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ABSTRACT. — Gopher tortoise (Gopherus polyphemus) populations have declined because of habitat
loss and fragmentation. Management guidelines established previously to determine tortoise space
requirements for development of reserve areas have suggested that 10-20 ha, or sufficient area to
encompass 80 active and inactive burrows, were sufficient to maintain 50 animals in a landscape.
However, the data used to develop these guidelines underestimate general patterns and, thus, reserve
areas calculated from these data also may underestimate space requirements for viable populations.
We used data from a population of 123 tortoises in Georgia that were followed for one year via
radiotelemetry to create three sets of simulated reserves. First, we delineated reserve boundaries
around the perimeters of 80 nearest-neighbor burrows and then counted the number of tortoises that
occupied at least one burrow within the reserve. Second, we determined the minimum number of
animals known to occupy the reserve by including only those tortoises whose entire annual home
range occurred within the reserve. Finally, we expanded reserve boundaries so that the entire annual
home range of all reserve occupants was included within the reserve and calculated the number of
burrows required to completely enclose the original population. We then assessed the accuracy of
existing guidelines for estimating reserve size. Our results indicate that current guidelines underes-
timate reserve area requirements of gopher tortoise populations. Based on home range analysis, we
found that reserve area requirements ranged from 25 to 81 ha. From burrow counts, we determined
that 157 burrows were required to maintain 50 animals in a landscape. Based on burrow density, we
found that 19 to 41 ha would be necessary to maintain 50 animals. We discuss ways to improve
current guidelines and provide an alternative method for estimating reserve area.

Key Worbs. — Reptilia; Testudines; Testudinidae; Gopherus polyphemus: tortoise; burrow; density; home
range; longleaf pine; movement; overlap; regression; reserve size; conservation; management; USA

The historic range of gopher tortoises (Gopherus
polyphemus) overlaps much of the range of longleaf pine
(Pinus palustris), with tortoises occurring from South Caro-
lina south along the Atlantic Coastal Plain through Florida
and west along the Gulf Coastal Plain to Louisiana
(Auffenberg and Franz, 1982). Estimates of longleat pine
habitat prior to European settlement range from 24 to 35
million ha (Noss, 1989). However, the present extent of the
longleaf pine ecosystem is only about two million ha (a
reduction of over 85%). and remaining forests are small and
highly fragmented with much habitat in poor condition
(Noss, 1989). Increased development pressure has also
forced the relocation of gopher tortoise populations from
prime ancestral habitats to lower quality non-native areas
(Burke, 1989; Burke, 1991; Diemer et al., 1987: Dodd and
Seigel, 1991; McCoy and Mushinsky, 1995). Consequently,
population densities of gopher tortoises have declined by
80% range-wide (Auffenberg and Franz, 1982; Hermann et
al., 2002), resulting in the protection of gopher tortoise
populations by the federal government and/or each state
government throughout the geographic range of the species
(Ernst et al., 1994; TESII, 1995).

In response to increased development in Florida, Cox et
al. (1987) devised a set of guidelines for estimating space

requirements for gopher tortoises. These authors suggested
that, to maintain 50 adult animals in a landscape, a reserve
area of 10-20 ha (or sufficient area to encompass 80 bur-
rows) was required. These guidelines, despite being based
on limited data, represent the only attempt to determine the
amount of habitat necessary to sustain viable populations of
gopher tortoises. Thus, recommendations suggested within
Cox et al. (1987) have been used to establish guidelines for
the development of gopher tortoise preserves in Florida, and
are a principal source of information employed by consult-
ants and managers in development of plans throughout the
species’ geographic range. However, it is critical that accu-
rate reserve estimates be developed to assure that existing
and future reserves are large enough to maintain viable
populations in the face of increasing habitat loss to develop-
ment. Therefore, although Cox et al. (1987) provided re-
serve estimates based on the bestinformation available at the
time, continual refinement of their estimates and exploration
of alternative methods are needed as new data accumulate
describing variation in key variables of gopher tortoise
natural history.

In this study, we use data from a gopher tortoise popu-
lation located in a large, contiguous tract of longleaf pine
habitat to test two predictions made by Cox et al. (1987).
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Based on home range areas and burrow use patterns calcu-
lated from our population, we determine whether 10-20 ha
is a sufficient range of areas to maintain a population of 50
adult gopher tortoises. Second, we determine whether re-
serves established around 80 burrows will contain 50 tor-
toises. Using current guidelines as a foundation, we suggest
improvements to reserve size recommendations made by
Cox et al. (1987).

EXISTING GUIDELINES

Reserve Size Based on Critical Area Requirements, —
Cox et al. (1987) assumed a minimum viable population to
be 50 adults and estimated area requirements for this number
of gopher tortoises based on home range sizes from McRae
et al. (1981: 0.2 £ 0.2 ha for females and 0.5 + 0.5 ha for
males). These mean home range areas were then used to
determine critical area requirements for gopher tortoises:

CA = ((HR; + 1 SD;) + (HRy, + 1 SDy))2  [1]

where CA =critical area, HR = the mean home range size of
F=females and M = males. and SD = one standard deviation
of each mean. Thus, the critical area per tortoise was esti-
mated to be 0.7 ha. Because gopher tortoises do not occupy
exclusive home ranges (McRae et al., 1981), Cox et al.
(1987) recognized that 50 individuals would not require 35
ha (0.7 ha * 50 tortoises) of habitat. Instead, the proposed
reserve area could be reduced by an estimate of the amount
of habitat shared by two or more tortoises. Cox et al. (1987)
estimated that a minimum reserve size would be

RA=n*CA*(1-0) [2]

where RA = reserve area. n = target population size, CA =
critical area (see Equation 1), and O = the proportion of
overlap among home ranges. For their analysis, they as-
sumed that mean overlap per tortoise within a population
would be approximately 50%. Thus, a population of 50
tortoises would require 18 ha of habitat (Cox et al., 1987).
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Although Cox et al. (1987) were correct in suggesting
that overlap among home ranges is important, the formula
used to determine reserve size incorrectly estimates space
requirements for populations because it does not account for
the way overlap is distributed among neighboring tortoises.
Depending on the number of overlapping tortoises, reserve
size is not always a decreasing function of home range
overlap (Fig. 1). An alternate formula is:

RA=X (CA*n*0y)/i) [3]

where 7 = the number of animals that occur in an area (from
I to n). n = the maximum number of animals that inhabit an
area. and O, = the proportion of the area of the mean home
range thatis utilized by i tortoises. Thus, this formula divides
the total area occupied by an entire population into the areas
occupied exclusively by one animal and the areas shared by
two, three, ..., and n animals.

Use of this formula requires knowledge of overlap
patterns by tortoises within a site. yet previously published
studies of gopher tortoise movements do not address these
patterns. For this paper, we calculated patterns of overlap for
tortoises at a relatively pristine site and assumed such
patterns were similar to those at other tortoise sites. These
overlap patterns then were used to calculate reserve size
based on published studies describing movement patterns of
gopher tortoises.

Reserve Size Based on Burrow Surveys. — Gopher
tortoises excavate and use deep burrows as refuges, obtain-
ing protection both from predation and climatic extremes
(Auffenberg and Franz. 1982). Further, tortoises spend the
majority of their time in or near a burrow, and many above-
ground activities (e.g.. foraging. mating, basking) occur
within close proximity to burrows (Douglass, 1990). Thus.
Cox et al. (1987) suggested that tortoise reserves could be
identified most efficiently if tortoise abundance could be
inferred from burrow surveys.

Within any site, there typically are more burrows than
there are gopher tortoises. Auffenberg and Franz (1982)
used a correction factor to reduce the total estimate of usable
(e.g..activeand inactive) burrows to those actually occupied
by gopher tortoises (see Auffenberg and Franz, 1982 for a
description of active and inactive burrows). The correction
factor varies among sites, with estimates ranging from 0.04—
0.75 (see Burke and Cox, 1989; Breininger et al., 1991).
However, once this value is known for a site, the number of
burrows necessary to encompass n tortoises can be calcu-
lated with the following formula:

B=n/CF [4]

where B = the number of occupied (active) burrows and CF
= the burrow-to-tortoise correction factor. For this analysis,
Cox etal. (1987) used the correction factor of 0.614 derived
by Auffenberg and Franz (1982). Thus, Cox et al. (1987)
estimated that an area containing 80 burrows should encom-
pass 50 gopher tortoises.
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Establishment of reserves based on burrow surveys is
attractive because such surveys are much easier to perform
than are examinations of movement patterns of tortoises.
However, because tortoises can use several burrows during
a year, reserve estimates based on burrow surveys predict
only that the target number of individuals will be present
within areserve at a particular pointin time and not that these
tortoises will have sufficient space within the reserve to
carry out their annual activities. Thus, the number of animals
in a large contiguous population that might occur within an
area containing 80 burrows is likely to be greater than the
number of animals that can be retained by an isolated reserve
of those same burrows. One way to estimate the expected
population of an isolated reserve is to include only those
individuals whose home ranges are likely to be entirely
circumscribed by the reserve. Alternatively, the target num-
ber of burrows required for an isolated reserve might be
expanded to include all burrows used during an annual cycle
of activity by a contiguous group of 50 animals. We used our
data on movement patterns of tortoises to examine these
possibilities.

METHODS

Study Site. — The primary source of data for this study
was Green Grove, a 100 ha site located in the northeastern
portion of an 11,700 ha ecological reserve in Baker County,
Georgia (Ott, 1999). Green Grove comprises primarily
longleaf pine — wiregrass (Aristida beyrichiana) habitat,
interspersed with patches of live oak (Quercus virginiana)
and small abandoned agricultural food plots. Frequent pre-
scribed fires (annual to biannual winter or summer burns)
help maintain a diverse assemblage of groundcover species
(Drew et al., 1998).

Home Range Size and Overlap. — From April 1997 to
June 1998, we investigated the movement and burrow use
patterns of the entire adult gopher tortoise population (n =
123) at Green Grove (Ott, 1999). Tortoises were tracked via
radiotelemetry 3—4 times per week to either a burrow or a
non-burrow location. Estimates of home range size (95%
minimum convex polygons) were calculated for each indi-
vidual using the program CALHOME (Kie et al., 1996).
Mean home range area = 1 SD of females was 0.4 = 0.6 ha
(n=53; range =0-3.4 ha), and for males was 1.1 £ 1.2 ha(n
=70: range = 0-4.8 ha). For the current study, we used these
mean home range sizes.

To calculate the amount of overlap between tortoise
home ranges, we converted home range polygons to grids
(0.5 mx 0.5 m pixels). For each tortoise, we assigned a value
of 1 to all pixels located within the home range and a value
of 0 to all pixels located outside the home range. Grids then
were added sequentially so that pixels representing space
shared by only 2 individuals received a value of 2, pixels
representing space shared by 3 individuals received a value
of 3, and so on. Thus, values of 0 indicated that no tortoise
occupied that pixel. values of 1 denoted pixels with exclu-
sive use by a single tortoise, and values >1 designated areas

of overlap. We determined total overlap area by adding all
pixels with values greater >1.

Burrow Status. — At Green Grove, an active burrow was
defined as any burrow known from telemetry data to be
occupied by atortoise during the 1997-98 study (Ott, 1999).
Burrows that appeared usable (entrance clear of debris and
retaining the shape of a tortoise shell) but that were never
observed to contain a tortoise were classified as inactive. An
abandoned burrow was any burrow whose entrance was
occluded, collapsed, modified by an armadillo, or otherwise
unusable by an adult gopher tortoise. We classified 254
burrows as active. 61 burrows as inactive, and 93 burrows as
abandoned. Our definitions take advantage of the precise
information available to us from the telemetry data but differ
from those of previous authors (e.g., Auffenberg and
Franz, 1982; Cox et al., 1987). For the purposes of this
paper, we make the simplifying assumption that the
numbers of burrows in these three categories will not
differ significantly between the two methods of catego-
rization. We do this because we currently lack the data to
test this assumption.

Estimating Reserve Area Based on Home Range Size. —
Using mean home range areas and percent home range
overlap calculated for tortoises at Green Grove (see above),
we applied the formulas for estimating critical area devel-
oped by Cox et al. (1987: our Equations 1 and 2) and the
corrected reserve size formula (our Equation 3) to determine
the amount of habitat required by 50 gopher tortoises at
Green Grove and in other published studies.

Estimating Reserve Area Based on Burrow Counts. —
We tested the prediction by Cox et al. (1987) that a reserve
with 80 burrows is large enough to contain a viable popula-
tion of 50 gopher tortoises by creating simulated reserves at
Green Grove. First, for each of the 315 active and inactive
burrows, we identified the 79 nearest-neighbor burrows.
Using the movement extension in ArcView (Environmental
Systems Research Institute, Redlands, CA: Hooge and
Eichenlaub, 1997), we established a minimum convex
polygon around each set of 80 burrows, thereby creating
315 simulated reserves (we will refer to these as ORIGI-
NAL reserves). Within each 80-burrow reserve, we iden-
tified individual tortoises that occupied at least one
burrow over a one-year period. We then calculated popu-
lation size within each 80-burrow reserve in one of three
ways.

First, to determine the maximum number of tortoises
known to use an 80-burrow reserve, we counted all individu-
als that occupied a reserve, whether a home range occurred
entirely or partly within the boundaries of an ORIGINAL
reserve (we refer to these as MAXIMUM reserves because
the estimate of population size is maximized). Second, we
determined the minimum number of animals known to
occupy a reserve by removing individuals whose home
ranges extended outside the boundaries of an ORIGINAL
reserve, thereby ensuring that all inhabitants would occur
within a reserve at its establishment (we refer to these as
MINIMUM reserves because population size is minimized).
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Table 1. Published data on burrow density (burrows/ha) and tortoise density (tortoises/ha) from established gopher tortoise reserves or

study sites within the southeastern United States.

Reserve Location Study Site Area Burrows/ Tortoises/ Source
(ha) ha ha
Ichauway, Macon County, GA Site GG 100.0 4.1 1.3 Present study
Site RD 14.7 4.6 0.9 J. Ou. unpublished data
Site SP 24.3 8.0 5.0 a
Site SD 293 5.0 34
Site TW 53.6 11.3 2.5 !
Conecuh National Forest, Covington Co.. AL Site A 53 229 7.1 C. Guyer, unpublished data
Site B 10.8 9.0 2.2 "
Site C 92 11.6 5.0 "
Site D 38.0 4.8 1.3
Site E 7.0 9.5 2.3
Site F 6.8 14.1 74 !
Hillsborough County, FL Site E 324 49.1 14.0 McCoy and Mushinsky, 1995
Site L2 1.5 437 18.5 !
Site MB 0.6 25.0 9.4 !
Site SK 0.9 41.9 10.5 .
Site Ul 5.9 13.9 4.6 "
Site 'V 1.9 25.8 9.3 -
Sarasota County, FL. Site LO 24 16.9 5.1 "
Fort Benning. Muscogee County, GA Site D6 4.9 4.1 0.8 C. Guyer, unpublished data
Site D12 2.5 10.4 52 .
Site D17 3.8 2.1 1.6 "
Site F1 4.6 33 0.7 !
Site G2 35 9.1 3.1 :
Site K20 9.9 3.7 1.3 )
Site O11 1.3 10.0 31 '
Site O14 74 34 1.2 ®

Third. we expanded the boundaries of an ORIGINAL re-
serve to include the remainder of home ranges for those
tortoises that only partly occupied the reserve (we refer to
these as an EXPANDED reserve because the number of
burrows required is expanded beyond that of the ORIGI-
NAL reserve). We then counted all active and inactive
burrows within EXPANDED reserves to estimate the num-
ber of burrows required to enclose all inhabitants.

As a final set of analyses, we used linear regression to
evaluate the influence of burrow density (burrows/ha) on
two key variables, home range overlap (ha) and tortoise
density (tortoises/ha). This was done to determine whether
alterations to the Cox et al. (1987) model are needed. We

examined regressions of burrow density on home range
overlap within MAXIMUM, MINIMUM, and EXPANDED
reserves,

We created three regressions to determine the relation-
ship between burrow density and tortoise density. The first
two used the area within 80-burrow reserves in the calcula-
tion of burrow density and the two different methods of
calculating tortoise density (MAXIMUM versus MINI-
MUM reserves). In the third regression, we used the EX-
PANDED reserve area. Finally, we examined the relation-
ship between burrow density and tortoise density based on
accumulated literature values (see Table 1). This analysis
was included to document whether patterns observed at a

Table 2. Reserve area estimates for populations of gopher tortoises from published data. Overlap category denotes the number of tortoises
sharing a polygon and the proportion of total area represents the proportion of Green Grove occupied by that number of tortoises. For each
study, we calculated critical areas (CA) using Equation 3 [RA = S((CA * N *0,)/i). where i indicates the overlap category and the summation

is from | to 13].

Overlap Proportion of Silver Lake Station Lochloosa WMA  Kennedy Space Center Green Grove
Category Total Area (McRae et al., 1981) (Diemer, 1992) (Smith et al., 1997) (present study)
1 0.5157 18.05 30.94 59.31 43.83
2 0.2521 4.41 7.56 14.50 10.71
3 0.1329 1.55 2.66 5.10 377
4 0.0543 0.48 0.81 1.56 1.15
5 0.0219 0.15 0.26 0.50 0.37
6 0.0105 0.06 0.10 0.20 0.15
7 0.0032 0.02 0.03 0.05 0.04
8 0.0028 0.01 0.02 0.04 0.03
9 0.0033 0.01 0.02 0.04 0.03
10 0.0017 0.01 0.01 0.02 0.01
11 0.0009 0.003 0.005 0.01 0.01
12 0.0006 0.002 0.003 0.01 0.005
13 0.0001 0.0003 0.001 0.001 0.001
Reserve Area (ha) 24.8 424 81.3 60.1
Critical Area (ha) 0.7 1.2 23 1.7
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single site (Green Grove) reflect range-wide patterns. From
these regressions, we then estimated reserve sizes necessary
to contain 50 adult gopher tortoises for burrow densities
between 2 and 7 burrows/ha.

RESULTS

Estimating Reserve Area from Home Range Size. —
Critical area was 1.0 ha for females and 2.3 ha for males. The
ratio of females to males was not different from 1:1 (sex ratio
=1:1.3;%*=24,df = 1, p>0.05). Thus, the critical area per
tortoise was 1.7 ha. About half (52%) of the average home
range of a tortoise was used only by the resident; as the
number of overlapping neighbors increased, progressively
smaller proportions of the average home range were shared
among tortoises (Table 2).

Using Equation 3, we estimated that a population of 50
adult gopher tortoises on Green Grove required 60 ha of
habitat. Values for reserve size were similar when calculated
for other sites for which home range data were collected
(assuming patterns of overlap were similar to those observed
on Green Grove); such reserves ranged from 25-81 ha
(Table 2). All reserve estimates were greater in size than the
values recommended by Cox et al. (1987).

Estimating Reserve Area from Burrow Counts. —
For MAXIMUM reserves, the mean number of tortoises
known to use each reserve was 47.1 £ 0.31 (range: 36—
67), with a mode of 40 tortoises (Fig. 2). Over 66% of
simulated reserves (n = 210) contained fewer than 50
tortoises. The mean number of tortoises within MINI-
MUM reserves was 19.0 £ 0.19 (range: 10-28; Fig. 2).
All estimates were less than the target of 50 animals.
Within EXPANDED reserves, an average of 157.0 =
1.68 burrows (range: 138-206) was required to capture
all burrows used by a population of at least 50 tortoises
over a one year period (Fig. 3). All estimates were above
the 80 burrows used by Cox et al. (1987) as a target
sample size likely to contain 50 animals.

Variation in tortoise density accounted for only 8% of
the variance in total overlap area within MAXIMUM re-
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Figure 2. Range and frequency of population sizes that occurred in
315 simulated gopher tortoise (Gopherus polyphemus) reserves at
Green Grove, Georgia. Data are based on home range estimates for
all reserve occupants (MAXIMUM) or for only those tortoises
whose entire home range occurred within reserve boundaries
(MINIMUM). Arrows indicate mean population size for each setof
reserves.
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Figure 3. Range and frequency of burrow counts that occurred in
315 simulated reserves at Green Grove with boundaries expanded
to include 100% home range areas for all gopher tortoises occupy-
ing the reserve (EXPANDED). Number above bar indicates the
mean number of burrows required to completely enclose 50 gopher
tortoises.

serves (F, 5, = 29.4; p < 0.0001; Fig. 4a). Variation in
MINIMUM tortoise density accounted for 12% of the vari-
ance in total overlap area (F, 5,,=41.1: p <0.0001; Fig. 4b).
However, variation in tortoise density accounted for 30% of
the variance in total overlap area within EXPANDED re-
serves (F, 5, = 135.6: p <0.0001; Fig. 4¢).
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Figure 4. Relationship between total overlap area (ha) and tortoise
density (tortoises/ha) at Green Grove in 315 simulated gopher
tortoise reserves with (A) tortoise density determined by occur-
rence of animals in at least one burrow (MAXIMUM; r* = 0.08, v
= (1.288x + 4.557), (B) tortoise density determined using only
tortoises whose home range occurred within a reserve (MINI-
MUM:; 2 =0.12, y= 1.072x + 1.533), and (C) reserves adjusted 1o
include 100% home range areas for all tortoises occupying the
ORIGINAL reserve (EXPANDED: r* =0.30, y = 2.621x + 4.832).
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Figure 5. Relationship between tortoise density (tortoises/ ha) and
burrow density (burrows/ ha) in 315 simulated gopher tortoise

reserves with (A) tortoise density dt.termma,d by occurrence of

animals in at least one burrow (MAXIMUM: > = 0.84. v = 0.619x
- 0.133). (B) tortoise density determined using only tortoises
whose home range occurred within a reserve (MINIMUM: 12 =
0.58, y = 0.206x — 0.042), (C) reserves adjusted to include 100%
home range areas for aII tortoises occupying the ORIGINAL
reserve (EXPANDED: r* = 0.78, v = 0.352x — 0.027), and (D)
existing gopher tortoise reserves located throughout the southeast-
ern United States (r’ = 0.88, y=0.321x 4+ 0. ??’- see Table | for list
of sites).

Variation in burrow density accounted for 84% of the
variance in tortoise density in MAXIMUM reserves (F, ., =
1609 : p<0.0001; Fig. 5a) and 58 % of the variance in tortoise
density within MINIMUM reserves (F,;, = 506 ; p <
0.0001: Fig. 5b). In EXPANDED reserves. variation in
burrow density accounted for 78% of the variance in tortoise
density (F, ;,,= 1088 : p <0.0001: Fig. 5¢). For all sites in the
southeast (Table 1), variation in burrow density accounted
for 88% of the variance in tortoise density (F, ,; = 184; p <
0.0001; Fig. 5d).

Using the above regression equations, predicted reserve
sizes for burrow densities of 2-7 burrows/ha ranged from
12-135 ha (Table 3). For each regression, reserve sizes
required to contain 50 tortoises decreased with increasing
burrow density.

DISCUSSION

Based on home range analyses, reserve sizes required to
conserve 30 adult gopher tortoises vary between 25 and 81
ha. These data indicate that current models of minimum
reserve size based on tortoise movements (Cox et al., 1987)
must be revised upward. Current literature indicates that
differences in home range size between sites are sufficient to
question the blanket use of average values of home range
size. Thus, before a reserve could be established, extensive
home range data would need to be collected at the site. This
would be time-consuming, difficult, and often expensive.
Further, our analysis of density-dependent effects on over-
lap values questions the validity of applying a single set of
overlap values to multiple sites. Finally, the use of home
range area in reserve design would be best suited to situa-
tions in which large areas of habitat containing established
gopher tortoise populations will be developed and small
reserves are to be established within these areas for small,
but viable populations of gopher tortoises. However, most
reserves likely are to be established in areas of suitable
habitat that lack gopher tortoises at the time of establishment
and to which animals will be moved for conservation pur-
poses. Thus, estimation of reserve size using home range
area seems unfeasible at this time.

Area estimates based on burrow counts appeared more
accurate in determining reserve size. Cox et al. (1987)
recommended that reserves for 40-50 gopher tortoises con-
tain 80 active or inactive burrows and be 10-20 ha is size. In
our MAXIMUM reserves, mean population size was well
within these predicted ranges. We used the value of 50 adult
tortoises as the target size of viable populations and the
majority of reserves contained fewer than this number of
animals. However, only 17 of 315 reserves (< 1%) contained
populations smaller than 40 individuals, the lower value for

Table 3. Estimated reserve area (in ha) required for 50 adult gopher
tortoises based on the following formula: RA =T/ ((S #* D) + 1),
where T = the target population size, S =the slope of the regression
line, D =burrow density. and I = the intercept of the regression line.
Column headings are for varying tortoise densities and the resultant
reserve areas needed based on the four regression equations in Fig.
5 (A = MAXIMUM, B = MINIMUM, C = EXPANDED, D =
existing reserves in southeastern USA).

Reserve Area

Burrow

Density A B C D
2.0 45.2 135.1 73.9 493
3.0 29.0 86.8 48.6 374
4.0 21.3 63.9 36.2 30.2
5.0 16.9 50.6 28.9 25.3
6.0 14.0 41.9 24.0 21.7
7.0 11.9 357 20.5 19.1
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a viable population considered by Cox et al. (1987). Thus, at
first glance, reserves established using 80 active and inactive
burrows appeared to preserve adequate habitat for the target
population sizes.

Because home range data were used to establish tortoise
locations, a tortoise was included within a reserve popula-
tion if it occupied at least one burrow within the reserve over
a one year time period. If such a reserve were established in
the real world, it is likely that some tortoises would be
located in portions of their home range outside the reserve
boundaries when the reserve was established. Therefore, the
actual population size within areserve would be smaller than
predicted for an 80-burrow reserve. To determine minimum
population sizes, only those animals whose entire home
range occur within reserve boundaries (MINIMUM) should
be counted, increasing the likelihood that individuals con-
sidered to be part of the reserve would be able to carry out all
of their annual activities within the reserve. Mean popula-
tion size decreased to 19.0 £ 0.19 tortoises within MINI-
MUM reserves, with the largest population containing only
28 tortoises. These population sizes are substantially lower
than currentestimates of viable population size. Thus, reserves
created using atarget of 80 burrows may be too small to sustain
viable populations. Based on burrow counts in EXPANDED
reserves, our study suggests that at least 157 burrows are
necessary to ensure that 50 adult tortoises are conserved by
those burrows, assuming that tortoises throughout the geo-
graphic range move similarly to those at Green Grove.

When Cox et al. (1987) calculated minimum viable
population size, insufficient reproductive data were avail-
able for use in creating models of population viability.
Instead, estimates of life history traits were used. Minimum
viable populations based on more recent data may indicate
that population sizes should be larger than previously pre-
dicted, requiring even larger reserves to accommodate addi-
tional tortoises. Estimates should be recalculated with cur-
rent data and models of population viability to ensure that
effective population size can be calculated accurately. Fur-
ther. although current estimates of minimum viable popula-
tion are between 40 and 50 individuals, only 50-75% of a
gopher tortoise population is composed of breeding adults
(Alford, 1980). Thus, to account for non-breeding individu-
als, effective populations would need to contain 50 to 80
gopher tortoises. Even within EXPANDED reserves. the
largest population at Green Grove contained only 67 tor-
toises. If current guidelines continue to be used. the number
of burrows added to reserves should be adjusted to reflect
area requirements for effective populations and not merely
viable populations.

An alternative method to those suggested by Cox et al.
(1987) might be to use the strong relationships between
burrow density and tortoise density to predict reserve area.
The similarity of regressions between Green Grove and data
gathered from the literature suggests that a common equa-
tion might be applicable across the entire gopher tortoise
range. The regression equation for data from the literature
probably is the best predictor of reserve area because it

utilizes data from a broad geographic distribution. Thus, to
predict the required reserve area (RA) for a target number of
animals. the following formula could be used:

RA =T/((0.321 * D)+ 0.373) [5]

where T = the target population size and D = burrow density.
This equation could be used for any area where the expected
burrow density was known or could be inferred from surveys
of surrounding areas. From this equation. a population of 50
gopher tortoises would require between 19 and 41 ha of
habitat, depending on burrow density within a site (Table 3,
regression D). However, habitat type and quality likely
influence burrow density within a particular site. Therefore,
before this formula is implemented range-wide, additional
data should be gathered to test the accuracy of the relation-
ship between burrow density and tortoise density at multiple
sites and within the entire range of habitat types found in the
geographic range. Otherwise. similar problems to those
associated with the study by Cox et al. (1987) could result
that would underestimate required area for some gopher
tortoise reserves.

Although the guidelines created by Cox et al. (1987)
were initiated because of increasing development pressures
in Florida. these recommendations provide the only source
for estimating gopher tortoise reserve size throughout the
entire geographic range of the species. We argue that these
recommendations underestimate the amount of habitat nec-
essary to sustain populations of gopher tortoises. Regression
analyses provide one alternative to existing methods, but
additional alternatives also should be explored to assure that
the most accurate estimates of reserve area are calculated.
Furthermore. factors such as habitat connectivity, site qual-
ity, forage availability, and land use history vary consider-
ably both within and around potential reserve sites. These
factors are likely to affect the number of tortoises that a
particular reserve can sustain. Refinement of the methods
explored in this paper and exploration of alternative models
are needed to improve estimation of reserve requirements.
Unfortunately. expansion of human activities within the
ancestral habitat of gopher tortoises demands that these
refinements occur rapidly. Otherwise. it is clear that conser-
vation decisions will have to be made from the extremely
restricted data currently available. We suggest that future
reserve size estimates be larger than current methods predict
to ensure that existing populations are maintained over time,
especially if new models expand current estimates of mini-
mum viable population size or of reserve areas necessary (o
support viable populations.
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