. In addition, track measurements were obtained from 4 mountain lion 
carcasses fiom different parts of California in 1996-1997. We analyzed heel pad variability to discriminate between 
mountain lions. Measurements of each track were taken every 10 degrees from the center of the heel pad until the entire 
heel pad was characterizedby a series of linear measurements, corresponding to a particular angle measurement. After 
measurements of each heel pad were made, a curve was produced by cubic spline modeling which was indicative of a 
particular heel pad for each mountain lion. Confidence bands were placed around each curve and a graphical comparison 
was then made between track sets. The results of this analysis indicate that for both types of track sets, it is difficult to 
distinguish between mountain lions based on levels of heel pad variability. We conclude that measurements associated 
entirely with mountain lion heel pad lack discriminatory power and make recommendations abut what types of measure- 
ments could be used to e.@ciently and accurately assess an animal's identity. 
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Mountain lions (Puma concolor) have received el- 
evated levels of publicity during the last decade due to 
increases in incidents involving mountain lions and hu- 
mans or domestic animals. Since 199 1 in the United States 
and Canada, 4 people have been killed and others injured 
(Beier 199 I, Jackson 1998). Two of these deaths were in 
California, a state where mountain lions are an important 
management concern. Records compiled by the Califor- 
nia Department of Fish and Game (CDFG) indicate that 
from1973to1995verifiedm~liondepreQtion~- 
dents have risen h m  2 1 to 3 3 1 per year (Torres et al. 
1996). Despite the OCCUlTence of mountain lion-related 
deaths in California, the public recognizes mountain li- 
ons as an integral part of California's wildlife heritage. 
CDFG endorses potential management solutions that are 
biologically sound, ensuring the survival and viability of 
mmtain lion populations while simultaneously promot- 
ing public safety (Torres et al.1996). 

When a mountain lion kiUs or seriously i n .  a hu- 
man or domestic livestock, it is common practice to mea- 
sure the width - and sometimes length - of the track of 
the offending animal's heel pad (as found in the soil near 
to the mortality site). Single measurements, like heel pad 
width and length, obtainedhm mountain lion tracks in 
the field have been used to determine the site, sex and 
identity of individual mountain lions in California and 
other westem states (Shaw 1979, 1980, Fitzhugh and 
Gorenzel1985, Fjelline andMansfield 1988, Cunningham 
1995, Germaine et al. 1997). Despite the convenience of 
the heel-width measurement, Grigione et al. (1 999) found 

that based on a single-factor analysis of variance, heel 
padwidth is a poor estimator of individual identity when 
used alone. Our previous analysis used Fisher's discrimi- 
nant analysis to discriminate between mountain lions 
based on the magnitude (or size) of measurements taken 
over the entire track (heel pad and toes). Whether more 
variable regions of the heel pad existed was beyond the 
scope of the Fisher's analysis. By focussing entirely on 
the heel pa4 this manuscript uses cubic spIine modeling 
to detect variability associated with the shape of moun- 
tain lion heel pads. 

In light of the need for biologically sound manage- 
ment practices for mountain lions, developing a statisti- 
cally defensible methodology to locate and potentially 
remove offending mountain lions should be a compo- 
nent of any long-term management strategy. Removing 
just any mountain lion fiom the population neither re- 
duces the chances of a similar event h m  occurring nor 
qmli5es as biologically sound management. 

Thepuposeofthisstndyistouseheelpadshapeto 
identify individual mountain lions and to reveal areas of 
the heel pad that may exhiit greater levels of variation 
than the smgle-measurement of heel pad width. Officials 
associated with mortality events have little time to con- 
duct detailed analyses of mountain lion heel pa*. We 
propose a more rigomus approach to undentanding the 
variation associated with the mountain lion heel pad We 
intend to highlight areas of the heel that could be useful 
in iden- individual mountain lions. 
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MEMODS 
Two data sets were developed to determine if indi- 

vidual mountain lions occupying the same and Merent 
geographical areas could be identitied by heel pad mea- 
surements: (1) tracks were obtained from ten radio col- 
lared mountain lionsinhabiting the Owens Valley near 
Bishop, California (Bleich et al. 1996, Pierce et al. 1998, 
Grigione et al. 1999), and (2) tracks were obtainedfkom 
dead mountain lions found throughout California 

Live Animals 
During January-March 1994, we used a 35 mm Nikon 

camera on a tripod to photograph tracks in soil or snow 
fiom 10 radio collared mountain lions occupying an area 
near Bishop, California. Each track photographed had a 
ruler and a 6.5 cm2 box placed next to it for standardiza- 
tion of scale ind geographical informafion systems (GIs) 
conversion. Our sampling unit for this data set was a 
track set, defined as a group of four or more tracks from 
any foot made by the same mountain lion at one particu- 
lar point in time. In all cases, the photographer was ac- 
companied by an individual who used telemetry equip 
ment to co&m the identity of the radio collared moun- 
tain responsible for each track set. Track data, however? 
were collected using a double blind design: we &id not 
know fbm which collared animals we were following and 
collecting track data from. Only aRer our analysis was 
complete did we find out which mountain lion was re- 
sponsible for each track set An advantage of this study 

was tbat tracks made by many difierent mountain lions 
could be found under the same soil conditions and under 
quite variable environmental conditions, including dif- 
ferent substrates, different terrain, and during different 
times of day. This enabled us to separate individual vari- 
ability from environmental variability. Two methods were 
used to make track measurements: complter digitization 
using Arcinfo GIs, and hand measurements using a ruler 
and a transparent dot count grid (Grigione et al. 1999). In 
all, we photographed I2 track sets, 9 sets h m  3 different 
individuals and 3 sets whose identity was uncertain be- 
cause they came from 2 mountain lions that were in close 
proximity to each other. 

Carcasses 
Tradcswereobtainedfrom4~andljwenilemoun- 

tain lion The carcasses were frozen at the date of death. 
After the carcasses were thawed, ink was spread on each 
rear heel pad and a print of each track was transferred to 
a piece of construction paper. Six replicate impressions 
were made for each paw. 

Track Measurements 
A box was drawn around each heel pad with the left 

and right lower track lobes being the two points from 
which the lower line ofthe box was drawn (Figure 1). A 
parallelline,drawn 3.8cmabovethelowerlk, annarmprised 
the upper part of the box Two side lines were drawn 
perpendicular to the upper and lower lines; the side lines, 

Figure 1. Measurements of Mountain Lion Heel Pads, With Center Point (I), High Points (b,d) and Low Points (a,c,e) 
labeled 



TRANS.WEST.SECT.WILDL.SOC. 36:2000 Using Mountain Lion Heel Shape Grigione & Burman 23 

which were drawn tangentially to the widest points of 
each heel pa4 completed the box. These boundaria guar- 
anteed inclusion of the 111 heel pad into our measure- 
ments and minimizedvariation aSSOciated with the ante- 
rior arch of the heel pad A point was located on the top 
of the box that was equidistant fiom each sideline. From 
this point, angles at lodegree intervals were drawn h m  
0-180 degrees. At each 10- interval, linear measure- 
ments were made (Figure 1). The measurements began at 
the center point and ended where the heel pad ended In 
addition, 5 points which correspond to the three lobes of 
a heel pad (3 "low" points) and where these lobes inter- 
sect (2 "high" points), were recorded for each heel pad 
(Figure 1). 

Model Development 
Our analysis of heel pads consisted of mathematical 

modeling of heel shape by cubic splines, construction of 

Mountain Lion  I ( t r a c k  s e t  1) 
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confidence bands, and comparison of various track sets 
graphically (Rao 1973, DeBoor 1978, Johnson and 
Wichern 1988; Appendix). After measurements of each 
heel pad were made, a shape and confidence band of 
each heel pad was produced Using this method, shapes 
were compared graphically to dekmine ifeach heel shape 
belonged to the same or a different mountain lion, and 
where the areas of greatest variability were. 

RESULTS 
For both data sets, it was dilKcult to distinguish be- 

tween mountain lions based on their heel pads alone (Fig- 
ures 2 and 3). Upon visual inspection of our data, we did 
not observe differences in the degree of intersection be- 
tween track sets belonging to the same versus different 
mouutain lions. As can be seen h m  the graphs, there is 
little difference in intersection amongst all of the track 
sets. 

Mountain L i o n  2 ( t r a c k  s e t  12) 

I 

A n g l e  ( d e g r e e s )  

H o u n t a i n  L i o n  4 ( t r a c k  s e t  9 )  

Angle  ( d e g r e e s )  

Figure 2. Shapes of mountain lion tracks obtained fiom live animals. 
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Live animals 
Between 1 and 6 track sets were obtained for 4 moun- 

tain lions in different substrates (Figure 2). Mountain 
lion 3 had only 2 tracks within its track set; however, its 
heel shape appeared similar to the other mountain lions, 
which had a larger number of tracks per track set, with 
confidence bands of similar widths. We were unable to 
obtain suitable track information on all of the radio col- 
lared animals. Heel shapes in this analysis varied in their 
widths across the x-axis and the position of their high 
points and low points on the y-axis. Nevertheless, the 
amount of ~y variation that occurredbetween mountain 
lions was similar to the amount of variation we observed 
between track sets ftom the same mountain lion. 

Mountain Lion  1 ( l e f t  r e a r )  
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Carcasses 
In total, heel shapes were obtained for 4 adult moun- 

tain lions (Figure 3). We were unable to obtain a heel 
shape, with confidence bands, for the juvenile animal 
because its heel pad was so small that few measurements 
couldbe made (there were no measurements for angles O- 
50" and 120-180"). Because we were able to obtain more 
track replicates from carcasses than for the live animals: 
we were able to analyze left and right rear tracks sepa- 
rately. When we overlaid heel pad shapes, we noted a 
complete overlap between the left and right heel shapes 
of mountain lion I, whereas mountain lions 2, 3 and 4 
showed less overlap between left and right heel shapes. 
However, when we overlaid left heel shapes and right 

-Mountain Lion 2 ( l e f t  r e a r )  
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Figure 3. Shapes of mountain lion tracks obtained ftom carcasses. 
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heel shapes for the four adult mountain lions combined, 
the overlap we observed was similar to the amount of 
overlap found within an individual's left and right heel 
shape. An exception was mountain lion 1, whose heel 
shape for both left and right tracks, appeared quite differ- 
ent than the others. .. 

DISCUSSION 
Our heel pad analysis did not discriminate between 

live or dead animals. Tracks from dead animaIs exhibited 
less variability than live-animal tracks because there was 
no substrate or light variation: prints were taken chredy 
fiumtheindividualanimais. Despite this, thelackofvaria- 
tion associated with heel pads was similar within and 
between mountain lions for both dead and live animals. 

This analysis codinns that the shape of mountain lion 
heel pads, like measurements associated with heel-pad 
width, have limited ability to distinguish between indi- 
vidual mountain lions. Our £bt analysis revealed which 
measurements, when used on their owq had the stron- 
gest ability to discriminate between mountain lion track 
sets (Grigione et al., 1999). Howem, these t h e s e t s  
overwhelmingly came ikm the anterior aspea ofthe track 

This analysis indicates that heel pad measurements 
may not be useful for individual recognition of mountain 
lions - especially when heel pad measurements are not 
considered along with more reliable measurements asso- 
ciated with toes of the track Along with Grigione et al. 
(1999), we suggest that identification ofindividual moun- 
tain lions based entirely on heel pad measurements has 
little validity. Although heel pad mea~ureme~ts have been 
used as a way to determine a mountain lion's identity, 
they probably cannot provide information which leads to 
biologically sound management solutions for mountain 
lions or for promoting public safety on their own The 
parts of the mountain lion track that show the largest 
amount of dimhimtion between individuals are most 
likely not the highly evolved structures, such as the heel 
pad, but m a w  the more trivial features of each track, 
such as 1 of the 4 toes. 
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Appendix 
For any track set, let t,=lOj, j=O ,..., 18, be the angles 

fiom which measurements are made. Y(3) is the length 
from the center point to the end of the heel pad at each 
angle. Let p(t) be the true distance h m  the center point 
to the end of the heel pad for each mountain lion Then 
we can write: 

Y(tFcl(tMt) 
where ~ ( t )  is the error of measurements associated with 
the track The basic analysis consists of modeling p(t) 
by cubic splines @Boor 1978), estimating the param- 
eters by the least squares method, and constructing a 
confidence band for Mt) using SchelTe's method (Rao 
1973) for shubmxm confidence intends. Cubic splines 
were used because they most appropriately fit the shape 
of our data. Splines enabled us to combine more than 
one cubic equation so that we could produce a series of 
smooth curves, representative of mountain lion heel pad 
shapes. The confidence bands for different track sets 
can be examined for the amount of overlap to determine 
whether or not they belong to the same animal. 

Two knots (a point where two cubic equations inter- 
sect) were added to our model at -0° and 120"; these 
knots represent the two high points where the three heel 
pad lobes intersect. In order to model the high points, we 
let the data select two additional knots, s, and s,, and 
then added linear splines at these knots. The reason for 
adding linear splines at these points has to do with the 
sharpness of the two high points. We then placed a cubic 

spline with a knot at the middle point s of these two knots, 
providing a total of five hots. The model looks like: 

~(t)=n,+l3,t+n~~+1~,t~+~,(t~o);+n~(t~)++~(t- 
s),3+n7(t_s,)+'+D8(t-120);+&(t) 

= p(t,D) + ~(t) ,  say, where for any real number u+ de- 
notes max(u ,O). 

This model is representative of a cubic spline equa- 
tion, with fixed left and right edges (at 60° and 120") and 
three angles between these edges that are variable. 

Ifthere are k tracks in a track set, then for the i" track, 
I= 1,. ..,k, let the observations be Yi(3), j=O ,... ., 18. The 
method for estimating the D's consists of minimizing: 

with respect to s,, s2 and B o,.... J,. For a grid of points 
s,<s2, Q is minimized with respect to D by the method of 
least squares. Then this minimum valm dQ is minimized 
over the grid of points, s. Finally, we use the method of 
construction of simultaneous confidence intervals to 
obtain a confidence band for p. This band estimates 
where our "true" curve should lie. Our m e  is comprised 
of many different points, each with its own confidence 
estimate. When confidence estimates are joined, we have 
a simultaneous estimate, or a simultaneous comdence 
interval, for our curve. 


