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Population Dynamics of Nine-Banded Armadillos:
Insights from a Removal Experiment

Colleen M. McDonough'”", J. Mitchell Lockhart', and W.J. Loughry'

Abstract - From 1992 to 2003, we captured and permanently marked 829 Dasypus
novemcinctus (nine-banded armadillo) at the Tall Timbers Research Station in north-
ern Florida. From 2004 to 2006, an attempt was made to eliminate all armadillos
from Tall Timbers as part of an experiment to remove nest predators of Colinus
virginianus (Northern Bobwhite). Data from armadillos killed at Tall Timbers during
this period showed a rapid decline in previously marked individuals, with only 4
collected in 2006. Even though the resident population thus seemed to have been
exterminated quickly, total numbers of armadillos collected remained stable over all
3 years. This did not appear to be due to an increase in reproductive success such that
more juveniles were produced to replace the animals being lost. Rather, the data were
more consistent with the hypothesis of immigration by adults into the population to
colonize areas vacated by culled animals. This scenario supports previous reports of
large numbers of transient armadillos that move extensively, and may provide insight
into how armadillos have successfully invaded most of the southern United States in
just the last 200 years. Finally, these findings also suggest that, at least in this area,
culling animals is not likely to be an effective means of eliminating armadillo
predation on quail eggs.

Introduction

Standard population biology models identify birth and death rates, and

the rates of immigration versus emigration as key determinants of popula-
tion size (e.g., Caughley 1977, Hastings 1997, Hedrick 1984, MacArthur and
Connell 1966). Thus, in the face of heightened mortality, the only way for a
population to remain stable is to enhance reproduction and/or to receive
more immigrants. Conventional wisdom suggests increased immigration
would be a less important factor because dispersal is risky, low frequency,
and typically not focused in specific directions (Chepko-Sade and Halpin
1987, Clobert et al. 2001, Stenseth and Lidicker 1992). Consequently, the
probability of large numbers of immigrants moving in to replace individuals
lost through increased mortality would seem low.
"~ Recently, conservation biologists have been interested in identifying
attributes that might make a particular species a successful invader of new
habitats (Sakai et al. 2001). One obvious such trait is vagility, as increased
movement would presumably increase the probability of finding hospitable
areas in which to thrive. Unlike the scenario described above, such popula-
tions might be able to recover quite quickly from population downturns,
even without elevated reproductive rates, due to the extreme fluidity of
individual movement patterns.
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Dasypus novemcinctus Linneaus (nine-banded armadillo) is a ubiquitous
resident of the southern United States. However, its commonness in the US
is a relatively recent phenomenon; armadillos were first noted in the Rio
Grande River Valley of Texas in the 1820s (Humphrey 1974, Taulman and
Robbins 1996). Coupled with one or more releases of captive armadillos in
south-central Florida in the 1920s, the species has rapidly spread across
much of the southern US, currently found as far north as southern Illinois
and Nebraska (Freeman and Genoways 1998, Van Deelen et al. 2002) and
possibly as far west as Arizona (M. Mares, Sam Noble Oklahoma Museum
of Natural History, University of Oklahoma, Normal, OK, pers. comm.).

Taulman and Robbins (1996) estimated that armadillos were expanding
their range in the US at the rate of 4 km/yr. This would suggest substantial
movement by individuals out of established populations to colonize new areas.
In a long-term study of patterns of recruitment and retention in an armadillo
population, Loughry and McDonough (2001) found that a certain portion of the
animals were long-term residents that moved very little (see also Gammons
2006). However, in addition, many animals were captured only once, seem-
ingly as they passed through the area. These animals have been referred to as
transients (Bond et al. 2000, Jacobs 1979). What determines whether an
armadillo becomes a long-term resident versus a transient remains unknown at
present, but it seems likely that transients are major factors in promoting the
rapid range expansion of nine-banded armadillos in the United States.

Recent intensive studies of Colinus virginianus Linneaus (Northern
Bobwhite) nests have identified nine-banded armadillos as an important
mammalian predator of quail eggs (Staller 2001, Staller et al. 2005). Con-
sequently, there has been interest among game managers in finding ways to
limit this predation and improve quail production. One proposed option is
to remove all potential mammalian predators from quail-nesting habitat.
However, such an approach is only likely to be effective if culled animals
are not replaced (via immigration or increased reproduction), so that
predator populations are permanently reduced. In the case of nine-banded
armadillos, the presence of transients and the rapid range expansion of this
successful invader suggest there may be a considerable reservoir of indi-
viduals available to replace those lost.

From 1992 to 2003 we studied a population of nine-banded armadillos at
the Tall Timbers Research Station. A major component of this study in-
volved extensive mark-recapture sampling. Beginning in 2004, Tall Timbers
contracted with the United States Department of Agriculture (USDA) to
conduct a 3-year experiment in which all potential mammalian predators of
Northern Bobwhite eggs were removed from the property. Thus, armadillos,
along with other species such as Lynx rufus Schreber (bobcat), Procyon
lotor Linneaus (raccoon), Canis latrans Say (coyote) and Didelphis
virginiana Kerr (opossum), were trapped and killed from 2004 to 2006. This
massive undertaking provided a unique opportunity to examine certain
features of armadillo population dynamics. Specifically, data from these
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harvested animals allowed us to address the following questions: (1) How
long did it take to remove the resident population of armadillos from Tall
Timbers? (2) Once residents were gone, were they replaced—either from
within the population by increased production of juveniles, or from without
by increased immigration of adults into vacated spaces—or did the popula-
tion show a steady decline toward local extinction? and (3) Is culling
animals an effective means of reducing armadillo predation on quail eggs?

Study Site Description

Tall Timbers is located north of Tallahassee, FL. (Leon County) at the
border with Georgia. The 1600-ha property is situated along the north shore of
Lake Iamonia and is bisected by a public road (County Road 12, Fig. 1). Major
habitat types found there are: (1) hammocks, or bottomland hardwood forests,
consisting primarily of: Quercus spp. (oak), Fagus grandifolia Ehrh. (Ameri-
can beech), and Magnolia grandiflora L. (southern magnolia); (2) fields,
which were plowed annually and planted with Zea mays L. (corn), Trifolium
spp. (clover), and Urochloa ramosa (L.) Nguyen (brown-top millet); and (3)
upland pine, primarily consisting of Pinus taeda L. (loblolly), P. echinata P.
Mill. (shortleaf), and some P. palustris P. Mill. (longleaf), along with some
shrubby undergrowth (Brennan et al. 1998, McDonough et al. 2000).

Methods

Details of sampling conducted between 1992-2003 can be found in
Loughry and McDonough (2001) and McDonough and Loughry (2005).
Briefly, with the exceptions of 1996 and 2000, we censused the armadillo
population at Tall Timbers for approximately 3 months each summer (see
Robertson et al. 2000). Censuses were conducted at all hours, but primarily
in the evenings, from about 16:00-24:00. We attempted to capture all
animals observed while walking or driving along roads and trails on the
property. For each captured animal, various body-size measurements,
weight, and sex were recorded (Loughry and McDonough 1996), and the
reproductive condition of females was assessed by examination of the
nipples (see Loughry and McDonough 1996). In addition, one or more small
pieces of ear tissue were obtained for genetic analyses using an ear notcher
(e.g., Prodohl et al. 1996), and the spatial location of the animal was
obtained with a handheld GPS unit (Loughry and McDonough 1998). Ani-
mals were permanently marked with passive induced transponder (PIT) tags
injected under the front carapace immediately behind the neck. These PIT
tags, coupled with natural markings such as scars, missing tail segments, etc.
(Loughry et al. 2002), and the fact that ear notches were taken from different
locations on each ear for each animal, allowed us to reliably identify indi-
vidual armadillos when recaptured during subsequent years.

Elimination of armadillos at Tall Timbers was conducted from 1 March—
30 September of 2004-2006. Extermination was accomplished in two ways:
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Figure 1. Map of Tall Timbers Research Station showing locations of sampled
armadillos. A. Locations (n = 2047) of animals sampled via mark-recapture from
1992 to 2003 (modified from McDonough and Loughry 2005). Data include multiple
locations from the same individuals to provide the broadest depiction of the sampled
area. B. Locations (n = 451) of animals harvested by the USDA, 2004-2006. Not all
locations are depicted in either figure because of extreme overlap among some
points. Stippled areas represent open water; the lower edge of the property is
bounded by Lake Iamonia.
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with baited leg-hold and live traps and by shooting animals encountered
while on the property. Traps were used for catching not only armadillos, but
all mammalian predators of interest. A total of 125 traps were placed at a
variety of locations on the property for an average of 25,625 trap-nights per
year. Culled animals were sexed and weighed. Weights were used to assign
individuals to age classes as juveniles or adults (Loughry and McDonough
1996; note that for the purposes of this study, yearling individuals were
categorized as adults). All culled animals were part of a larger wildlife
disease study (J.M. Lockhart et al., unpubl. data) in which the carcasses were
dissected, but unfortunately no data on female reproductive condition (preg-
nant, lactating, etc.) were taken.

In addition to Tall Timbers, the USDA replicated their experiment at
three other sites. Armadillos were harvested from Pebble Hill Plantation,
located just south of Thomasville, GA, from 2001 to 2003. They were also
removed from two separate tracts at Pinebloom Plantation, located just west
of Albany, GA. Pinebloom A was harvested from 2001 to 2003, and
Pinebloom B from 2004 to 2006. Although we did not have baseline data
from these sites, we include some data from them to assess how generalized
the results were from Tall Timbers.

Prior to 2004, simple mark-recapture estimates of population size indi-
cated an armadillo population at Tall Timbers numbering approximately 400
individuals (Lincoln-Peterson index calculated between successive years
from 1992 to 2003; C.M. McDonough, unpubl. data). In general, slightly
less than 40% of the animals caught in any given year were residents that had
been caught previously (Table 1). New animals were either juveniles or
adults that had never been caught before. Of these adults, some were only
caught in one year and never again, while others settled in the population and
were recaptured in later years.

Due to a combination of factors, including drought and an extensive
removal of hardwoods, the armadillo population at Tall Timbers declined
between 2001-2003 (McDonough and Loughry 2005). Analyzing the effects
of harvesting could potentially be biased by the atypical conditions occur-
ring during this period. To minimize this problem we performed two sets of
analyses. First, we used data from just 2003 as the most recent exemplar
of the unharvested condition (Table 1). We then used long-term data, ob-
tained by averaging yearly values from 1992 to 2002 (Table 1), to obtain a

Table 1. Demography of D. novemcinctus (nine-banded armadillo) during 12 years of mark-
recapture sampling at Tall Timbers Research Station. Data for 1992-2002 are yearly averages +
SD. Total caughtincludes some animals that could not be assigned to a particular age/sex category.

1992-2002 2003
Total caught 132.44 +59.99 58
Adult males 57.78 +28.46 24
Adult females 51.00 +29.24 24
Juvenile males 11.44 +5.39 5
Juvenile females 10.56 = 7.40 4

Number of recaptures 50.75 £ 33.80 15
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more general picture of how harvesting impacted the population. With these
data, we used chi-square tests to compare proportions of juveniles and
proportions of previously marked animals in the population before and
during harvesting. We also used chi-square tests to determine if any sex
differences occurred among the new and recaptured animals collected dur-
ing harvesting (versus the null hypothesis of a 50:50 sex ratio in each case),
and to examine year-to-year changes in the numbers of animals collected at
each of the four harvested sites (performed by comparing the proportion of
total animals collected at each site in pair-wise tests between years).

Results

We marked a total of 829 armadillos from 1992 to 2003; 451 animals
were removed by the USDA from 2004 to 2006. Armadillos are not normally
considered easily trappable animals, but these results indicate trapping was
surprisingly effective. Coupled with opportunistic shooting of animals, it
thus appears culling of armadillos each year was thorough and extensive.
Visual inspection of locations where we live-caught animals (Fig. 1A) and
locations where armadillos were trapped or shot (Fig. 1B) indicate our
marked population was subject to intense harvesting by the USDA (note that
both figures only depict successful captures; sampling in both instances was
more extensive because some areas were sampled where no armadillos were
ever caught). Thus, we are confident the results we report are not due to
some form of sampling bias.

The marked population of armadillos at Tall Timbers was rapidly elimi-
nated: of the 41 marked animals collected, 78% were taken in 2004
(Table 2). The proportion of marked animals collected in 2004 was signifi-
cantly greater than in 2005 (x*= 20.86, P < 0.0001) and 2006 (x> = 23.81,
P <0.0001); the proportion of marked animals collected in 2005 versus 2006
did not differ (x> = 0.001, P = 0.96). Likewise, the proportion of marked
animals collected in 2004 was similar to that in 2003 (= 0.24, P = 0.62),
but the proportions in 2005 and 2006 were significantly lower (both P <
0.0001). Use of longer-term data from 1992-2002 showed the proportion of
marked animals in the culled samples was significantly lower in all 3 years

Table 2. Demography of D. novemcinctus (nine-banded armadillo) killed at Tall Timbers
Research Station during 3 years of intensive culling. All previously marked animals were adults
when killed (M = male, F = female). Total killed is larger than the sums of values for age/sex
classes because some animals were missing data and so could not be assigned to a particular age
and sex group.

2004 2005 2006
Total killed 149 149 153
Adult males 56 65 59
Adult females 54 49 66
Juvenile males 16 17 11
Juvenile females 17 8 5

Number marked (M/F) 32 (16/16) 5(2/3) 4(2/2)
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(all P < 0.003). There were no sex differences in animals collected at Tall
Timbers, either among previously marked animals (all P > 0.48) or among
new adults (all P > 0.32) or juveniles (all P > 0.25).

The proportion of armadillos collected each year did not change sig-
nificantly (pair-wise comparisons between years, all P > 0.83, Fig. 2).
Interestingly, a similar pattern was found at one of the three other sites that
also harvested armadillos for three years (Pinebloom A: pair-wise compari-
sons between years, all P > 0.38, see Fig. 2). At the other two (Pinebloom
B and Pebble Hill), proportions of collected animals were significantly
greater in year 1 than in year 2 (both P < 0.003) and year 3 (both P <
0.0005), but not between year 2 and year 3 (both P > 0.08, see Fig. 2).

Numbers of juveniles collected were low (Table 2) and the proportion of
juveniles in the population each year did not differ significantly from numbers
live-caught in 2003 (all P > 0.38) or 1992-2002 (all P > 0.17), indicating
production of juveniles did not increase with the onset of harvesting. Further,
comparisons of proportions of juveniles in the culled population each year
showed a significant decrease between 2004 and 2006 (X2 =6.57, P =0.009;
other pair-wise comparisons between years were not significant, all P > 0.15),
the opposite of what might be expected if increased reproduction was respon-
sible for the replacement of culled individuals.

Discussion

Our data document remarkable constancy of the armadillo population
at Tall Timbers in the face of intensive harvesting. As discussed below, it
seems unlikely this was due to increased production and retention of
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Figure 2. Numbers of D. novemcinctus (nine-banded armadillo) culled by the USDA
at four sites over three years. Sampling at Pebble Hill and Pinebloom A occurred
from 2001 to 2003, and at Tall Timbers and Pinebloom B from 2004 to 2006.
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juveniles in their natal population. Rather, it appears there was a substan-
tial pool of animals in the surrounding habitat available to immigrate in
and rapidly replace individuals that were removed.

Although a crude estimate, Lincoln-Peterson calculations of armadillo
population size at Tall Timbers suggested nearly 400 individuals inhabited
the site per year. However, the population appeared to be in decline during
2001-2003 due to the effects of a prolonged drought and habitat alterations
resulting from an extensive hardwood removal (McDonough and Loughry
2005). Thus, at the start of harvesting by the USDA, the total population at
Tall Timbers was probably much lower. If so, then assuming minimal
replacement, the numbers of animals culled in 2004 and 2005 (Table 2)
should have virtually eliminated the entire population. Yet, remarkably, the
number of armadillos taken in 2006 actually slightly exceeded the numbers
taken in each of the previous two years.

One might expect the rapid elimination of the marked animals at Tall
Timbers to result in an overall decline in the population. However, the
proportion of armadillos collected each year did not change significantly
(Fig. 2), as also was the case with the population at the Pinebloom A Tract.

So from where did all these animals come? Based on the data in Table 2,
it seems unlikely they were resident animals that managed to escape capture
in previous years. Indeed, animals marked by us from 1992 to 2003 were
nearly gone after just one year of harvesting, suggesting much of the resident
population was quickly eliminated. Given that fact, maintenance of a stable
population size at Tall Timbers in the face of such an intense harvesting
effort only seems possible if either there was (2) a considerable increase in
reproduction, producing enough juveniles to replace animals being lost, and/
or (b) increased immigration into the population by animals colonizing areas
vacated by culled individuals. Our data are most consistent with the latter
hypothesis, since increased reproduction seems unlikely. Female nine-
banded armadillos give birth to a single litter of genetically identical quadru-
plets each year (Prodohl et al. 1996), although not all females reproduce
every year. Thus, replacement of culled animals by reproduction would
require either an increase in the number of reproductive females and/or
increased survivorship of juveniles. Neither seems likely because (a) the
numbers of juveniles collected each year was not significantly increased
over that seen in earlier years, and (b) many pregnant and lactating females
were probably killed in the spring and summer, presumably resulting in the
loss of many litters. Studies of territorial species have documented many
instances of non-territorial floaters that exist within a population waiting to
fill any vacancies that might occur (reviews in Greenwood and Harvey 1982,
Kokko and Sutherland 1998, Pen and Weissing 2000, Reed et al. 1999,
Smith 1978). It is not clear if such individuals exist in nine-banded armadillo
populations. However, even if they do, the harvesting protocol should have
eliminated them as well, so it seems unlikely replacements for culled ani-
mals came from any within-population source.




2007 C.M. McDonough, J.M. Lockhart, and W.J. Loughry 389

Given our results, the most likely explanation for the continued high
abundance of armadillos at Tall Timbers is that culled animals were rapidly
replaced by immigrants. Even though relatively close to an urban environ-
ment, Tall Timbers is not an isolated island of suitable armadillo habitat and
may not represent a distinct population. Large tracts of relatively undis-
turbed land border the property and presumably harbor many armadillos.
These areas represent a potentially large reservoir of individuals that could
replace those lost at Tall Timbers. Of course, this assumes these individuals
move sufficiently to discover the newly available openings. Our previous
work has shown that some armadillos are long-term residents that remain in
the same areas year after year (up to 10 years; Loughry and McDonough
2001). However, an additional component of the population is made up of
individuals that are caught once and never again. Bond et al. (2000) referred
to these individuals as transients, suggesting they were temporary members
of the population, captured as they moved through the area. The existence of
transients would seem necessary to explain the rapid and continued range
expansion of nine-banded armadillos in the United States, which can only be
generated by the movement of individuals out of established populations to
colonize new areas. Thus, even if floaters do not exist within armadillo
populations, the extensive movements of transient individuals would sug-
gest sufficient vagility and fluidity to not only colonize new habitats, but
also to fill vacancies created in established populations (Gammons 2006).
Further understanding of armadillo population dynamics will require identi-
fying the factors that distinguish transients from residents, coupled with
genetic analyses of gene flow between populations to identify the extent and
sources of immigrants into established populations.

Given the nature of this study, only immigration could be the major source
of new individuals in the population because juveniles and reproductive adults
were continually eliminated. Obviously, under more natural conditions repro-
duction and immigration would undoubtedly both contribute to maintaining
population levels. However, our data indicate that immigration can maintain
population size even in the absence of much reproductive input. High juvenile
mortality (McDonough and Loughry 1997), coupled with the fact that we
found no evidence that reproduction increased in the face of population
decline (and in fact decreased in 2006), would suggest that, even under more
natural conditions, immigration may be more important than reproduction in
restoring population size. Of course, this is more likely to be true in areas
saturated with armadillos, where individuals from surrounding habitats can
easily move into vacated areas. Immigration is probably less important (and
reproduction more important) in more isolated populations, e.g., along the
expanding northern edge of the species’ range.

The data from the first year of harvesting in 2004 show a population
substantially larger than that observed in 2003. As stated above, mark-
recapture data indicated a population in decline from 2001 to 2003, probably
due to the combined effects of drought and habitat changes associated with
extensive logging of hardwoods on the property. More animals might be
expected from sampling in 2004 because the sampling period was over twice
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as long (7 months in 2004 versus 3 months in 2003) and the area sampled
was larger. With regard to the latter, we did catch and mark armadillos in
almost all areas of the property (Fig. 1A), but our sampling was primarily
concentrated in the bottomland hardwoods along the lakefront; sampling in
the northern part of the property (in particular north of County Road 12) was
much less extensive. In contrast, USDA sampling was more equally distrib-
uted across the entire property and so might have contributed to the
increased sample size obtained. Nonetheless, much of the habitat in the other
areas sampled by the USDA was upland pine, and previous work has shown
that few armadillos are normally found there (McDonough et al. 2000).
Thus, it appears that, while increased sampling effort may have contributed
somewhat to the increased numbers of animals collected in 2004, the popula-
tion may also have been recovering from the decline associated with drought
and hardwood removal, suggesting the effects of these impacts were not as
long-lasting as previously supposed (McDonough and Loughry 2005). This
is, perhaps, not surprising in such a successful invasive species as nine-
banded armadillo. The rapid range expansion of this species in the US would
seem to require properties such as resiliency and an ability to quickly adjust
to new conditions, a view reinforced by the data presented here.

There are at least two questions regarding our data that we cannot answer
at present. First, why were so many more armadillos collected at Tall Timbers
than any other site (see Fig. 2)? All four sites were intentionally designed to
be replicates, so the difference cannot be explained by differences in sam-
pling effort or size of the sampled areas. In addition, Tall Timbers possesses
similar habitat features as the other sites, so there are no obvious characteris-
tics of this one site that would suggest it is somehow superior for armadillos.
Perhaps a broader, metapopulation perspective of surrounding areas might be
relevant, but at present no obvious explanation exists for this difference
between sites. Second, we have argued above that immigration of transients
allowed maintenance of the Tall Timbers population in the face of extensive
harvesting. However, because animals continued to be killed each year of the
study, we cannot know the long-term fate of these individuals. Clearly,
transients moved into the areas vacated by culled animals. But, did they settle
in these areas or continue as transients? Now that culling of animals has
ceased at Tall Timbers, this question could be answered by tracking the
population over the next few years.

This study was possible because of the interest in assessing the impact of
nest-predator removal on Northern Bobwhite reproductive success. Given
that a large suite of mammalian predators was eliminated at Tall Timbers
(n = 1446 individuals collected from all species combined; J.M. Lockhart,
unpubl. data), it is possible the experiment generated positive results. How-
ever, looking specifically at the armadillo data, it is hard to envision harvest-
ing as an effective management strategy. At 2 of the 4 sites where harvesting
occurred, the numbers of armadillos taken remained stable over the 3 years
of the experiment (Pinebloom A and Tall Timbers, see Fig. 2); harvesting
did impact populations at the other 2 sites, where the number of animals
collected in the third year of the study was 50% or less of that taken in the
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first year (Fig. 2). There are no data available to assess to what extent these
populations may have rebounded after harvesting ended, but the data from
Tall Timbers suggest replacement can be very rapid. Harvesting is difficult,
labor-intensive work. Given its minimal impact in 2 populations and, in
particular, the rapid replacement of individuals at Tall Timbers, it would
seem that, even if partially effective in the short-term, unless there is a long-
term commitment to persistent culling, such a strategy is ultimately doomed
to failure in controlling armadillo populations.
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