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Introduction 

Small mammals uch as mice and lU'ews are 
difficult to observe directly, N octurnality, 
protect ion by overhanging vegetation, and 
retirement to ne t 01' burrow upon detect ion of 
an approachinO" human contribute to th is diffi­
culty of ob erva t ion , Mammalogist have been 
forced to develop techniques of trapping (1) in 
order to explore the biology of such animals, 
'IiVbere traps that capture the animals alive are 
u ed , it i generally found that each animal COD­

fin e its a,ctiviti es to the vicinity of several 
neighbor i ng tra,ps, Thi spatial limitation of 
excm ions ha become known as home range, 
Trap arc usuall~- relatively par ely distributed 
tlU'oughout a ny home range. Even 0 , many 
an imal arc captured. Several methods have 
been proposed for converting records of captme 
into est imates of density, Some of these 
m ethod ignore the qu es tion of the movements 

of the animal in r elation to the trap, Others 
attempt to utilize horne ranO"e in the calculation 
of den s i t~r , that j , nWl1ber of animal per w1it 
of area, but lack of a mathematical expression 
of home range has hampered uch attempts. 

The ta k we set ourseh7 es wa a dual one. 
First, we wished to examine home range with 
the view of electing an equation which would 
approximateJ~' describe it. Second, we wished 
to examin e the m ethods of estimating den ity 
with particular reference to the role of concepts 
of home range in making such cstimate more 
logical and precise. * Although we have at­
tempted to take a broad view of the e two 
topics, our principal effort was directed toward 
those aspect of home range and density that 
were of particular relevance to t he stand'ardized 
sampling pl'ocedm'e used by the Korth Ameri , 
can Cen us of Small ::\1am,mal , or NACS?\! (2). 

Home Range 

Basic J ature 
The hom e range of an animal is defin ed as 

the area it covers in its day-to-day travel (3). 
An inherent proper ty of the home range is 
that it i fix ed, in the ense that the animal 
doc no t lI'a llel er tlu'ough a pace at random 
but l' epeatedl~- covers the same general area. 
Attempt to make home range a useful concept 
haye il1\-oh -ed al'bitrar~- delimitation of the 
extent of UlC home range. Boundarie have 
been designa,tecl by polygons, encompa ed 
b.\- line clra\nl between the outermost points 
of cap t lire 01' by lin es drawn halfway between 
the outermost points of capture and the next 
mo t pel';pherall.'- located traps. 

fIa~-n e, who has reviewed the concept of 
home ran ge (4) , was the first to prescot a logi-

Public Heahh Monograph No. 55, 1958 

cal approach to the problem of the relafve fre­
quency with which different portion of t he 
home range are visited by a mammal. As a 
refer ence point, h e took the m ean coordinate 
point of observation or capture, defined as the 
"apparent ceDter " of activity within the home 
range. The distance of each point of capture 
from i ts apparent center of activity can thus be 
calcul ated for each anjmal. Hayne then carried 
the concept of home ranO"e one step farther. 
H e calculated an index of the r elative fre­
quency with whi ch an animal is found pel' 
u ni t of area at different radii from the ap-

*Thi monograpb is not in tend ed as a co mprehensi\'e 
r eview of hom range a nd t he calculat ion of den i t ~·­

' Ye ha \'c cited onl y tho e references \\'hi ch a re part iclI­
lad y cogent to t he de\' lopm ent of our t he is, 
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parent center of act ivity. This index equaled 
the mmlber of captures at a radius divided by 
the number of trap avail able at that radius. 
The e indices howed that the probability of 
an animal being captured in a particular area 
of unit size dem'eased with its distan ce from the 
apparent center of activity. 

Hayne later presented furth er but more in ­
direct evidence concern ing the phenomenon of 
home range (5, fig. 2). "\There traps were set 
in grids, the m ean maximum di tance from the 
apparent center of activity increased ,,-ith the 
number of times the animals were captUTed. 
This may be 1'13 tated a indicating that the 
lono-er the period of observation, the more likely 
will tbe animal be observed at those di tant 
point which i vi it infrequently. It is 
logical to a ume that the degree to which an 
animal interact with its physical nviro nment , 
in terms of foo 1 co n umption for example, is 
proportional to the time it is present in a given 
area . Therefore, thi ne\\- concep t of home 
range developed by Hayn e i e ent,ially on e of 
relative inten ity of u age of the envil'onment 
although its measmement is in te rm of the 
r elative probability of ob ervaLion of the animal 
at differ ent place wi t bin tbe home range. 

ource of D ata 

An extensive set of data Oll ' he captUl'e of 
male hal've t mice (ReithTodontomy ), secured 
b~' Brant (6), forms the ba i of thi analy i . 
Three tudy plots were located in gra land 
habitat near Berkeley, Calif. D etails of the 
hab itat of the 13 plot are given in the 1950 
An nual R eport of the North American Census 
of Small Mammals (2, pp. 25- 29). The plo t 
were irregularly hexagonal in shape, and each 
plot encompassed approximately 2 acre. 

Trapping stations \\- 131'13 0 distributed a to 
form a 50-foot grid over each plot. Only on e-
eventh of the trapping station were in opera­

tion at anyone time. Each activated tation 
contained two trap. These activated tations 
were in groups of fOUl', one at each corn el' of a 
square, each side of which mea ured 50 feet . 
The minimum distance between the centers of 
activated group was 280 feet. At r egular in­
tervals all eight trap in each activated group 
were inspected. Captured animals were marked 
and r eleased or, if ah'eady marked, their num-

bel' designation were noted P 1'101' to release. 
Then the traps were moved to an adjoining 
gl'oup of stations. By sy tematically shifting 
the traps , the entir e plot was ampled after 
seven shift (6). 

T he di tance separating the groups of trap 
was great enough that most animal had an 
extremely low probabilitj7 of expo ure to all but 
one group of traps at any one time. Because 
of theiT parse distribution, the traps only 
lightly hindered the movement of the mice. 

Such a situation is desirable for, as Hayne (5) 
ha demonstrated, the mean distance of capture 
from the apparen t cen tel' of activity decreases 
as the traps become more dense. 

The data initiaUy selected for study were 
limited to male for which (a) there were 3 or 
more captures (median = 8 captmes), and (b) 
Ie than 25 percent of the captmes were on the 
peripheral trapping tations. On e hundred 
and fifteen an imals met the e pecification . 
The apparent center of the home range was 
calculated for a ·h animal, as well a the d i -
tance, 1', in feet of each captme from the 
apparent center of activity. 

wh ere 

(x, y) i th e center of t he home range 

and 

(x", y ,,) is the po ition of the nth capture. 

Expre ed as a D ensity F unction 

In home range tudies, "density function" is 
a mathematical expre ion representing the 
probability of an animal being present in some 
arbitrarily small area. 

From the discus ion of concepts of home 
range, three a sumption are made: 

• The hom e range is :Ii'l:ed . In other word, 
the tatistics of the home range are ta tionary, 
or time independent. 

• There is a true center of actiyity although 
the apparent cen ter of activity may deviate 
from it. 

• The probability of an animal being in a 
unit of area decreases with increasino- di tances 
from the true center of activity. This and the 
econd assumption slwgest a biyariate normal 
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distribution of the density flllction (7, fig. 3, 
ch. 6) . 

f (x,y)clxclY= 2 \ e-(x'+v')/2<I'dxdy 
(J7r 

[2] 

where (J i the standard deviation of the dis­
tances in the x and y direction and i a umed 
to be equal for both, and x and yare measured 
from their respective means. This density 
function may be used to represen t the percent­
age of time spent in the area dxdy 10caLed at the 
Cartesian coordinate x, y, 
or, in polar coordinates 

H ere the area 1'cl&cl1' is determined by 1' . 
There are an unlimited number of equation 

which would fulfill the requirements of the 
second and third conditions. The bivariate 
normal distribution given in equations 2 and 3 
lone such function. We hall examine the 
home r an o-e da ta for male harve t mice to see 
how well they are approximated by this equa­
tion al though we are primarily interested in the 
radial frequency di tribution of the average 
animal. 

The density function in term of the Cartesian 
cOOl·dina e is more meaningful from an ecologi­
cal tandpoint because it sates in comparative 
terms the amOlllt of time spent by an animal in 
a small tandard area at any po ition in the home 
range. However , for the initial mathematical 
manipulation it was fOllld more convenient to 
express the density function in terms of polar 
coordinate . Then the probability of flllding 
the animal between the radii l ' and1'+d1' about 
the true center of the home range is 

[4] 

If equation 4 is integrated over the range 0 
to (J we have 

[5] 

In the above equations (J , the tandard devia­
tion of the normal distribu tion function, is the 
value of a radiu within which the probability 
of the animal being pre ent is 39.4 per cent if its 
movements can be described by a bivariate 
normal density function. 
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Similarly, integrating equation 4 over t he 
rano-e 0 to 2 (J give 

[6] 

Similarly, integrating equation 4 over the 
range 0 to 3 (J give 

[7] 

When tbe r ecap Lure data arc co nLaminaLed 
by inclu ion of animals which have shifted 
theil" home range, that is, tho e animals with 
nonstationary home range, the ob er eel fre­
quency di tribution will include too many 
captmes at longer r adii. This will lead to an 
overestimate of the climen ion of the home 
range. An examination of the field maps of the 
home ranges of t ho e 115 males included in the 
initial group of mice elected for Lhi tudy 
revealed that cer tain individual had definitely 
hilted the ccnter of their home range. In t he 

more obvious of the e hifts the initial o-roup of 
captme formed a clump no more than 300 feet 
in diameter, while the later cap tures formed a 
similar clump several h undred feel away. In 

Table 1. Home range parameter II for 25 male 
harvest U'lice 

::\1ouse Ko. Number II 1 

cap tu res (fe t ) 

229 -- -- ------- 10 44. 9 4053 _______ ___ _ 10 34.6 309 __ ______ ____ 10 53. 5 277 __ __ ________ 10 '17.9 100 _______ _____ 10 2 77. 5 
278 __ --------- 10 4.2. 5 
C1- 62 __________ 10 69. 2 380 ____________ 11 59. 5 369 __ _________ _ 11 32.5 242 __ ___ ___ ____ 11 60. 0 
2 6 ___ __ _______ 12 43. 5 ,1.03 __ ___ ___ ____ 12 36. 8 527 ___ __ ___ __ - 12 60. 0 
Cl -58 ___ ___ ____ 13 32. 5 
Cl- 18 __________ 14 50. 8 
Cl -3 ___________ 14 68. 5 
1'- 7 ___ ___ __ ___ _ 14 61. 5 
256 ____ 15 3 52. 5 
CI- 46 _____ __ ___ 16 71. 2 149 ____ ____ ____ 16 53. 4 393 ___ ______ ___ 19 432.2 
284- ___ ________ 21 47. 3 
1'- 98 __ 21 40. 1 
CI- 16 ___ _______ 22 55.5 
CI- 25 ______ ____ 24 57. 7 

1 See equation 9a. 
, Minimum . 

2 i\1ax imum. 

INumber day. 
between first 

ancllasL 
capt llre 

88 
L09 
139 
76 

237 
4 
6 

145 
l33 
115 
172 
137 
261 
177 
106 
131 
218 
174 
L07 
201 
137 
165 
205 
172 
157 

3 Med ian. 
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Lil e light of om hypo the i of a stationary home 
range, we Lllought it wise to exclude animals 
whicll had detinitel~T exhibited uch shifts . 
The criteria for a sembling a more homogeneous 
group were as follow: 

• Animal must have been captmed 10 or 
more times. 

• No 0 bv ious shift in home range; that is, a 
straighL lili e separating the later captmcs from 
the earlier ones could not be drawn on the tield 
map. 

TwenLy-five male mice met Lhe e criteria, 
and Lhey provided 34 C<l,ptme r ecords, 1"s 
(tablE' 1) . TJlese records showed no detectable 
slli ft in the ("cnter of hom e range. 

Vlhell iL can be assumed that the same bi­
variate normal eli tribution given by equation 2 

holds for all animal , then the be t estimate, s, 
of (J , ba ed on the maximum likelihood estimaLe 
of (J Z is : 

[8a] 

where: J(i= number of captures of i th an imal 
n = Dumber of animals 

n 
].. = Lotal captures= ~ Ie 

j = 1 

_ 1 [(; _ 1 [(; 
:ti= 77 ~ Xii and Yt= T? ~ Yii 

.n · i J=1 .n .. i J= 1 

?} i j alld Xij= position of i th animal on jth cap t LU·e 
For the 25 male hal'vest mi ce (J was estimated 

to be 52.7 feet. An e timate, Si, of (J \Va!" also 
made for caei l mouse (table 1) : 

[9a] 

.For mauy purposes in which Lue ascertainin o­
of home range is useful , the (J of the recaptme 
radii may be obtained by di.rect u e of the radii. 
In tills procedme the map of the area studied i 
laid out on a large sheet of graph paper that i 
finely paced with vertical and horizontal lines. 
An overall et of coordinate i established on 
this grid and point of captme for each animal 
are plotted. At the termination of observation 
lllC meall coordinate point of capture for each 

animal is r ecorded on the graph paper and 
r ecaptme radii are measured elu·ectly from thi 
point with a ruler. For practical usages, such 
a in the calculation of density (equation 51) , 
the (J calculated from uch estimated radii are 
probably accm ate enough to justif:y the time 
saved in calculation. Equation 8a and 9a 
become : 

[ 

n J(i J~1 ~ ~ rt~ 
s= i = 1 j = l 

2 (N-n) 
[8b] 

[9b] 

Equations for (J a, 9a, 8b, and 9b take into 
accoun t the fact that di tances arc measured 
from apparent rather than true centers, and the 
squares of these (J 's are unbiased e timates of 
the parameter appearing in equation 4. 

Likeli hood ratio methods (8, p . 270) were 
useel to test certain assumptions concerning 
tbe home range of male harvest mice. 

Since the complete bivariate normal distribu­
tion contain anoth er parameter, Pxv, the corre­
lation between t he x and y coord ilJate , and 
since we wrote equation 2 with Pxv = O, we te t 
thi a sumption jointly in te t I and eparately 
in test III. The other tests are obvious. 

Test 1. The hypothesis wa tha t Pxv= O, 
(JZX = (J ZII' for the normal biva.ria te d i tribution 
of captures within an animal 

where: 

- 2logeA= l{i 10ge(l-1,2)+l{i loge (Sx+ SI/) 2 
4 xSl/ 

[10] 

[11] 

[12] 

[13] 

4 Calculation of Home Rlln ge lind Density of Small Mllmmals 
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Assumption: x-x and y - fj are di tributed 
normally wi th t he parameter u2x, u211 , and PXy. 

This test was performed for each animal. -2 
log A is distribu ted as x2 with 2 degree of free­
dom. The hypo thesis was sustained by 22 of 
the 25 aoimals at the 0.05 level of confidence. 

Test II . The hypothesis was that u2x= U 211 

for tbe d istribution of cap t ure within an 
animal 

where: 

A 'sumptions: Same a iJl test 1. 
- 2 log A is distribu ted as x2 with 1 degree of 
freedom . The hypothes is was sustained by 24 
of the 25 animals at the 0.05 level. 

Test III. The hypothes is waFl that the co­
efficieot of correlation , PXy= O, for t he distribu­
t ion of capture within an a nimal 

where: 

-2 log. A= K i log. (1 -1')2 [15] 

r is as defin ed in equation 13. 
Assumption .: ame as in test 1. 

-2 log A is d istribu ted as x2 \vi th 1 degree of 
freedom. The hy pothesis was sustained by 23 
of the 25 animals at the 0.05 level. 

Test I T!. The hypothesis was that all tbe (n) 
animals came from a population wit h the arne 
varia nce (Bartlett's test for homoge neity of 
variances) 

wh ere: 

m= I+3(n_ l ) ~ 2(K t - l ) 1 [ " .".--,-,=1_~ t. 2 (~'- 1 )J 
[17] 

A umption: (x-x) and (y- y ) were inde­
penden t and normall:v distribu ted with tll e 
same variance. - 2 log A'lm, 72.59, is distrib­
u ted as x2 with n- l degrees of freedom. Th e 
hypo thesis wa rejected at the 0 .001 level. 

Test V . H ypo thesis: Equation 4 as rep re-
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en ted below by eq uation 22 approximates tile 
freq uency distribu tion of recapture radi i from 
the mean coordinate center of t he borne range. 

where i.i represe nts the .7th observation on the 
i t h animal. That i , the variable u and v 
represen t deviations from the respective means, 
i. e., center of home ranges, for each animal 
expre ed in standard dev iat ion unit. l is 
th e estimate of variance of an individ ual ob­
servation (radiu ) obtauJed by pooJing the 
vari ance of x a nd y within each a nimal (see 
te t II , wh ich shows that ux= uy). 

[19] 

Of interest to investigators of Lllis subj ect is 
t he distribu tion of rad ii , that is, of 

[20] 

However, since the raw observation x and 
y h ave differen t variances (test IV) and dif­
feren t means among animals, it would be in­
appropriate to compare a radius, 1' iil of the 
ith animal with a radius Tnh of th e nth animal. 
Therefore, each radius was expressed in stand­
ard forID deno ted by Z tj : 

[21] 

[16] 

Thi Z tj was compu ted for each of the 34 
observations and put into a frequenc~r distri­
bution with class interval of size 0.3Z . It 
vas then desired to determin e wll eth er th e 
theoret ical frequen cy function 

g(Z )dZ= Ze-Z /2 cZZ [22] 

that is, equation 4 wi th Z = 1'lu, fi tted the data. 
To this end, expected relative frequencie were 
compu ted by direct integration (table 3) . Ex-
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pectcd frequen cies we .. e then obtained (fig . 3) , 
and a x2 goodness of fit test was made of t hese 
in comparison with th e observed frequencies for 
10 class intervals. The hypothe i that equa­
tion 22 wa consi tent with the data was sus­
tained at the 0.5 level (x 2= 6.2 7; 9 d. f. ) . 

Equation 22 can also be derived mathe­
matically from cer tain assumptions concerning 
the normal and independen t distribution of 
x and y when it is as um ed that th e true means 
and standard deviation are known. For 
exn,mple, let Mt , V i and CT ; be the respective 
means of x and y and the 'standard deviation 
for the i th animal. Then it is wcll lmown that 

(Xi j - M;) 2 and (Y tj-v;)2 are each distributed like 
CT ~ CT ~ 

x 2 with 1 degree of freedom. Hence their um, 

Z lj (xtj - Mi)2+ (Y tj - V i)2 [23] 

i distributed like a x 2 with 2 degrees of freedom . 
Further Z ij , is independent of ZH and inde­
pent of Z nj. Therefore, the distribu tion of 
Z~j is 

[24] 

and it fo11o'ws immediately that Lho distri­
bution of Z is equation 22. 

Successive Capture Derivation 

Many persons have published data on the 
movement of animals as tabulations of tb e fre­
quency of distances between successive captures . 
Such data provide a basis for obtaining a rough 
estimate of tbe group CT of the home range . 
For any two cap tures the m ean coordi.nate 
point of cap ture, or calcula ted center of activity, 
lie halfway between the two observed poin ts of 
capture. However , the true center of activity 
most probably lie to one side of the lin e con­
necting these poin ts. Thus, t be radial distance, 
1' , of captul'e from the tru e center of activit;,-' 
is somewhat greater than half the distance. 
between observed points of capture. The 
radial distance of capture from the calculated 
center of activity must be multiplied by (n/n­
l) ~ , where n i the number of captLu'e for a 
given animal, in order to make the r ecapture 
radii , on the average, provide a more accurate 
estimate of the distance from tbe true center of 
activity. Wh ere n = 2, as in the ca e when 

distances, d, between successive captures only 
a re considered, r= 0.5d X 1.414= 0.707d. When 
such procedure of calcula tion arc followed, the 
home range CT , for practical purpose , hould be 
approximated by that distance within which 
0.394 of the r's fall . One note of caution: When 
the animal i caught at tbe same tation on two 
successive dates, one must tabulate this imply 
as two 1" of less than half the distance between 
trap forming thr grid. 

VVe wondered how the home range CT of male 
R eith1'odontomy approximated in this way 
would compare wi th that of 52.7 feet estimated 
t hrough the use of equation Sa. To this end, 
frequency tabulations were prepared of dis­
tances, el, between consecutive capture . ince 
the trapping tation were arranged in a 50-foot 
'"rid, only certain discrete el's were possible. 
This imilarly limi ts the 1" possible. These 1" S 

in feet followed by their frequency are: 0 (32) ; 
35.4 (97); 50.2 (52); 70.7 (34) ; 79 .1 (52) ; 100.4 
(14); 106.0 (10); 111.8 (17); 127.2 (3); 141.2 
(1) ; 145.9 (2); 150.1 (2); 15S.1 (1); grea ter than 
158.1 feet (2) . The catch at each of these 
distances should represent the sampling of 
a,nimals traveling within a band whose width 
extends halfway to the two contiguous radii. 
Thus, the widths of bands r epresented by the 
above 1"s vary from 4 to 25 feet. 

If we knew t he real home range CT , we could 
estimate the expected number of mice in each 
of these bands from figure 2. For tills purpose, 
CT = 52.7 feet as estimated independently by 
equation 8a, was used . The e expected fre­
quencies for the 14 T'S were, res pectively , 16.9, 
72.5, 64.8, 46.9, 43.1, 29.3, 8.0, 13.4, 12.8, 3.8, 
1.9, 1.6, 1.6, and 2. . Although 3 CT (15 .1 feet) 
includes the correct number of 1" S as predicted 
by eq uation 7, there are some marked deviations 
between observed and eJi.-p ected freq uencies . 
In particular, there are too many captures at 
t he same station and at adjoining s tations. 
Presumably this excess is due to the fact that 
Dr. Brant prebaited the traps part of the time 
and also occasionally left th e traps at the four 
adjoining stations throughou t several days of 
t rapping. Thus any development of a trap­
habit will produce too many short 1". Home 
range CT estimated a that distance including 
0.394 of the captures i only 43.25 feet. Like­
wise, CT , when estimated as one-half the distance 
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including 0.865 (from eq uation 6) of the cap­
tures, i 48.2 feet. 

Another factor which may co ntribute to vari­
ation in the freq uency distribution of 1" is the 
fact that, from a nyo ne point of capture, 4 traps 
lie at some d istance and traps lie at others. 
This may well account for the relative excess of 
r's of 79.1 feet, for which t bere are 8 oppor­
t unities for capture, in contrast to the much 
fewer capture at 70.7 and 100.4 feet, for each 
of which t il.ere are onl:v 4 such opportlmities. 
Apparently, any e timatioll of cr from distances 
between consecu tive captures i likely to be a 
mu ch cruel er one than that derived by the use 
of equation 8a or 8b. 

Some cri ticism has been leveled at us by our 
matbemati cal and sbiti tical colleagues for re­
st ricting oUT ample to 25 male harvest mice 
with only 348 captlU"e. For example, 19 other 
males wit h 10 or more captures appeared either 
to have made a major shift in the center of their 
home r ange or OIl]Y a small portion of their 
home range lay witwn t he trapping plot, as in­
dicated by t he fact t hat captures of these mice 
were confined to the edge of t he plot. These 19 
males provided 216 el's for whi ch derived r's 
ranged up to 496 feet. Home range cr esti­
mated from t hose d istance, including 0.395, 
0.865, and 0.989 of t he captures (equations 5- 7) 
were, respectivel.v, 45.6, 66.5, and 257.5 feet. 
If we in clude all 44 mice w hic h had a t leas t 10 
captures, these tbree estimates of cr based upon 
535 d's become 42 .8,56.1, and 229 feet. 

Some recapture data, particularly those de­
pendent upon short-term sampling, supply in­
formation primarily on tbe distance betwee.n 
two con ecutive captures. This raises the 
question, "How ca n t ile b e t estimate of t he 
home ra nge s igma be derived from them ?" A 
t ri ct rule of thumb wo uld be that cr = 

(1'1+ 0.51'2) /2 where r l = 0.707el , whi ch include 
0.394 of t he captures, and r2= 0.707d, which in­
cludes 0.865 of tbe captw·es. However, one 
would be hard pressed to make a rigorou 
mathematical validation of t his estimate. On 
a logical bas is, t he estimate minimizes the effect 
of th e increased Ireq nency of shor t r's a rising 
from trap habit and from d's of t hose animals 
for which Ie s t han half of t lte home range i 
included in t he sampling plot, and it also ex­
cludes the excess ivel~- long r's arising from 
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shifts in the center of the home range. This 
extensive discu sion of home range as reflected 
by d istance between uccessive captmes has 
b~en included in this ection since it i apparen t 
that persons involved in some of the more prac­
tical problems of wildlife management mu t 
1'el,\- on this sor t of data for t heir estimate of the 
home range igma. 

General Considerations 

:F l'om tests I to III , it may be concluded that 
for most of the mice tbe home range may be 
con ider ed circular . However , the extent of 
hom e range varied significantly among the 
animals (test IV). Yet the pooled data of 
standardized rad ii (Z ) was co nsistent with 
equation 22 . If this is 0 , i t follows that equa­
t ion 4 probably describes t he home range of any 
particular animal in terms of its own cr. Now, 
if equation 4 trul~r represents the probabilit~- of 
captlll'ing a n a nimal between radii l' and 1'+ dl' 
abo ut t he true center of home range, it follows 
tbat equations 2 and 3 probably represent a 
good approximation of the de nsit)- function 
about tbe center of home range. 

T he parameter , cr, nxes an propel'tie of equa­
t ions 2, 3, and 4. To t he extent t hat these 
equatioll depict home range, the following 
a pects of home range may be calcula,ted: 

• Idealized frequ ency of Cil.ptures between 
a ny two radii. 

; Density fun ction at any radiu s. 
• Probability of capturin'g an a nimal within 

any portion of its home range. 
Such information may be derived from the 

data ill tables 2 B.nd 3 a nd from figures 1 a nd 2. 
In figul'e 1, the CUl've r epl'esenting equatioll 2 
is the cross section of the dens ity fun ction wh en 
cr = 1. In order to convert t his to an? other cr , 
multipl~r the abscissa b)- cr and divide the ~rdi­
nate b.\- cr2• The proportionate time an a nimal 
spends in any mall pol'tion of horne range may 
be determ ined by multiply ing the area b)- the 
dens ity functio ll at the r ad iu of t he center of 
the ar~a. . For example, the proportionate time 
an animal pends in a square O.lcr on a side at 
radiu s cris 0.00095 and at 2cr is 0.00021. The 
total amount of time pent in all area. within 
the 7r (3 cr)2 runge is 0.988 . 

Table 2 is a num erical tabulation of t he ClIl've 
in figure ]. To obtain t he appropriate va.lues, 
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Tab~e 2 . Normative d ata for calculating dcns ity 
function 1 in t e rn.s of area 2 for a ny va lue of u 

Radiu s D en ity 
(I") in u function 

unit d (1') 

O. 0 0.159 
.3 · 152 
.6 · 133 
.9 · 106 

1. 2 .0776 
1. 5 .0517 
1. .0315 

1 1 
-- e- r'/2u' . 
2u271' 

2 Equation 1. 

.Ii R adiu. D ens ity 
(1') in u fun ~ tio n 

unit d (r) 

2. 1 0.0176 
2. 4 . 008 6 
2. 7 . 00'115 
3. 0 .00175 
3. 3 . 00068 
3. 6 . 0002-1, 
3. 9 . 0000 

Table 3 . Normative data for ca lc ulating expected 
captures for a ny value of u 

Expec Led Expected 
Cia" in t cr- propor- Class in terval pre po r-

va l of rarliu t ion of of rad ius of t ion o r 
of u or Z total u or Z teta l 

capturc capturcs 

O. 0 - 0. 3 O. 044 2. 10J - 2. 4 O. 05·l 
.301- . 6 . 121 2 . .J.01- 2. 7 . 030 
. 60J - . 9 . 16 2. 701- 3. 0 . 0] 5 
. 901- 1. 2 . 180 3. 001- 3. 3 . 00674 

1. 201- 1. 5 . 162 3. 301- 3. 6 .00283 
1. 501- 1. . 128 3. 601- 3. 9 . 001O-~ 
1. 01- 2. 1 . 0 7 3.901 and eve r . 000'19 

the left hand column, t he radiu s, mu t be 
multiplied by IT and the righ t hand columJl , t he 
density fu'nction , rou t be divided by IT2. By 
this procedure the den ity function i expressed 
in terms of t he probability of capture per the 
quare unit of distance in whi ch IT i mea ured 

(feet, yard , etc.) . 
ince t hi curve (fiO'. 1) of densit)~ fun ction 

represent the relative amoun t of t ime an 
animal spends per unit of area at variou radii , 
it may represent the impact of the organism 
upon it enVll'o nmellt. Thi CUl'VC may also be 
useful in calculating cohab itat ion. Cohab ita­
tion may be thougbt of in two ways. F ij'st, it 
may co ncern t lte total u e of an area by all its 
inhabitants; thi usc will be proportional to t he 
urn of the den ity function. econd, i ' may 

concern t be probability of simultaneous pres­
ence of in lividuals in the particular area co n­
cerned. Thi will be proportional to the 
product of their densit~· function at that place . 

Figure 2 represents tho in tegral of equation 4 
and may be reco nstru cted from the data given 

in table 3. This curve i useful in calculating 
the probability of observing an animal up to 
or beyond a radius or between two radii. In 
order to convert thi Cli've into value for any IT, 

multiply the abscissa by IT. 

In figure 3 and table 3 the density function in 
terms of radius from center of home range 
a urnes the shape of the theoretical or expected 
curve, which represents the probability of 
finding an animal within increment of radiu s 

Figure 1. Cross section of thc density function 
of home range iu ternls of area. 
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Figure 3 . Observed (histogram) and theoretical dis­
tribution of 348 r ecapture radii (Z) of 25 male 
harvest mice from the center of their hOlnerange . 
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from the center of activity. Since the home 
range (J" varied io-nificantl~' among th e 25 m ice, 
each cap ture of each mouse was r eexpressed in 
terms of its own (J" by the Z tran formation d i -

. cussed in test V. The exact number of observed 
captmes in t he twelve 0.3 Z length class int er­
vals shown are: 20,38, 68,65,47, 49 , 25, 18, 9, 6, 
2, 1. In the chi square test tbe captures in th e 
last three intervals wer e grouped together. 

The method of collecting the pre ent data 
was not ideal. In the fu·st place, the traps were 
frequ ently prebaited for 6 days. Traps were 
occasionally left set at the same station for two 
or more consecu tive days. Under such condi­
tions an animal sometimes developed the habit 
of entering the same trap each consecutive da,'. 
We do not know how this biased tbe moveme~ t 
of the mice, otber than to state that it is a 
common experience that prebaiting the traps 
increases the number of animals caught. A 
frequ ency plot was made of the r ecapture radii 
following prebaiting in contrast to those pre­
ceded by no prebaiting. These cmves coin cided 
so closely as to suggest that under the pre ent 
conditions prebaiting had little if any eHect in 
altering the behavior of male harvest mice. 
Ideally, what is desired is a large number of 
observations of each animal in tbe sample. En,ch 
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such set of observations sbould cover a hor t 
span of time, probabl:,' 1 to 5 days for ha,rvest 
mice, and the taking of observation hould in 
no way disturb the anima1 01' interfere with it 
movements. However , the home range of 
many mice was ufEiciently stable that even 
when the ob ervations were dispersed over a 
period of 2.5 to .0 montb , there wa no 
apparent chano-e in the bome r ange. 

An appreciation of the gencral ch aracteristics 
of home range may be secm ed by examining 
figm o 4. Without any al teration in their ori­
entation, each of the group of captures for 25 
mice wero up crimp 0 ed a,bout a ingle center. 
Th e cil'cles represen t radial di tance of pro­
portions of p wher~ P= (J" 2, the radius en­
compassing 0.63 of the captures neare t the 
center. Traps were prebaited and left unset 
and untended for approximately 6 day. On 
the sixth day they were bai ed and set , and 
cap tures were recorded on the seventh day. 
Only captures taken uncleI' this regimen were 
used in the preparation of figure 4. 

It is immediately apparent that th e number 
of captures per uni t of area decrease with 
distance from the cen ter. It i also apparen t 
that it would be possible for considerable over­
lap to develop in adjoining hom e ranges in the 
area of leT to 3(J" from their centers without th e. 
inJlabiting animals very frequently coming into 

Figure 4. One hundred and ninety-four captur es of 
25 male harvest mice (Re ithrodontorny s) super­
hnposed about a single center of hOJlle range. 
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contact or competinO' Ul their u age of the 
environment. This raises the question of the 
nature of the topography of the summated 
den ity fun ctions for all individuals inhabiting 
an area. 

y .. T e have no t :vet olved orne of th e tech nical 
problem inherent in integrating sum and 
product of den ity function for all members 
of the population for every point in space. 
However, empirical calculations u tilizing the 
data in table 2 lead to the following generali za­
tion : Wh en home range ce nter are characte r­
ized by an intervening distance greater than 
2.0<T, the topograph~~ of summated den ity 
fun ctions exhibits peaks and valleys. In other 
words, the environment is utilized most in­
tensel~' near the ce nter of home ran o·e ancl 
lea t midway between center. As h~me range 
ce nters become more uniformly di tribu ted and 
a the in terval between adjoining home range 
center deereases. u t ilization of the environment 
becomes both more intense and more uniform . 
N early complete uniformity of u ages i aLtai ned 
with an inter-home range center interval of 2.0<T 
distance . Any further decrea e in t·he inter­
hom e range center in terval merely increases t be 
inten i t~- of usage of the environmen t without 
altering the un i.form usage of the environmen t. 
Therefore , one might log ieall~r anticipate the 
evolutionary pl"Ocess to have euhninated in be­
havior pa~terns assuri.ng developm ent of uni­
form distribution of home range centers having 
an inter-home range center in terval of approx­
imately 2.0<T. Where population density in­
crease beyond t llis level and is accompanied by 
fm her contraction of home ranO'e size over­
utilization of the environment mu t result. A 
a co nsequence the static characteristic of home 
range mu t break dO\YIt and result in migrator~­
behavior that i regularly observed among uch 
rod ents a lenunings during period of high 
population den ity (9, 10) . 

Since, according to the concept presented 
here, there is actually no boundary or finite 
limits to home range, we propose to assign an 
arbitrary limit determined by the radius 3<T 
from the cen ter of activity. In such an area , 
0.9 8 of the observations will be made. FUl"­
thermore, as tIl e present data on R eithl'odonto­
mys show, it i practical to obtain observations 
of home range up to thi limit at lea t. This 

method of describing the home range should 
provide figure imilal" to those ob tained with 
the " minimum area" method commonly u cd 
by mammalogists, in which an area is deter­
mined by the polygon encompas ing the outer­
most points of observation. At least, this simi­
larity in representation should result if no hift 
in centers of activity occlU"red in the period 
durin g which the " minimum area" was deter­
mined. If a hift in the c~nter of actiy iLy takes 
pl ace, an overe t imate of the size of the hom e 
range would 1"e ult. 

uch a compari on may be made b:y utilizing 
the data presented by H ayne for A£icrotus, for 
IVh iclt a. 60-foo t spacing in terval of trap was 
Ll sed (4,5). The average estimate for indi­
v iduals \\Tith three or more captures was 0.194 
acre fodemales and 0.429 acre for males . The () 
values were calculated from table 1 of Hnyne' 
data (4·) for males, after excluding all animals 
caught at only one trapping taliol1. This 
gflNe a <T of 9.5 feet for female , wiLh a 3<T circular 
area of 0.059 acre, and a <T of 12.7 feet for males, 
with a 3<T circular area of 0.104 acre. 

In these calcula t ion approximately 12 per­
cent of the observations for each sex fell beyond 
3<T. Thi suggests that about 10 pOl·cent of the 
observations represented case in which sllifts 
in t he center of activity had occurred. It wa 
undoubtedly the inclusion of these 10 perGen t 
of the observations in I-l ayne's calculations 
which produced the markedly greater es timate 
of the area of the home range by the usc of bis 
"minimum area" method. For this r eaSOll , we 
beli eve that the m ethod of determining the 
area of t he home range presen ted in this paper 
i a more realistic one for e t imating the actual 
area u cd. 

Furthermore, the intensi ty of usage of clifl'er­
en t port ions of the home range may be demOll­
stra ted by caleulating the density fun ction in 
term of area.. Such a comparison of density 
fLmction was made for botlt male and female 
}.;iicrotus, as well a for male R eithl'odontomys, 
by utilizing the above values of <T, caleulated 
from Hay ne' data. These values arc shown in 
figure 5, which indica tes that sman differences 
in the home range param eter, <T, produce much 
greater difference in the probability of ob erv­
ing the animals per uni t of area. 
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Although the curves in figure 5 r epresent the 
relative amount of time the animal spends pel' 
uni t of area from the center of the home range, a 
certain amoLlnt of caution needs to be ex~rcised 

in u tilizing t his density fuo ction as an index 
of the rela tive impact of an organism upon its 
environment. First, different behav iors, such 
as those involved in securing nesting material 
or food or in the investigation of the environ­
men t, may each have t heir own den ity func­
tion. Second, when comparing two different 
species, density fuo ction canno t be u t ilized for 
eq uating t heir impact upon the environment 
unle both pecie are similar in all their prop­
ertie. For example, a mou e and a deer might 
exhibit the same den ity fLUlction curve but, 
because of difference in size and behavior, the 
impact of each species upon the environmen L 
would be different, bo th qualitatively and quan ­
titativel.v. 

Figure 5. Comparative probabilities of being in an 
area of 1 square foot for three groups of mice. 
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There is still mlH'h to be learned regarding the 
density function 01 different behaviors occurring 
within the home range. Several other q uesLions 
are also much in need of clarification: 

• To what extent does the calculated center 
of the home range actually r epresen t one or 
more major goals, such as a place of harborage or 
source of water , about which the individual 
animal orients its other activities? 

• 'Vhat is the character of th e paths of loco­
mo t ion from and toward the center of activity? 
Arc the outward and return trips identical in 
duration a nd in the types of activit ies exhibited 
during them? 

• How docs th e stl' ~cture of tbeenvironment 
affect the density fun ction? That it must afl'ec t 
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i t is shown by the data presented by Stickel (11 ) 
for deer mice (Pe1'omyscl.l. ) inhabiting boLLom­
land and upland forests. The micr in the laLLer 
habi tat regularly exlLibi ted larger home ranges 
than did those inhabi ting the bottomla nd. 
Bo th the quanti ty of a goal pel' unit of area 
and the di tance eparating O'oals should be im­
portant variable. Blair presen t simil a I' da La 
for Microtus (12) . 

• How does social behavior alter t hr den i t~r 
function of the home range? Where there is no 
tenitoJ'ial behavior and the environm ent i 
uniform, the number of ce nters of the home 
ra nge of indiv idual an imals or colonies pel' unit 
of area sllOuld be d istributed at random , that 
IS, a Po i son disLribu t ion. A Lerritor ia.l 
beha\7iol' approaches a maximum , one would 
expect the nearest approximation to a uniform 
distribution of ce nter of aclivit~·, Lhat i , Lhere 
would be a m inimum vari ance in t hr listance 
between centers of acljoining bome ra llges. 
Clark and Evans have presented a meLhocl of 
analyzing th i question (1 ) . 

There is much in tbe literature ,,-hi eh p r l'llli t 
one to voice opinions abou t some of t he e 
problems. However , not until t hey ar e investi­
gated ystematieally and quantitatively win 
it be pos ible to develop a n under tand ing of 
t he ecology of home range. uch an under­
standing has considerable r elevance to the 
problem of population density . 

More effective u tilization of space i a ba ic 
problem in human sociology, animal husbandry , 
and wildlife management . In each of these 
area , the circumstan ces of tho present age 
exert increasing pres ure for greatrr popula­
tion densities. The approach toward greater 
densitie involves t llree processe : 

• D evelopment of a smaller home range rJ' . 

• Simultaneo us coexistence of more indi­
viduals with in the same home range. 

• A more uniform di tribu t ion of center 
of home range. 

However , although the development of a 
science of home ra nge will ass i t in producing 
desired densities, it i well to bear in mind t bat 
determination of !lumbers of animals is only 
one of everal goals. Biomass of the com­
munity, growth of the individual, the social 
stability of Lhe gronp , and the psychological 
well-being of t he individual ar e oth er goals 
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(14), and the d egree of attainment of anyone 
of these goals necessarily modifies the degree 
of att\1Lnment of the others. Home range ma~T 
thus be see n to form an important concept in 
equating the e goals in r elation to whatever 
value system we wi h to impose upon them. 

Dice and Clark (15) have presented a treat­
ment of home range whi ch ·losely parallels 
ours il) it approach to the problem. Their 
data included 32 deer mice, Peromysc'U s, which 
were captured on an average of 5.5 times each. 
:Males, female, adults, and juveniles were 
included in the ample. Each recapture radius 
from the calculated ce nter of activity was 

Table 4. HOOle range of P e r om.ysc /ls 

R ad ial distance (fee t) 

Accumu-
lated Calculated by method of-

probability 
of capture Ob en 'ed 

Dice a nd Calhoun a nd 
Clark 1 Ca by 2 

O. 25 46 50 52 
. 50 77 79 77 
.75 116 118 109 
. 95 185 193 161 
.99 255 260 21-1 

1 Reference 15 . 
2 Public H eal th Monograph No . 55, fi gure 2 

subj ected to a square root tr ansformation and 
the resul tant data were tested for conformity 
to a P earson 's type III proba,bility fun ction. 
With 15 class in terval of recapture radii there 
re ulted a chi square of 20.08, whi ch indi­
cates significant h eterogene it~- from that 
hypothesized. 

We subj ected the data of Dice and Clark to 
a test for conformity with the bivariate normal 
distribution of home range which we have 
proposed. The tandard deviation was approx­
imated as that radiu , 65 feet, with in wh ich 
0.394 of the captures fell (equation 5) . The 
numbers of captures in the 10 class intervals 
(table 3) from 0 to 3cr were, r espectively: 6, 28, 
28, 34, 1 , 20, 25, 6, 7, and 2, while beyond 3 cr 
there were 9 captures. Chi square wa 40.4, 
,,-it h 24.5 of t bis contributed by capture 
beyond 3cr . Considering the fact that the small 
number of captures per individual precluded 
determination of possible shifts in center of 
home range, and that animal with d iiferent­
sized home ranges must have been included, 
it is concluded that for this small set of data 
no equat ion can be found whi ch fi t better 
t han do Dice's and Clark's (1 5) or ours and 
that either at least roucrhly de cribes home 
range as exhibited by these data. A comparison 
of the results provided by the e two methods 
is presented in table 4. 

North Alnerican Census of Small Mamnlals 

A munber of mammalogists have cooperated 
in the utilization of a standardized procedme 
which provide. data on relative densities of 
such genera a the mice P eromyscus , Cleth­
rionomy , }.([icroius, R eith1'odontomy , and Sig­
modon, as well as the shrews Blm'ina and SOTex 
(2). This procedme consi ts of placing three 
traps within a radius of 2 .5 to 5.0 feet from a 
station marker . Traps are left set for 3 con-
ecutive days. The animals are killed and re­

moved each day. A straiO"ht line of 20 stations 
forms the basic sampling unit,. An interval of 
50 feet between stations is cu tomarily used. 
A ummary of results from 744 traplin es run 
from 194 through 1951 is given in table 5. 

The concept behind placing three traps at 

each station was that, even after one 01' more 
animals had been caught, there would till be a 
set trap available for cap turing another indi-

Table 5 . Total captu r es on 744 Nor th AD1erican 
Cen s u s of SITla ll MalnD1als traplin es 1 

N umber of stations cap t uring-

D ay 
o animals 1 animal 2 animals 3 animals 

1 __ ______ __ 12, 244 2, 030 483 123 2 ___ ___ ____ 12,839 1, 692 2 4 65 3 _______ __ _ 13, 243 1, 368 223 46 

1 Each trapline co nsisted of 20 tations wi t h 3 traps 
per station. On 77 percent of t he lines, t he in terval 
bet\\'een tation was 50 feet ; on t he remainder, 25 feet. 
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F i g ure 6. F une tional effi cien ey of tra pping s ta tions . 
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vidual. As soon as tlu'ee mice had been caught 
at a station dUTing a day, any others which ap­
proached the trap would be turned away. 
When all traps functioned perfectly, only a, 
mall number of stations (0.0052 of total) had 

the opportunity of tuming mice away (table 5) . 
Actually, a somewhat larger number of tations 
turned mice away becau e some traps were 
sprung accidentally . Data were available from 
a portion of the traplines showing the number of 

traps un et at eacll staLion each day (fig. 6) . 
Based upon this sample of the number of traps 
found un et within a 24-hoLu' perioel, it is a.p­
parent that the effi ciency of Lbe trapping sLa­
tion was not unduly lowered by traps becoming 
unset by wind , rain, larger animals, and 0 on. 
AssLlming that the data in table 5 are repre-
entati\re, the ampling device ha a high oper­

ational effi ciency. 
An approximation of the n umber of animals 

which may be turned away by unset traps OJ) 

the fiTst day of trapping may be made (table 6) 
by taking in to con. ideration the data in figme 6 
along with that in .table 6 which concern the 
number of stations catching 0, 1,2, or 3 animals. 
The e are probably light tmdere timates. 

F igure 7 . Accumula ted ca ptu.rcs of mice along all 
North A m eri ca n Cen su s of Snl all 1ammals t rap­
Hnes frOID end of l rapline to cen ter , 1948-51. 
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Table 6. Trapline da t a from North A m e rican Cen sus of Small i\oI am m al s, 194~51 

:\'[can da il ,v catch Xumber stations \yi th catch 011 
Approxi-

day 1 of- mate pro-
por tion of 

~umber T hree- approach-
To tal 3-d ay of day ing a ni-

catch trap- total mals 
(ran ge) l in e D ay 1 D a,v 2 D ay 3 ( ean) 0 1 2 3 t lIl'n cd 

a way 
on day 1 

Total ___ 845 4, 25 :122 2. 45 9, 92 H , 083 2, 190 502 125 - ---- - --- -
-0- 9 __ ______ ___ 575 1.7 1. 3 O. 9 3. 9 10,609 27 60 4 0, 033 

10- 19 __ _____ __ 166 6. 1 4. 2 3, 2 13. 5 2,460 726 120 14. . 040 
20-29 _______ __ 55 10.6 7. 2 5. 9 23, 7 648 335 ]04 13 .047 
30- 39 ____ _____ 18 13. 9 11. 3 8, 9 34, 1 181 115 57 7 .050 
40- 59 ___ ___ ___ ]5 18.1 14, 6 11. 3 44, 0 129 95 51 25 . 073 
50 a nd OVCl" _ ___ 16 31. 1 22. 6 22.1 75. 8 56 92 110 G2 . 150 
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F ig u re 8 . Observed and expec ted catch of s mall 
maulmals taken duri n g 8 eon ecuti ve days of trap­
ping aJong 12 North A m er ican Ccn su s of S mall 
Ma m ma ls l rapli lles. 
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However , it is apparent that when the total 
3-day catch Oll a traplinc exceeds 35 anim als, 
not more t han 95 percent of the a nimal ap­
pl"Oaching the tr ap on day 1 are ca ugh t . When 
the anticipated catch for 3 day exceeds 35 ani­
mal pel' trapline, 4 or more trap per station 
arc needed. 

Only rarely is it necessar:,- to take t he precau­
Lion of providing additional trap since the 
:3 -da~' catch for a Lrnpline will exceed 35 anim als 
onl:,- 5 percent of t he t ime (table 6). Each 
successive da~T t he catcb will decline. There is 
no y tematic d ifference in the rate of decline 
in the daily ·atch wi t1:Un the range of 4 to 44 
animal per trapline for 3 day . 

I n th i t udy, t he largest num ber of an imals 
wa cap tm·cd on the 1,\\-0 termin al stations, 
Nos . ] a nd 20 (fi g. 7) . A mall er number were 
Laken 0 11 stn, tion Kos . 2 a nd 19, whi ch are 

adjacent to Lhe terminal ones. The otber 16 
internal stations had approximately equivalent 
catches bu t less t ha n the 4 station at or next 
to the end of t he trapline, ind icating t hat a 50-
foo t ill terval between stations is too shor t to 
prevent competition between adj acent tations 
for t he available a nimal. The 16 centrally 
located trapline stations primarily ell·ew victims 
only from either side of the trapline, whel'ea 
the two terminal tations also drew victim who 
I ived beyond the end of t he l ines. 

Twelve traplines were r u n for periods longer 
t,han the usual 3 day (16) . One would antici­
pate t hat continued trapping and removal of 
t ho animnl population would lead to a con tinued 
decline in t he number of animal caught on 
successive days, but such is not. the ca e when 
t ue trapline is surrounded by extensive sim ilar 
habitat (fi g. 8) . Apparently anim al which 
initially have an extremely low probability of 
expo, ure to the tmp are attracLed in to t he 
vicinit)7 of t he traplin e as a result of t he removal 
of t he previou resident. Dw·ing the la t 6 
days of trapping, the total obser ved catch wa 
over twice t hat of t he expected toLal for t lLi 
period . This increase in t he ob erved catch 
presum ably was caused by invasion by animals 
from surrOll neli ng area , and by expansion of 
home r ange by cer tain subor dinate m embers of 
the communit,y. F ull documentation of the 
latter co ncep t will be pre en ted in another 
publication a t a later date. The expected 
catch per day was calculated by u ing eq uation 
54. 

The preceding paragraphs describe a widcl.,­
u ed procedure for sampling populat ion of 
small mammals. W e shall now proceed to 
show how the captures on days 1 and 2 111 

conj un cLion with data on home range ca n be 
used to estimftte density. 

.1 4 Calculu tio n o f Hom e Range a nd Den sity of S m ull MUlllllla ls 



Estimation of Population Density 

The data from the North American Cen us of 
'mall Mammals were derived from a sequence 

of daily samples from the animal population. 
Several perso n have estimated den ity from 

uch a sequence of samples (17- 21). Through­
out these paper there is a common rationale, 
which we have paraphrased as follows: 

Initial population= N 
Proportion of r emaining animals captured per 

l1ight = P 

First night' capture, 0 1 = NP [25] 

R esidual population after [u·st night, 1\-
NP= N (l - P ) [26] 

Second night' capture,02=PN(1-P) [27] 

Residual population after econd night, 
N(l-P)-PN(l-P) = N( l -P)2 [28J 

By extension: 
Capture on nth night, On= PN(l - p )n-l 129] 

Residual population after (n-1)" 11 ight 
=N(l - p )n- l [30] 

Therefore, total capture up to but Hot including 
n t·h night, Tn 

= N - N( l -P),,-1 [31] 

= N [l -(l - P )"-I] [32] 

Both 0" and Tn contain the common pm·am­
eter, (l _ p )n- l. We eliminate the parameter 
by substitut ion. 

Tn=N(l-JN) [33] 

O,,= P (N-Tn) [34] 

This is the equation of a straight line (fig. 9), 
as proposed by Hayne (19). Our equation 29 
is essentially that presented by Moran (20), 
and our equation 33 is essentially that prese nted 
by Leslie and Davis (17), D eLury (18), and 
Hayne (19). Hayne's method is applicable ollly 
to those conditions in which all animal have 
the same probability of capture by the sa mpling 
devices. Our equations 34 and 35 are applicable 
to this curve. 
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From eq ua tions 25 and 27: 

[35] 

The questions we posed initially were: Are 
eq uations 33 and 34 applicable to the data 
secm ed by the North American Census of mall 
Mammal ? Equation 33 applies only to the 
population in an enclo ed area in which at the 
beginning of each sampling period each animal 
ha the same probability of cap tm e. 

Moran (20) wa cognizant of this limitation 
to tbe use of equation 33, for he says: "The 
last and perhaps the most important reserva­
tion about the above theory is that it assumes 
that the chance of being trapped is the ame for 
each animal." Zippin (21) accepts the logic 
propounded by Moran, Leslie and Davis, 
D eLmy, and Hayne, with its r ecognition that 
such procedure for estimating density are valid 
only if "the probability of capture during a 
trapping is the ame for all animals." 

The following combinat ions of sampling pro­
cedures and characteristic of movement by 
members of the animal population r epresent the 
major conditions giving rise to a constant proba­
bility of cap ture: 

A. If there are ufficient ampling devices in 

Figure 9 . Graphic method of calculating density of 
mice (N ) according to Hayne. 
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the area to insul"e that all areas are equally 
depleted, equation 33 appli es . . 

B. If each animal moves at random through 
the area, equation 33 applies regardless of the 
pattern in which the devices are set, as long a 
no animals are rejected for want of opportunity 
of entering device already full. 

C. If the ampling devices are placed each 
day without regard to the position they held the 
previous day, equation 33 applies, regardless of 
whether the individual move at random or have 
some stationary statistics such as in equation 2. 

The sampling procedme utilized by the N orth 
American Census of Small Mammals and the 
characteristics of movement of the animals 
tudied are such as rarely to satisfy any of these 

conditions. The "A" conditions are violated 
because traplines are customarily placed in 
env irollments so extensive that many animals 
have a very low probability of encountering 
lrap because the~' live at such long distances 
from the traplines . In other words, for prac­
Lical purpose we are not dealing wi th enclosed 
area. The "B " condit ions are violated by the 
fact that small mammals do no t move through 
the habitat at random bu t rather h ave a home 
range similar to that r epresented b~· equation 2. 
The "C" condi t ions are violated b~r t be fact 
that the traps were left in t he sam e position on 
succe sive days. Thus, it is apparent that 
equation 33 will no t serve satisfactorily in esti­
mating density from the day-to-day removal 
catches obtained by the North American 
Census of Small Mammals. 

The procedme of fixed trapping stations has 
bee n used becau e i t facili tates conformity of 
sampling by differen t persons. Furthermore, 
many traplines have been run two or more times 
a year for several years. Where thjs has b een 
done, it is possibl e to make analyses of the 
effect of local habi tat characteristics in deter­
min ing the presence of animals. 

It seems r easonable to us that an animal 
living far away from a trapping station has a 
lower probability of cap tm e than does one 
living nearby . In fact, ,ve assume that the 
l)robabili ty of cap ture of an animal at a trapping 
station is propor tional to its density fun ction 
at the trapping st~tion (see equation 3) . In the 
ecological ense, tl:us density function r epre-
en t the amou n t of t ime an animal spends per 

unit of area within its home range. Wh ere the 
sampling device r emains at the same position 
throughou t the taking of the several consecutive 
samples, and where, for practical pmposes, the 
habitat about the sampling device is infinite 
wi th r eference to the animal's daily movemen t , 
the probability of cap tm e r equires furth er 
consideration. 

If, as we believe, the hazard area about a 
trapping station is relatively small , the number 
of times an animal encounters a station will be 
proportional to the density fun ction of the 
animal at the station. In the vicinity of any 
one trapping station located 0 as no t to be in 
competition with any other station , t here will 
be d istribu ted animals whose centers of home 
range lie at varying distances from the trapping 
station. Therefore, each of these animals will 
have a particular expectation of capture depend­
en t upon the distance of the center of its home 
range from the trapping station. The eX1>ec­
tation of captme (E(W)) * is used in th e sen e 
of t he percen tage of nights a n animal would b e 
cap tured in a trap provided it were released 
each morning and no learning by the anim al 
were involved. 

Suppose a trap i situated in an animal's 
home range at the coordinate (x' , y' ), which is 
at distance (X I2+ y'2) 1/2= W from t he ce nter . 
The density fun ction express ing t he probabilit~· 

of the animal being at t his poin t (x ' , y' ) is eitb er 

[36] 

0 1' 

[37] 

The expectation of captru·e of t bis particular 
animal will be propor tional to the density of 
the species at that coordin ate and will be 

K ?e-W2/2rT'= E (W ) [38] 
271"0"-

Since a priori there is an equal likelihood of 
a center of home range occurring at any point 
in the environment, it follows that the number 

*Our use of t he word "expectation" and the symbol 
E(TV) do not exactly corre pond with t he customary 
use of these term in statistics and p robabi li ty. In t he 
latter 'ense E (l'V)= f W f(W)clW. H ere, E(1'V) more 
clo ely co rresponds to a binom ia l expectation in that i t 
represent t he relat ive frequ ency of cap t ures. 
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of animals, N(vV) , who e center of home range 
fall within a ring about t he trapping station of 
radius lr and wid t h dlV i 

NOiV) = c2 71" WdW [39] 

where c is number of an imals per un it area. 
Then the expected capture of animal from 

the ring will b e th e produ ct of equations 3 
a,nd 39 : 

[40] 

Finally , th e expected cap ture on da~~ 1, 0 1, 

from all terr itory ulTounding tb e trapping 
station will b e the in tegral of equation 40. 

[41] 

The expected r es idual population in the ring 
at Tr a.fter r emoving t he capture 011 th e fir t 
nigh t will b e 

N(W)dl/V - N(lIjE(HJdlr 
= N(HJ [I - E( H')]dW [42 ] 

and the expected capturr on th e second night 
will b e 

and, in general , the expected capture on th e nth 
nigh t will b e 

On= 50'" E(W)N(W)[I - E (W )]n-1 dW [44] 

It follows t ha t 

[45] 

The above equations may b e s implified 0 as 
to solve for c, the a llimals per unit of area: 
Expected captures on cla~" 1 : 

[46] 

Expected captures on da:," 2: 

[47] 
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Expected captures on da~~ 3: 

03 - -- 1- 1- - [4 ] _ 71"C20-2 [ ( K )3J 
3 71"20-2 

The fun ctions 71"C2 0-2 and I{ occur a param-
71"20-2 

eters of th e e equa tion. It will b e helpful 
in interpreting the e equations if we can gain 
more insight into the m eanillO" of these two 
function . 

S i nce c r eprese n ts t he a nimals p el' unit of 
area and 0- 2 r epresen ts tbe range of each animal 
in units of area, co-2 is an expre ion of the in­
tensity of occupancy in terms of the tati c 
characteri sti cs of extent of home range. I n 
other words, co-2 deno tes th e extent of overlap 
of home ranges and th e scar city of pace un­
occupied b~~ animal. K r eprese nts a kind of 
velocity with which an animal covers its home 

K 
1'ano-e and - - the fr equency with which it 

71"20- 2 • 

vi it a par t icular place . The lat t er we de ig­
nate a the visitation fr equ enc:L Thi pl1l.·am­
eter is e en t iall)T that treated in militar~" 

ob eITation problems, u eh a detect ion of 
ubmarine from ai rplanes during World vYar 

II (22) . 
Thus, each da~"' ca tch is compounded of tbe 

intensity of occupanc:," fun ction , co-2 and the 

... f K H b ' VIs LtatlOn r equ encv, - 2 ? owevel', te ratIO, 
. 7r 0-" 

O2/0 1 depends e ntirel~" upon the visitation 
frequency: 

[49] 

Therefore 

[50] 

9. nd so , if 0- is known , c (animal per unit of 
area.) can be calculated using equation 46. 

[51] 

,,"h ere 0 1 a nd O2 r epre cut th e ca,ptuJ"E'S per 
trapping station on nights 1 and 2. 

InhancU in g actu al ets of data, there arises 
th e problem of pred icLin g what the actual catch 
,,"ould be p rovided ampling were continued 
without all~" ·hange in the act ivit ie of the 
an im a,ls r emaining within an a rea. 

17 



Figu.re 10. Comparison of observed and expected 
daily catches of mice along 744 North American 
Census of Small ~'1all1mals traplines during 1948-
51, based on· two hypotheses. 
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and, then from equ ations 45 and 46 

On= ;'U [l -(l-U)"] 

[52] 

[53] 

[54] 

By cal ulating U from the catches on the 
firt 2 day of trapping and inser ting thi 
qu antiLy in equ ation 54, the predicted catch 
on any followil1 g day may be e timated. Be­
cau e .of variability in 01 a nd O2 r e ul ting from 
chance and vaO'aries of the wea ther, everal 
sets of uch daLa are needed for use of equ ation 
54. 

The ob erved ca teh for 3 days and the ex­
pected numbers of mice caught tlu-ough a longer 
equence of time are shown in figm e 10. The 

expected numbers indicated by the straigh t line 
are derived from equation 35, which a umes a 
constan t probability of cap turing all animals. 
This hypothesis produces a lower calcula ted 
ca tch than the expected numbers derived from 
equa tion 54, hown as triangles in figure 10. 
This latter hypo thesis as runes that animals 
livil1O' farther from the trapping ta tion have 
lower probabilities of cap ture. 

:Drom equa tion 38, U repre ents the expecta­
tion of cap ture of a particular animal whose 
cen ter of home range is a t 0 di tance from the 
trapping station ; therefore, U must be between 

*See equation 50, 

o and L If this is so, then from equation 53 , 
O2/0 1 must be between 0.5 and L Similarly , 
03/02 must lie between 2/3 and 1 ; 04/03 between 
3/4 and 1, and so on to O"+I/On between 
n/n+ 1 and L 

As shown in test IV in the section , "Dm'iva­
tion of Home' Range," u varies significantly 
among animals, and in equation 38 we were 
forced to use a grouped (J (8 a in equation 8a). 
D etermination of the distribution of u r equire 
more data than is now at hand, However, if 
this distribution were known , equation 38 could 
be replaced by 

Then equations 39 to 51 would be correspond­
ingly alter ed toward grea ter accuracy in e ti­
mating density. Likm,rlse, the reli abili ty of 
e timates of density r equire a k.nowledge of t he 
di tribution of O2/0 1 where O2 i not independent 
of 0 1, For the purpo e of our formula t ions 
we have con idered small mammal a a biologi­
cal enti ty. Further use of these formulations 
demands that re trietions of specie, sex, habi­
tat, and perhaps season be placed on C2/0 1 a, 
well as t he home range u . 

In the preceding formulation we were con­
cel'n ed primarily with the development of mean 
of estimating density from removal trapping 
such as is r epresen ted by the procedm'e utilized 
in the North 'unerican Cen u of Small :Mam­
mals. This effor t culminated in equation 51, 
which utilized only data for captme on the fIr t 
2 day of trapping since con tinued removal 
thereaft er is u ually accompanied by ilwa ion 
by animal from other ar eas or by expan ion of 
home range of sUl'vivors (fig, 5). 

How'ever, it is theoretically pos ible to ob tain 
data on den ity of animals without altering pat­
tern s of mo vemen t . Were all animal marked 
for visual identification, the number of indi­
viduals appearing at a particular point for the 
first time on each ucces i'TE;'. day could be re­
corded, when captuTe-mark-release-and-recap­
tm'e procedul'e are u ed, the number of un­
marked animals entering traps each day can be 
recorded . However, two precaution mu t be 
exerei ed. First, there must be enough live 
trap at each ta tion 0 captm'e every animal 
which approaches a trap. Second, tations 
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must be far enough apart so as not to compete 
for the Oppol'ttLllity of captm'ing animal living 
between station. For rodents uch as Oleth-
1'ionomys, P e1'omyscus, R eith1'odontomy , and 
Sigmodon, which generally appeal' to form, at 
mo t, family group or other small aggregate , 
there hould be at least 5 traps at each station, 
and stations should be located at least 4 to 6 
home range CT apart. For example, station 
hould be 60 to 80 feet apa,l't for 'Nlicrotu and 

240 to 360 feet apa.rt for P romyscus . We arc 
aware of no live-trapping data which fulfill the e 
requirement . 

Where the pl'oeedmes of ampling do not 
eli rupt the tationary tatisties of home range , 
i . e. , inva ion and al teration of CT , a fmthel' e ti­
mate of den ity, c, follows from equation 45. 

In such ituations, when i t is reasonable to 
a sume that c and f{ remain con tant for cap­
tUl'C on all n day, it hould be pointed out that 
the e pa.rameters can be estimated directly by 
utilizing all capture on all n clay, rather Lha.n 
from the fir t and eeond night eaptul'e only. 
Equation 45, which contains the parameters 
nonlinearly, can be differenced so tha t the loga­
ri t}un of the cl iff rences in cap tures on successiye 
night i lineal' in c and f{. 

The teps are as follow : 
From equation 45 

n,on= 27rCT2C [1-(1-2~2)] [56] 

Therefore 1 

[57} 

= cf{ 1--( f{ )"-1 
27rCT2 

[5 1 
Therefore 

log il (n-1) On_I= 10g cf{+(n-1) log (1_ ')f{ 2) 
~7rCT 

[59] 

XOI\' plotting the logarithm of [nO"-(n- 1)0",,,d 
again t n-1 should re ult in a traight line 
who e intercept and slope can be e tinlated by 
lea t squares or graphically, In practice, in 
ord er to avoid negative difference of [nOn-
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(n-1)On- I] , it may be nece ary to fit a 
smoothed cm've t lcrough the capture data. 
Then each On and it 0 "_1 would be r ead from 
the moothed em've. The intercept of course 
is equal to log cf{ and t he slope is equal to log 

(1- 2:~2)- Taking antilogs, we find cf{ and 
f{ 

-2 2 and hence for known CT2, c and f{ may be 
7rCT 

calculated. For example, if the in tercep t and 
lope are deno ted by a and b re pectively , we 

have 

100' cf{= (t [60] 
and 

[61] 

From equat ion 61 

[62} 

and ub tituLin O' in equation 60 

c 
antilog a 

[63J 

D termination of den ity by equation 63 
has the advantage in that it i applicable to a 
single con ecu tive series of ampling , whereas 
equation 51 demands everal et of data on 
01 and O2 in order to cancel variability caused 
by weather conditions ,,'hich modify the 
activity of the animal . 

I n the text directly following equaLion 4 
brief men Lion wa made of what we understancl 
f{ Lo repre ent. Sow that it is pos ible to es ti­
mate f{, fur ther comment co ncerning what i 
sub mlled under it is ju t ined. f{ is a kind of 
velocity in that it probably inelude : 

• AetualraLe of travel. 
• The percep tion wath the animal " ut " 

tbr'ough its envil'onment. If an animal can 
detect a trap or similar timulu 10 feet away, 
it will cu t a 20-foot perception swath along 
its route of travel. Thu , where all other fac­
tors are equal, an animal cu tting a 20-foo per­
ception waLh will be more lil(ely to be cap­
tured than one cutting only a 10-foot wath, 

• The number of trip pel' unit of time away 
from home a nd back again, 

• The pattern of movement. An animal 
which retraces homeward the arne rou te it 
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Table 7 . Captu res of _rna Ie R eith.rodont;ontys frmu 
the North Am e rican Cen s u s of S m a ll M ammal s 
cen s u s t ract Cal ifo rnia I - I a n d II 1 

Xumber of s tat ion~ \\' it h 
D ay cCltc hes of- T otal 

catch 

0 1 2 :3 
------

T otal __ 348 117 13 2 149 

1 ____________ '-9953\--7- 1 70 
2 _____ ________ 123 33 4 0 4 1 

. ? 3 __ .__________ 126 .3L 38 

1 Run by Dr. Brant ,i· times dur in g 1950 a nd 1951. 
T h i, was t he t ract from wh ich t hc home range 
parameter, u , of 52.7 fee t was dete rmi ned. (See eCJua­
t ion a .) 

traveled outward will be les likel~r to encounter 
any particular po int than one which move 
outward rad i all~-, traverses an arc, and then 
retul'DS homeward alolJO' a different radius. 

J( might will b e more appropriately desig­
nated as a scanning co nstant. It is presented 
a a neces aI'S' po tu late to u ndeI'standing home 
range dynamics. All foul' variables which 
contribute to it may be mea ured on a practical 
basis. 

Table 7 pre ent t he kind of data requ isite to 
calculating populat ion density . Since in the 

trapline there were 160 trapping stations, 
each run 3 nights, the m ean catch per trappi l1O' 
station on day 1 was 0.437 , 70/160 ; and 

O2/0 1= 0.585; and (}' = 52.7 feet [64] 

Thcrefore, from equation 51 

c= 0.437/471"(52.7)2(1-0.585) [65] 

= 0.0000302 male R eithTodontomys p el' 
square foot , or 1.316 per acr 

In the cen u es run by Dr. Brant, (6) there 
were also female R ei thl'odontomys, a " -ell a 
male and female P eromy cu and ll!li crotus . 
The total catehes for the trap line in this 
sample wer e 43, 29 , 85, 63, 78, 70, 49, 19. 
Thus, in addition to the 149 male R ei thr'odon ­
to my , 2 7 other animal entered tbe traps. 
Some a,nimal must have been turned p, \vay 
because all thl'ee traps at a sta tion were full . 

This tUl'n ing away of animals ma~- ha\Te 
produced a slight error in the calculation of 
the population den it~- of male R eithTodontomYI:i. 
It aO'ain emphasizes the nece ity of having a 
sufficient number of trap pel' trapping stat ion 
so that no animal will be turncd away (tables 
6 fLnd 7) . 

Sampling Populations of Small Mammals 

Adequacy of Sampling Device 
' ''Thenever animal are turned away from a 

sampli ng station b ecau e of the inadequacy of 
the sampling device, too small a 0 1 w:ill r esult. 
The animals turn ed awa~- will be likely to 
augment O2, 0 3, and so on. O2/0 1 will be too 
large, and an overe t,imate of den ity will result. 
The preceding example of the calculation of 
density of R eilhrodontomys eel' ainly involved 
such an C1'l'or. 

Hine's data * illu trate the aberrations which 
ma~' resul t from an inadequate ampling device. 
She ran 103 traplines fo1' 3 consecutive days. 
Several localities were r eprese n ted, and each 
wa sampled dLu'ing Heral month of th e .\-eal'. 

*~ee Acknowl edgments. 

Thus, any favoring of an incr eased catch on 
an~- one of tbe 3 da~'s becau e of weather was 
probabl~- carlCelled. Each trapline con is ted of 
50 trap placed in a li ne, with 1 trap per station 
and with 100 fee t between tation. On each 
of the fn'st, second, and third days of trapping, 
5,150 station were r epre entecl, for which the 
total daily catches of 1 animal pel' station were 
519 , 546 , and 495 , respectively , fo1' each of the 
3 clay . 

Considering the large size of these amples, 
and tha t, all an imal were killed and remo\~ ed 
from the trap each clay, the fact that the catch 
for eac h co nsecuti \7e day did not decr ea e 
presents an apparent anomal~-. Ho\\-evel', since 
th e anim.al popula.t ion ampled co n i ted of 
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small mftmmftls, such as P eromyscus, Blal'ina, 
and J;licrotus, as was al 0 true of tb e popula­
tion for which data ar e presented in tb e North 
American Censu of Small NIammals, there 
was every r eason to believe that 2 and orne · 
times 3 animals did arrive., a t many of the 
stations dUTing a single day . When this 
happened, the extra 1 or 2 individuals must 
have been turn ed away from the e single-trap 
trapping stations. 

If tbe animals which are tmn ed away from 
the trapping stations keep r eturning to the new­
found somce of food until they find a trap 
unoccupied, one may an ticipa,te a series of 
catches over the 3 days much lilce the catches 
found by Dr. Hine. In fact, by taking the data 
in table 5 for kno~vn numbers of second and 
third captures and assuming that the popula­
tion was, in tead, sampled by only one trap per 
station , and fmthermore, that the animals 
Lurned away kept coming back to the same 
station until they found a trap empty, one will 
derive catches C1, C2, and C3, wbich are very 
similar percentagewise to those of Dr. Hine. 

Variations in Size of Daily Catch 

Both random sampling error and temporal 
changes in the 'weather produce variation in 
C1 and C2 • We have not as yet attempted to 
es timate how many determinations of C1 and 
C2 are r equired for adequate averaging of such 
variation. Until the eHect of fluctuations in 
weather on this variation is known, precaution 
must be taken to include several pairs of differ­
ent days when using equation 51. The follow­
ing i an excellent example of how weather may 
occasionally modify the relationship between 
C) and C2 . 

Only infrequ ently is C2 greater than C1 • Yet 
William L. Webb r eported that each of 
eight Jorth American Census of Small Mam­
mals trapliD es et out on October 10, 1951 , ha,d 
greater catche on the second day of trapping 
than on the first day (2). Totalswere: C1 , 19 ; and 
C2 , 52. Eight other lin es, 4 et out September 4, 
and 4 set out September 10, in a neighboring 
habitat all gave the usual higher C1• Totals 
were: Cl , 116 ; and C2 , 67. Although the weather 
changes on these dates are not definitely known, 
it is unlikely that the gr eater C2' on the line et 
ou t Octobcr 10 were du e to chao ce error . 
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Invasion 

The problem of inva ion ha already been 
mentioned in tbe de cription of the North 
American Cen us of Small ~i[ ammals . The 
numbers of animals taken in and removed from 
traps on days 3 through 8 (fig. 8) were con­
sid erably larger than the numbers an ticipated 
by the u e of equation 54. Verification of the 
validity of equation 54 probably cannot be 
accomplished by procedlU'es which kill the ani­
mals captured by the ampliog device, because 
invasion results. T esting the accuracy of 
equation 54 probably can be accomplished only 
by marking and releasing the animal. The 
sequence of cap tm es of unmarked iodividuals is 
the on e to compare with this equation. It is 
probable that even C1 and C2 are slightly in­
cr eased by invasion when kill-trapping is 
employed. 

Competition Between Sampling Station 

In areas where stations are too close together 
the mean number of captlU'es per station will 
be r educed (fig. 7) since some animals which 
would be taken by a particular station are in­
stead r emoved by neighboring ones. When 
using equation 51 , this leads to an underes ti­
mate of density . Where home range has been 
determin ed, and stations are placed 60" apart , 
C1 and C2 will have only a very small error 
resultiog from competi tion between adjoining 
stations for th e available population . The 
50-foot in terval between s tation u ed by the 
North American Cen us of Small :Mammals 
probably leads to a 10 to 20 percent under­
es timate of C1 and C2, and thus to an under·· 
e tima te of den ity when C1 i t aken as the 
average number of animals per station. 

The Trap-Day Index 

A great many papers have been published 
which pl"e ent information concerning the den­
sity of small mammal. It i rare to find an 
indication in these papers tha t the au thors are 
aware that the procedure used may modify the 
r e uIt. Historically, knowledge of the density 

-of mall mammal wa a byproduct of trapping 
to ob tain specimen fOl" mu cum. The collector 
customarily followed an irregular path Lhl"ough 
the habi tat . Trapline were formed by placing 

21 



traps at irregular intervals at points where it 
wa thought specimens weI' most likely to be 
caught. These trapline were left et until the 
dimini bing catch dictated removal of the traps 
to a new site. R elative den it.\-was expre ed as 

number of animal caught X number of days 
number of trap traps were set 

or. in other word , t he number of n.nimals per 
trap-day. 

F rom data ah'eady presen ted, it i apparent 
t baL den ity of trap and the Dumber of day 
traps are left et will markedly modify tbis 
index of den ity. Yet this index of density 
co ntinu e to be used b)- ome inve tigator , for 
example, Beer and hi co-workers (23), both for 
trapli.ne and for o-ricl trapping. 

R elative Densities 

R elative rather than ab olu Le den iLy has 
been a sumed to ufnce for olving many biolog­
ical problem , but the area factor in density has 
been ignored. If all procedUTe arc m ain tained 
con tant, including the time over whi ch sample 
are taken, it i a umed tha t tbe relative den-

sities obtained will suffice for comparing differ­
ent habitat or the arne habitat at different 
time. Ho\\,ever , the e relative densitie ean be 
misleading. For example, on tho trapline !"lID 

by the orth American Censu of Small Mam­
mals from 194 to 1951 , 1,901 male and 1,521 
female deer mice (P eTomyscus) were trapped. 
One mio-ht conclude from this that males in 
these ar ea were 25 percent more abundant than 
female , but this is probably not o. It is more 
liJ-:ely that more males than female wer e cauo-ht 
because males have a laro-er home range than do 
females (11) and, t herefor , more males than 
female are expo ed to the traplines. Similar 
inaccuracies of a uming that relative den itie 
are proportionate to tru e den itie also apply to 
compari on of Lhe density of different genera 
or of tho amo genus in different habitats. 

ntiI much more i 1\:nown concerning the in­
fluence exerted upon home range taListic by 
pecies, ex, and habitat, it i well to use cau tion 

in dra\\-ing conclu ions from relative den ities 
other than for those densitie which concern a 
single pecie a nd ex from different time in the 
same habitat . 

Summary 

The principal objectiyo of tbi monograph 
ha been the development of a method of 
estimating den ityof m all m ammal in habitat 
ufficiently exten ive 0 tha,t a considerable par t 

of a habitat lies p eripheral to t he habitat in 
which Lhe samplin o- station are located. Our 
major premi e wa that the e).,:p ectation of 
cap tminO" an a nimal at a particular station 
depends upon th e di tance of i ts center of 
activity from the trapping tation. This prem­
ise required that an equation be found which 
n.pproximatcd the deD itj function of the ani­
mal about it center of activity. In general , 
the stati"tics of the home l'alWEl , ere found to 
be stationary and to be approximated by the 
bivariate normal distribution of the density 
fun ction : 

1 -(x'+V'l/2u' 
f(x,y ) dxclY=-2 2 e dxdy 

7rU 

where l ' is the radial di tance of t he point of 
capture at the coordinate, xy, from the ce nter 
of activit~- . 

The probability offineling an a nimal between 
t,he radii T anel T+ dl' about the true cen ter of 
it home range is 

According to this equation , 0. 394 of the 
captm es fall within a distance of lu from the 
center of the home range, 0.8645 within 2u, 
and 0.988 within 3u. Tables and figm es are 
pre ented which enabl u to calculate the pro­
portion of exp ected cap tm e within any band 
about the center of the home rallo-e. 

Several method are presen ted for e tin1ating 
the tanelard deviation of this bivariate normal 
distribu tion from r ecaptme elata. An unbiased 
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estimate of t he landaI'd deviation, u , of the 
home range for a single animal in its simple t 
form is 

where there are a J( number of j captures. 
For male R eilhTodonlomy the be t estimate 

of the oTouped u= 52.7 feet. igma varied 
significantly among animals, that i , all male 
R eithTodontomy do not have the same-sized 
home range. Therefore alI T' had to be divided 
b!' their' own u ' before radii from differen t :rrUce 
could be pooled for eompa,rin D' the ob erved and 
theoretical fl' equencie. These closely approx­
imated each other, 

It was further found that the number, c, of 
.a,nirnal pel' unit area could be estimated by 

where 0 1 and O2 are the average capture per 
trapping tation for day 1 and day 2, 1'e pectively, 
Precautions to be considered when utilizing 
thi equation include : 

• The less one interferes with the normal pat­
tel'll of movement in obtaining the ob ervations 
upon which the home range parameter, u , i 
ba ed, the more aCCUl'ate is tills meaSUl'ement, 

• I naccuracies in e timating u will be min­
imized if the observation upon which u is 
ba ed are made over a pan of time willch i 
short in relation to the life span, This will 
increase the likelihood of excluding from the 

timate animal which have hifted their center 
of home range, 

• igma vari with ex, pecie ,and habitat, 
Therefore, den ity m eaSlU'ements must include 
only one category of each of these conditions. 

• Each sampling station must be adequate 
to provide the opportunity of sampling each 
arumal which appro ache it dming each period 
of ampling. 

• ampling tations hould be almo t 6u 
apart if underestimation of den ity arising from 
competition between sampling tation is to b f\ 
minimized, 

• Where 0 1 and O2 represent animals willch 
have been removed from the habitat, the time 
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bet,ween sampli.ngs should not exceed 24 hoUl' , 
because O2 in particular is llkely to be aug­
mented by animals which shift t he centers of 
their home ranges toward the area about the 
sampling sta tion that i becoming depleted of 
re idents. 

• Several samples of 0 1 and O2 mu t be taken 
in order to average out random error and varia­
tions due to changes in the weather. 

The above approach to estimatinD' density is 
mo t applicable to techniques of sampling 
involving removal trapping at fixed tation in 
extensive environment , 

'\'V'here marking and releasing procedmes are 
employe i, the number , c, of an imal per unit 
area may be estimated by 

antilog a 
27l'u2 (1- antilog b) 

where u i the standard deviation of tbe home 
range, log a i the intercept, and log b i the 
slope of a line formed by plotting tbe loga­
rithms of the differences in capture between 
successive days, n, again t n- l. For thi 
method of estimating den ity to be valid two 
conditions mu t be met: 

• Every animal app roacillng an observation 
or trapping station must have the opportunity 
of being sampled. 

• Station mu t be at least 6u apart, 
D etails are presented of the development of 

the equa tion fo [' e tima ting u , t he standard 
deviation of the home range, and for e timating 
den ity . 

• Oonsiderable discu sion i devoted to how 
our formulation of home ranD'e may be employed 
for elaborating a more detailed understanding 
of till phenomenon and to how the habits of 
animal and the procedures of sampling affect 
the applicability of our equations for e timat­
ing den ity. 

Several authol have e timated density by 
equations eq uivalent to 

where N = initial population, and 0 1 and O2 arc 
the number of aniruals taken on the first and 
second days of ampling. uch equations arc 
applicable only in those pecial situations in 
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which the probability of capture remains con­
stant on both the first and econd days as well 
as on following days. In general, these equa-

tions are no t applicable when animal are re­
moverl from fixed stations about which some 
animals live close r t han others. 
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