
173 FARMER, CADE, AND STAUFFER - MODELING MATERNITY HABITAT 

EVALUATION OF A HABITAT SUITABILITY INDEX MODEL 

Adrian H. Falmer1
, Brian S. Cade1

, and Dean F. Stauffer2
 

lMidcontinent Ecological Science Center, U.S. Geological Survey, Fort Collins, CO 80525
 
2Deparnnent ofFisheries and Wildlife Sciences, Virginia Polytechnic Institute and State University,
 

Blacksburg, VA 24061
 

Abstract 

We assisted with development of a model for maternity habitat of the Indiana bat (Myotis soda/is), for 
use in conducting assessments of projects potentially impacting this endangered species. We started 
with an existing model, modified that model in a workshop, and evaluated the revised model, using data 
previously collected by others. Our analyses showed that higher indices of habitat suitability were 
associated with sites where Indiana bats were present and, thus, the model may be useful for identifying 
suitable habitat. Utility of the model, however, was based on a single component-density of suitable 
roost trees. Percentage of landscape in forest did not allow differentiation between sites occupied and 
not occupied by Indiana bats. Moreover, in spite of a general opinion by participants in the workshop 
that bodies of water were highly productive feeding areas and that a diversity of feeding habitats was 
optimal, we found no evidence to support either hypothesis. 
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Introduction 

In the 1980s, the U.S. Fish and Wildlife Service 
developed habitat evaluation procedures, for use by field 
biologists in perfonning impact assessments and 
designing management plans for wildlife (US. Fish and 
Wildlife Service 1980). These procedures provided a 
standard unit of measure, the habitat unit, which 
incorporated both the quality and quantity of habitat. 
Habitat quality was represented by a habitat suitability 
index (HSI), a metric that described the capacity of 
habitat to support or produce a particular species or 
group of species. The HSI typically was estimated 
using models. Guidelines for development of such 
models have been published (Schroeder and Haire 1993, 
US. Fish and WiIdlife Service 1981), and many models 
have been tested (Terrell and Carpenter 1997). 

In 1997, the field office of the U.S. Fish and Wildlife 
Service in Columbia, Missouri, asked us to assist with 
development of a model for maternity habitat of the 
Indiana bat (Myotis soda/is), for use in conducting, 
assessments of projects potentially impacting this 
endangered species throughout its breeding range. To 
accomplish this, we conducted a workshop at the 
Powder Valley Nature Center, in St. Louis, Missouri, 
on 8-9 May 1997. The first goal of the workshop was 
to review an existing model by Romme et al. (1995) 

and, ifnecessary, modify it to reflect a diverse body of 
opinion. The second goal was to develop a method to 
test the agreed-upon model, using existing data. 
Individuals that attended the workshop were Richard 
Clawson (Missouri Department of Conservation), 
Ronald Drobney (Cooperative Wildlife Research Unit, 
University ofMissouri, Columbia), Allen Kurta (Eastern 
Michigan University), Michael Lacki (University of 
Kentucky), and Paul McKenzie (U.S. Fish and Wildlife 
Service). Participants in the workshop provided the 
necessary expertise on bats, in general, and the Indiana 
bat, in particular, whereas the authors contributed their 
expertise in model building. 

Description of Our Model 

Overview---The model is intended for use only in the 
"core" maternity range of the Indiana bat (Gardner and 
Cook 2002), consisting of northern Missouri, southern 
Iowa, Illinois, southern Michigan, Indiana, and westem 
Ohio. Participants in the workshop believe that such a 
geographic restriction is desirable for a variety of 
reasons. First, density of Indiana bats appears higher 
in the core of the range than elsewhere, and second, 
most existing data on which the model is based is from 
the core range. Finally, there should be a tighter coupling 
between quality of habitat and occupancy by bats in 
the core range than elsewhere. The model that we 
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describe produces an index of the suitability of 
surrounding habitat for use by a maternity colony of 
Indiana bats. The index is related to available food and 
roosting resources, which are assumed to be a function 
of characteristics of the habitat and broader patterns 
of the landscape. 

111easure ofperformance-The model yields an index 
between 0 and 1 that is interpreted as the probability 
that an area is occupied by pregnant or lactating 
females or young Indiana bats prior to fIrst hibernation 
(i.e., "maternity habitat"). In habitat with a value of0, 
Indiana bats are not expected to occur, but in habitat 
with a value of 1, there is the highest expectation of 
finding Indiana bats during the maternity season. 

Conceptually, average density of bats over a larger 
region affects probability of occurrence at a local site 
so that a greater regional density results in a higher 
probability that Indiana bats actually occupy a specific 
site. We do not use density as the model's standard of 
comparison for three reasons. First, information that 
bats occupy an area is just as meaningful as information 
on number of bats that are present for administering 
the Endangered Species Act. Second, population 
density is low throughout the core range, and third, 
accurate measurement of density for the Indiana bat 
and for most other species of bat is not feasible at this 
time (Bogan and O'Shea in press). 

Spatial considerations-A common, intended use of 
the model is to assess consequences of small-scale 
projects, such as a new highway crossing a stream. 
Value of habitat affected by such a project is not only 
related to characteristics at the site but also depends 
on characteristics of the landscape within a l-km radius 
of the project. We use a circle that is 2 km in diameter 
because radiotelemetry shows that, during the maternity 
period, home range oflndiana bats is generally no larger 
than 2 km in breadth (Gardner et a1. 1991). 

Food and water-Indiana bats primarily eat flying 
insects (Brack and LaVal 1985, Kurta and Whitaker 
1998, Murray and Kurta 2002). The model ofRomme 
et a1. (1995) assumes that feeding occurs in forests, 
abundance of arthropods is a function of amount of 
tree-canopy substrate, and feeding by bats is affected 
by openness ofthe understory. Although ranking various 
types of cover (e.g., forest, pasture, etc.) in terms of 
their ability to provide food for Indiana bats is potentially 
useful, data necessary to do so are not available. 

Moreover, participants believe that Indiana bats also 
feed in nonforested areas and speculate that the best 
maternity habitat actually contains a diversity offeeding 
habitats. Rationale for this belief is that emergence of 
arthropods likely is asynchronous among various types 
ofcover, presumably resulting in a continual abundance 
of food, within a 2-km landscape, throughout summer. 

The list of food-producing types of cover that we 
use includes row crop, pasture, hay meadow, wetlands, 
water (i.e.) reservoir, lake, or stream), early 
successional habitat, upland deciduous forest, riparian! 
floodplain deciduous forest, and coniferous forest. 
Participants arbitrarily believe that the best conditions 
for foraging, throughout the maternity season, are found 
where four or more types of cover occur within a 2-km 
landscape (Fig. I). Furthermore, they agree that each 
food-producing type must contribute at least 10% to 
the overall landscape to be of value. 

In addition to food, temperate insectivorous bats, 
such as the Indiana bat, require sources of drinking 
water (Kurta et a1. 1989, 1990). Nevertheless, we 
assume that, in the core range, adequate sources of 
water (ponds, lakes, streams, etc.) are always available 
within 2-km landscapes that are otherwise suitable 
habitat. 

Roosting-The most well-studied component of 
summer habitat of the Inmana bat is the roost site. 
Indiana bats usually occupy large, dead or partly dead 
trees that have exfoliating bark (Callahan et al. 1997, 
Gardner et a1. 1991, Kurta et a1. 1993, 1996, 2002). 
Furthermore, the most-used roosts occur in open spots, 
with an open canopy above and immediately around 
the tree (Callahan et a1. 1997, Humphrey et a1. 1977). 
The model of Romme et a1. (1995) indirectly assesses 
availability of roost trees by measuring stand-level 
characteristics of the forest. However, roosting also 
occurs in lone trees located in nonforested types of 
cover, and workshop participants believe that direct 
assessment of individual roost trees is a more accurate 
approach. 

Although there is considerable variability in types 
of trees that Indiana bats roost in, participants believe 
that maternity colonies are more specific in their 
requirements than adult males or nonreproductive 
females. Necessary traits for a typical tree used as a 
maternity roost include a diameter of22 cm or greater 
(Gardner et a1. 1991) and a height ofat least 3 m, if the 
trunk is broken. Preferred roost trees have no 
overarching canopy or understory canopy within 2 m 
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of the trunk (Callahan et al. 1997). Exfoliating bark 
covers at least 25% of the surface (Gardner et al. 1991), 
and the bole is free of obstructing vines. An arbitrary 
density of at least 12 such trees/ha is required for 
optimum conditions (Fig. 1). 

Characteristics of the landscape-Workshop 
participants note that areas in which Indiana bats are 
found most frequently are composed ofonly a moderate 
amount of forest. They assume that any landscape 
with less than 5% forest is unsuitable and that between 
20 and 60% forest cover in a 2-km landscape is ideal 
(Gardner et al. 1991; Fig. 1). The significance of forest 
cover is not well understood, and it may be that a 
moderate amount of forest is required to provide roost 
sites or feeding habitat; thus, to some extent, this 
variable may be redundant. However, it is also possible 
that this variable describes a unique aspect of habitat, 
perhaps dealing with phylogenetic or behavioral 
constraints that are not well understood. 

Determination of a habitat suitability index-The 
habitat suitability index (HSl) for a 2-krn landscape is a 
function of food, roosting cover, and landscape 
variables. If the suitability index for any component 
variable (Fig. 1) is zero, then there is no suitable habitat 
for Indiana bats, i.e., the HSf equals zero. Furthermore, 
without additional data, we assume that the three 
components play an equal role in determining probability 
of occurrence of Indiana bats. 

There are a number of ways to calculate the HSI 
that are biologically reasonable. First, 

HS~llImmum = minimum [Sfl , Sfz' SfJ 
This function allows either food (Sf]), potential roost 
trees (Sf), or the landscape (Sf}) to limit habitat 
suitability. Second, 

HSIrroduct = (Sfr X Sf2 X Sf). 
This is an alternative to the minimum fLffiction and 
implies that habitat suitability of the landscape wiII be 
lower than any individual suitability index, if any two 
indices are less than optimal (i.e., <1.0). The third 
formula is a geometric mean of the three suitability 
indices, such that 

HSIgeomenic = (Sfl X Sf2 X Sf)I/3. 
This function allows the HSI to be greater than the 
lowest individual index, even if all indices are not 
optimal. 

Note that we assume that density ofpotential roost 
trees (Sf,) only applies to forested types of cover, 
although-this is not required. However, if density of 
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roost trees is considered for nonforested types ofcover, 
then average density of potential roost trees is very 
low anytime that there is a large proportion of 
nonforested cover. S1 already reduces the HS1 for 
low proportions of f~rested cover, and it seems 
unnecessary to reduce the HS1 further by having a low 
average density of potential roost trees across forested 
and nonforested types of cover. 

Methods for Evaluating the Model 

Sources of data-Evaluation of the model requires 
independent areas (2-km circles) in which the habitat 
variables are measured to make predictions with the 
HS1 model, and in which abundance of Indiana bats 
also is known for comparison. We use two sources of 
such data on habitat of Indiana bats for- verification of 
our model. Miller (1996) provides data from Missouri 
on habitat in circles of 2-km diameter, surrounding 14 
sites where Indiana bats were caught and 14 sites where 
they were not captured. Romme et al. (1995) also 
provide data from Indiana for 2-km circles surrounding 
32 sites where Indiana bats were captured and 96 sites 
where they were not caught. 

Reconciling definitions-The HSI model for the 
Indiana bat defines some types ofcover differently than 
either data set used to test the model. Thus, we make 
several assumptions about cover types to match 
categories of data with the model's structure. We 
assume that Miller's (1996) "wooded pastures" are the 
same as our category ofpasture, "miscellaneous types" 
are the same as wetlands, and "old fields" are the same 
as early successional. Proportion of different types of 
cover in the 2-km circles 'is from tables Cl and C2 of 
Miller (1996). Romme et al. 's (1995) "scrub cover" is 
assumed to be our earLy successional cover, and their 
"agriculture" is equated with our row crops; data from 
their appendix 2 is used to calculate proportions of 
different types of cover in 2-km circles. 

Estimating density ofroost trees-The model defines 
a potential roost tree as one that is greater than 22 em 
in diameter and greater than 3 m in height; it also has 
no overarching tree canopy or understory canopy within 
2 m of the bole, a bole free of vines, and more than 
25% of the trunk covered by exfoliating bark. Miller 
(1996), however, does not measure trees in precisely 
this way, and consequently, we make several 
assumptions to approximate the roost-tree variable as 

defined by our model. First, we assume that all trees 
greater than 57 em in diameter (Miller's large-tree 
category) were potential roost trees. Second, we 
assume that the average proportion of trees that were 
white oak (Quercus alba), silver maple (Acer 
saccharinum), and eastern cottonwood (Populus 
delloides) in her medium-tree category (>30 em and 
<57 em in diameter) are potential roost trees. Given 
these assumptions, we estimate density ofpotential roost 
trees at sites not used by Indiana bats as equal to (ltd + 
0.20 x mtd) and density at sites used by Indiana bats as 
equal to (ltd + 0.33 x mid), where ltd is large-tree density, 
and mId is medium-tree density from Miller's data. We 
calculate densities oftrees from counts (sum ofcounts 
for 20, 0.25-ha plots divided by 5) in tables D 1 and D2 
of Miller (1996). There is no corresponding data on 
densities of trees in Romme et al. (1995). 

Analysis ofdata-We compare data distributions using 
multiresponse permutation procedures to test the null 
hypothesis ofidentical distributions against the omnibus 
alternative of any distributional difference. Unequal 
variation in distributions is tested with a modified 
Levene's test, using a permutation version of a I-test 
for equal means on the absolute residuals from group 
medians. 

Results of Model Evaluation 

Overall performance of the model-The computed 
HS1 is higher (P = 0.003) at sites where Indiana 

geomernc 

bats are captured (median = 0.63, range 0.37-0.77) 
than at sites without Indiana bats (median = 0.53, range 
= 0.42-0.65), although there is overlap in distributions 
(Fig. 2). Choosing different aggregation functions for 
the HS1 lowered indices both for sites with and without 
Indiana bats, becauseHS1 _. andHS1 d give more 

minImum PfO ucL 

weight to Sl2 (density ofpotential roost trees). Median 
HS1 . . is 0.48 (range = 0.10-0.54) at sites with 

ll.llLlHtlulD 

Indiana bats and 0.24 (0.13-0.3 7) at sites without bats 
(P = 0.0003). Median HS1 d is 0.26 (0.05-0.45) at 

pro uet 

capture sites and 0.15 (0.07-0.27) at sites without bats 
(P = 0.002). At all sites, indices are ordered: HS1 . 

geomemc 

> HS1. > HS1 .
minimUm product 

Density of roost trees-Differences in values of HS1 
between sites with and without Indiana bats are 
primarily due to differences in density ofpotential roost 
trees. Using Miller's (1996) data, we calculate that 
density of trees more than 30 em in diameter is greater 

THE INDIANA BAT: BIOLOGY AND MANAGEMII!\T OF AN ENDANGERED SPECIES 



177 

2

FARMER, CAOE, AND STAUFFER- MODELING MATERNITY HABITAT 

in forested types of cover in 2-krn circles surrounding 
1.0 

sites where Indiana bats are captured than at sites 

~ 0.8 
c 
('ll 
Q) 

E 
u 0.6 
:s 
Ql 

E 
a
Q} 0.4 
E.J 
(f) 
I 0.2 

0.0 

1.0 

0.8 

E 
~ 0.6 
.~ 
c 
'E 
~ 0,4 
I 

0.2 

0.0 

1.0 

0.8 

13 
:J 0.6 
'0 
0 

.e ' 

(f) 0.4 
I 

0.2 

0.0 

$$ 

Absent Present
 
Indiana Bats
 

cl=
 
Absent Present
 

Indiana Bats
 

$ ~
 
Absent Present
 

Indiana Bats
 

Figure 2.-Three computations ofHSlfor 14 sites where 
Indiana bats arefozmd and 14 sites where they are not 
found in Missouri (datafrom Afiller 1996). Box 
represents 25rh-75'h percentile, and horizontal line in box 
is median; whiskers encompass range ofdata, and 
asterisks indicate outlying values. 

where they are not captured (P = 0.007; Fig. 3). There 
also is greater variation in densities of trees at sites 
where bats are captured (modified Levene's test, P = 

0.07). Transforming Miller's data to approximate 
potential roost trees as defined by the model (Sf ) 

resulted in higher suitabilities (P < 0.0001) for sites where 
Indiana bats are captured (median = 0.50, range = 0.29
0.94) than sites where no Indiana bats are caught (0.24, 
0.15-0.37; Fig. 4). Romme et al. (1995) include no 
specific data on roost trees. 

Number of food-producing types of cover-In 
Miller's data, number of types of cover contributing 
more than 10% of tlte area is less for si tes where bats 
are captured than for sites without bats (exact chi
squared test, P = 0.13; Fig. 4). For capture locations, 
five sites have three types of cover, with Sf 

j 
= 0.75, 

and nine have two types, with Sf, =0.50. Forlocations 
without Indiana bats, 10 sites have three types of cover, 
with Sf! = 0.75, and four have two types, with Sf, = 

0.50. Forest (range = 8.1-62.2%), row crops (4.6
77.4%), and grasslands (4.82-56.2%) are the three 
types of cover that contributed to SILO Area of lakes, 
ponds, and streams never approached 10% (0.8-3.7%) 
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Figure 3.-Density oftrees greater than 30 cm in diameter 
at 14 sites where 1I1diana bats arefound and 14 sites 
where they are l1otfound (data from Miller 1996). Box 
represents 25,h_75'" percentile. and horizontal line in box 
is median; whiskers encompass range ofdata, and 
asterisks indicate outlying values. 
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from kfiller 1996). Left) Roosts (SI) as afunction ofdensity of roost trees. Right) Landscape (S1) as afunction of 
forest cover. 

of total area and, thus, never contributed to food
producing cover (SI,) at any site. 

Data from Romme et al. (1995) show that number 
oHood-producing types of cover (>10% of the area) is 
similar for the 96 sites without Indiana bats and 32 sites 
with Indiana bats (exact chi-squared test, P = 0.55). 
At sites without bats, three have one type ofcover (SI] 
=0.25),68 have two (SI[ = 0.50), 22 have three (S1 = 

1 

0.75), and three have four types of cover (SI[ =1.0). 
At sites with bats, 24 have two types of cover (SI, = 

0.50) and eight have three types (S1 = 0.75). Area of
1 

lakes, ponds, and streams never approaches 10% (range 
= 0.0-5.4%), so aquatic habitats never contribute to 
suitability for food-producing cover (SI[). Forest cover 
contributes 7.4-76.9% of the total area; old-fields, 0.0
61.7%; row crops, 13.6-98.0%; and residential areas, 
0,3-25.9%. Types ofcover do not differ between sites 
with and without Indiana bats (P> 0.24). 

Proportion of landscape in forest-Proportion of 
landscape in forest was similar for sites with (median = 

29.8%, range = 8.1-62.2%) and without (32.5%,15.4
50.1 %) Indiana bats in Missouri (P = 0.40), as also 
reported by Miller (1996, Miller et al. 2002). Most 
suitability indices for proportion oflandscape in forest 
cover (SI)) were optimal (S1 = 1.0; Fig. 4) for both 

3 

sites with (range = 0.32-1.00) and without (0.16-1.00) 
captures of Indiana bats in the state of Indiana. 

Discussion 

Our analyses show that higher indices of habitat 
suitability are associated with sites where Indiana bats 
are present in Missouri, and thus, the model may be 
useful for identifying suitable habitat. Utility of the 
model, however, is based on a single component
density ofsuitab1e roost trees. Although these positive 
results are encouraging, we urge caution. Our 
estimates of roost-tree density are subject to error 
because they are transformed from Miller's (1996) data 
on trees that are greater than 30 em in diameter. We 
do not know how closely these approximations 
correspond to actual densities of roost trees, although 
we believe that our estimates are too high. Probably 
not all trees greater than 30 em in diameter are suitable 
for roosting, because some likely have an overarching 
canopy, understory canopy within 2 m of the bole, a 
bole with vines, or less than 25% exfoliating bark. 
Nevertheless, our results are similar to those of Clark 
et al. (1987), who define a potential roost tree as one 
that contains cavities, cracks, or exfoliating bark and 
has a diameter of at least 50 em. They report a density 
of 10-26 potential roost trees/ha in areas surrounding 
successful netting sites in Iowa, although they estimate 
this density for a transect of only 40 by 200 m. Our 
calculations of HS1, based on approximations of 
potential roost trees in areas with or without captures, 
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suggest that this variable is of primary importance in 
defining suitable maternity habitat for Indiana bats. 
Because indices for all sites where Indiana bats are 
present is less than optimal (i.e., H51 < 1.0), additional 
information is needed to scale better the response of 
the model. 

No other variables contribute to differences in 
predictions by the model for sites occupied and not 
occupied by Indiana bats. Percentage of the landscape 
that is forest in circles of 2-km diameter surrounding 
capture sites ofIndiana bats varies tremendously, from 
narrow riparian stringers offorest contributing less than 
10% of the area to sites dominated by forest covering 
more than 60% of the landscape. In the present model, 
this variab!e (51.) does not help to identify habitat of 

) 

Indiana bats, other than to indicate that areas with large 
amounts of forest also are likely to ·have more suitable 
roost trees. 

Number of food-producing types of cover (51 ) in
1

the model was problematic. Many 2-km circles of 
landscape in Miller (1996) and Romme et al. (1995) 
have many bodies of water, yet water never contributes 
the minimum 10% of the area that would allow this 
type of cover to be included in 51]. Even if we lower 
the required percentage to 5% of the area, water 
contributes to 51 at only a few sites. Further lowering 

1 

the minimum percentage results in all sites having more 
than four types ofcover and S1] = 1.0. Thus, in spite of 
the impression that bodies ofwater are highly productive 
feeding areas and that a diversity of feeding habitats is 
the best condition, we find no evidence to support either 
hypothesis, as currently modeled. 

In lieu of further research, the cunent model may 
prove useful for management. We recommend, 
however, that a single variable, density ofsuitable roost 
trees (S1,) , be used to assess potential habitat at sites 
of intere~t. If one can afford to conduct a complete 
inventory of a circular unit ofhabitat 2 km in diameter, 
then all large trees that meet the definition of a roost 
tree should be counted, even if they are found in 
nonforested types of cover (e.g., pasture). However, 
a complete inventory within a 2-km study area can be 
time-consuming and often is not feasible. Alternatively, 
it is possible, in many areas, to estimate density of 
potential roost trees, based on forest inventories for 
the region. Such an approach requires development of 
a list of forest types and the likely density of suitable 
roost-sized trees in each type. In application, a model 
user would delineate each type of forest, estimate area 
of each type of forest, and then compute the expected 

total number ofroost trees and average density ofroost 
trees in a circle that is 2-km in diameter. 

Additional research is needed to refine the model. 
Our description ofideal habitat, upon which the model 
is based, often relies on the "best estimates" of 
participants in the workshop; all agree that solid, 
empirical support for some numbers is wanting (e.g., 
optimum number of types of cover). We also suggest 
re-evaluating the model after supplementing the data 
of Miller (1996) and Romme et al. (1995) with an 
inventory ofroost trees on each of their study sites and 
by collecting data on abundance ofIndiana bats at these 
sites, through additional netting or ultrasonic technology, 
if feasible. Wildlife biologists should determine the 
minimum number ofroost trees required by a maternal 
colony and estimate persistence of suitable roost trees 
over time, and reproductive performance of colonies 
should be evaluated at sites where forest cover varies 
from a low to a high percentage of the landscape. 
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