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Abstract

Abundant populations of white-tailed deer (Odocoileus virginianus) in North America have altered the structure of some forest
communities and caused serious conflicts with farmers, gardeners, and motorists, encouraging the search for novel techniques to
control populations of deer and other wildlife. We administered the porcine zona pellucida (PZP) immunocontraceptive vaccine to
female white-tailed deer living on the 233-ha campus of the National Institute of Standards and Technology (NIST) in Gaithers-
burg, Maryland, USA. Although some tested PZP preparations proved more effective than others, the number of fawns produced
per female was significantly lower in treated than untreated females. Following the onset of contraceptive treatments, the popula-
tion declined by an average of 7.9% per year, and population declines were larger following years when a higher proportion of
females was treated. High mortality due largely to deer—vehicle collisions and low population fertility associated with high deer

densities facilitated the observed population decline.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Changes in land use, active reintroduction programs,
and tight restrictions on hunting and trapping allowed
white-tailed deer (Odocoileus virginianus), beaver (Cas-
tor canadensis), Canada geese (Branta canadensis) and
other wildlife species to recover from near-extirpation,
and proliferate throughout much of North America
(Tober, 1981; Gilbert and Dodds, 1992). While the
recovery of these species was highly desirable, their
proliferation has had serious ecological, economic, and
social consequences (Conover et al., 1995). Dense deer
populations can reduce or prevent seedling recruitment
in selected tree species, and reduce biomass, reproduc-
tion, and diversity of wildflowers and understory woody
vegetation (Augustine and Frelich, 1998; Cornett et al.,
2000; McShea and Rappole, 2000). Reductions in
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understory vegetation can also reduce bird population
numbers and alter the composition of forest bird com-
munities (DeCalesta, 1994; McShea and Rappole,
2000). Ecological impacts may be especially severe on
isolated forest patches (Augustine and Frelich, 1998).
Deer at high densities can slow regeneration of com-
mercially managed forests, and damage crops and
orchards (Tilghman, 1989; Conover, 1994).

In some urban and suburban locations, deer have
achieved densities of 30-100/km? or higher (Swihart et
al., 1995; Palmer et al., 1997; Peck and Stahl, 1997,
Underwood and Porter, 1997). In arecas where dense
deer populations share their habitat with dense human
populations, deer—vehicle collisions are frequent,
damage to gardens and ornamental plants is locally
severe, and, in parks and undeveloped tracts, the diver-
sity of wildflowers and understory shrubs may be shar-
ply reduced. High deer densities are also associated with
high frequencies of Lyme disease and other tick-borne
diseases, although that relationship is indirect and
complex (Lane et al., 1991; Conover et al., 1995; DeNi-
cola et al., 2000).
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Thus, overabundance of wildlife and how to manage
it have become major public issues. In cities and sub-
urbs, managing deer conflicts poses special challenges;
intensive development, local ordinances banning the use
of firecarms, and public sympathy for animals often pre-
clude the use of hunting and other lethal management
techniques (McAninch, 1995; DeNicola et al., 2000). In
these circumstances, public opinion sometimes favors
the use of contraceptives to control deer populations
(Stout et al., 1997).

Immunocontraceptive vaccines offer significant pro-
mise for wildlife management (Turner and Kirkpatrick,
1991; Kirkpatrick et al., 1997; Warren et al., 1997,
Kirkpatrick and Rutberg, 2001). The porcine zona pel-
lucida (PZP) vaccine in particular has been tested for
safety, effectiveness, and ease of delivery on wild horses
(Equus caballus) (Kirkpatrick et al., 1990; Kirkpatrick et
al., 1995; Kirkpatrick and Turner, 2002), African ele-
phants (Loxodonta africana) (Fayrer-Hosken et al.,
2000), white-tailed deer (Turner et al., 1992; Kirkpatrick
et al., 1997; McShea et al., 1997; Curtis et al., 2002;
Naugle et al., 2002), and other species under field con-
ditions. In these studies, one to three PZP treatments in
the initial year, followed by annual boosters, reduced
pregnancy rates in treated animals by 50-95%. PZP can
be delivered effectively by hand injection or remotely,
via dart fired from a blowpipe, CO, pistol, or dart rifle
(Kreeger, 1997). Only minimal side effects have been
reported, the most notable being the extension of the
breeding season and subsequent production of late
fawns by white-tailed deer (McShea et al., 1997).
Ongoing pregnancies are not affected by PZP vaccina-
tions (Kirkpatrick et al., 1990; Thiele, 1999; Kirkpatrick
and Turner, 2002).

However, showing efficacy in individual animals is not
the same as demonstrating population control. Theor-
etical models indicate that contraceptive agents should be
able to stabilize or reduce localized moderate-to-high-
density ungulate populations, providing that females
show site fidelity, a majority of females can be treated,
treated females can be discriminated from untreated
females, and population growth is already low (Garrott,
1995; Seagle and Close, 1996; Hobbs et al., 2000;
Rudolph et al., 2000). However, field data on population-
level effects of contraception are very scarce (Garrott,
1995; Naugle et al., 2002; Turner and Kirkpatrick, 2002).

The study described here began in 1993 with multiple
objectives: (1) To test the safety and efficacy of different
preparations of the PZP vaccine, varying dose, adju-
vant, and other elements; (2) to test the effects of timing
of PZP vaccination on vaccine efficacy; (3) to test the
effects of PZP vaccination on the timing of fawning, and
the survival of treated females and their fawns; and (4)
to assess the usefulness of immunocontraception as a
management tool for suburban populations of white-
tailed deer. Results for objectives 1-3 are reported

in Thiele (1999), and are in preparation for publi-
cation elsewhere. Here, we report effort and demo-
graphic data that provide empirical guidance for future
efforts to control suburban deer populations using
immunocontraception.

2. Methods and materials
2.1. Study site

The study was carried out at the 233-ha campus of the
National Institute of Standards and Technology (NIST)
(a division of the US Department of Commerce) in
Gaithersburg, Maryland (39° 8 36” N, 77° 12/ 6" W).
The NIST campus is, in many ways, a typical suburban
habitat island for deer. The site comprises research
buildings and parking lots, mown lawns, open fields,
two ponds, and two small woodlots. The woodlots are
comprised mainly of oaks (Quercus spp.) and tulip
poplar (Liriodendron tulipifera) and lack understory
vegetation, except for two species of invasive exotics
that are not eaten by deer (Japanese barberry, Berberis
thunbergii, and Japanese stiltgrass, Microstegium vimi-
neum). NIST was surrounded by agricultural land when
it was established in 1966, but by the time this study
began in 1993, it was bounded on more than 85% of its
perimeter by shopping centers, high density suburban
housing, and a 12-lane interstate highway. An addi-
tional tract of adjoining undeveloped land was cleared
for housing construction early in 1997. The remainder
of the adjoining land is mixed deciduous forest and
fresh-water wetlands, which provide narrow safe corri-
dors for deer movement. The campus is surrounded by
a 2.5 m-high chain-link fence, but deer pass over and
under the fence, and through multiple gates that remain
open for vehicle and pedestrian access. Thus, the prin-
cipal obstacle to ingress and egress of animals is the
inhospitable surrounding environment.

2.2. Deer capture and tagging

Deer were captured using box trapping, chemical
immobilization, and hand-capture of fawns. For box-
trapping, solid-sided wooden Stephenson-style traps
were baited with corn; captured deer exited the trap into
a hand-held net and were physically restrained for
handling. Chemical immobilization was accomplished
with a mixture of Telazol® (~2.5 mg/kg) or Ketaset®
(~2.5mg/kg) and Xylaject® (~1.5 mg/kg) delivered in
barbed 2 cc or 3 cc self-injecting darts fired from a Pneu-
dart® (Williamsport, Pennsylvania, USA) 0.22-car-
tridge powered dart rifle. Yohimbine (Yobine® or
Antagonil®, ~0.2 mg/kg) was used as a reversal agent
for the Xylaject®. Fawns <7 days old were located
visually and captured by hand or with a net. From
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1995-2000, an average of 79% of fawns observed were
captured and eartagged within one week of birth.

All captured animals received a livestock eartag
(Nasco Farm and Ranch, Wisconsin, USA) bearing a
unique identification number (3 cm high) and a metal
eartag with the same identifying number, “NIST”, and
a contact telephone number.

Animal capture and treatment protocols were
approved by the University of Maryland’s Institutional
Animal Care and Use Committee (#R96-32), and were
also reviewed by the US Food and Drug Administration
under Investigational New Animal Drug file #8840 held
by The Humane Society of the United States, and by the
Maryland Department of Natural Resources.

2.3. Contraceptive vaccine preparation and delivery

PZP was prepared and dissolved in phosphate-buf-
fered saline (PBS) as described by Liu et al. (1989).
Doses were prepared in the field and consisted of PZP in
0.5 cc PBS emulsified with 0.5 cc adjuvant. Beginning
with the autumn, 1996, mating season, adult and year-
ling females received one of four PZP preparations: (1)
an initial vaccination of 65 pg PZP in Freund’s Com-
plete Adjuvant (FCA; Sigma, St. Louis, Missouri, USA)
followed, in autumn, by 65 pug PZP in Freund’s Incom-
plete Adjuvant (FIA; Sigma, St. Louis, Missouri, USA),
with subsequent annual boosters of PZP in FIA, fol-
lowing Kirkpatrick et al. (1990); (2) two consecutive
vaccinations, 3 weeks apart, of 65 pg PZP in FIA and 10
mg Carbopol® 934P (B. F. Goodrich, Cleveland, Ohio,
USA); (3) two initial injections and annual boosters of
65 pg PZP in Montanide® ISA 50 (Seppic, Inc., Paris,
France); and (4) two initial injections and annual boos-
ters of 200 pg PZP in MPL® +TDM emulsion (Ribi
Adjuvant System R-700, Corixa, Hamilton, Montana,
USA). Initial vaccinations were delivered January—
October by hand-held syringe at time of capture or
remotely via 1.0 cc self-injecting dart fired from a Pneu-
Dart® 0.22 cartridge-powered dart rifle. All boosters
were administered August-November via 1.0 cc dart
fired from the dart rifle.

For calculation of individual and population fertility,
females were categorized as treated if they had received
at least two PZP treatments, including a booster in the
late summer or autumn immediately prior to the mating
season.

2.4. Fertility, mortality, and population size

Fawns were counted in vehicle censuses conducted
3—4 times a week during May and June and 2-3 times a
week during July—September. Beginning in 1995, when
fawn-tagging began, number of fawns per female was
calculated by dividing the sum of tagged fawns, known
untagged fawns, and untagged fawn carcasses, by the

estimated number of adult and yearling females present.
Fawns were matched with their mothers using observa-
tions of nursing and other close associative behavior,
which yielded estimates of number of fawns per treated
female. Number of fawns per untreated female was cal-
culated by subtracting the number of fawns born to
treated females from the total number of fawns born,
and then dividing that number by the estimated number
of untreated females. Estimates of fertility do not
account for fawns that were born and died without
being observed.

Mortality statistics reported here include all deer
found dead on campus and on the roads directly
adjoining the campus, and all NIST-eartagged deer
found or reported dead (with tag number) at any loca-
tion. Carcasses were located by study personnel or
reported by telephone to NIST campus police, and were
inspected and grossly necropsied by study personnel
whenever possible.

We used three methods of direct, complete counting
to estimate population size (Davis and Winstead, 1980):
(1) Vehicle counts—one—three observers drove a 4WD
vehicle along a prescribed route that covered the entire
campus, counted all deer observed, and categorized
them by age and sex. (2) Volunteer drive counts—after
posting observers outside the single large (16 ha) wood-
lot to monitor egress and ingress of deer, one observer
drove a 4WD vehicle along a prescribed route through-
out the entire campus, excluding only the large woodlot,
and counted all deer observed. When this count con-
cluded, a line of volunteer observers 30-50 m apart
walked parallel transects through the woodlot, counting
all animals in the woodlot. We also made video record-
ings along the woodlot boundary to help corroborate
real-time counts. (3) Tag inventory—beginning in 2000,
one observer drove a prescribed route throughout the
entire campus on 3 days within a 2-week period,
recording the tag number of every deer observed, and
the number and location of untagged deer. Because the
population was relatively small and >90% of the deer
on campus carried ear tags during that period, it was
possible to individually identify all untagged as well as
tagged deer. Vehicle counts and tag inventories were
also used to estimate the number of adult and yearling
females present.

Except where otherwise noted, statistical tests were
carried out on SPSS for Windows. Significance level was
set at «=0.05.

3. Results
3.1. Capture success and darting efficiency

Between March 1994 and December 2002, we cap-
tured and eartagged 602 deer (274 M: 328 F): 62 by box
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trapping, 165 by chemical immobilization, and 375 by
hand-capture of fawns. Seven deer died from capture-
related causes. Time spent capturing deer through chem-
ical immobilization averaged 12.0 person-hours per deer
(varying annually from 7.1-15.8 person-hours per deer,
with no year-to-year trend). No effort data were kept
for box-trapping and fawn capture, since these activities
were generally carried out simultaneously with other
tasks. The proportion of tagged deer on campus grew
from 7% at the end of 1994 to 93% at the end of 2002
(Fig. 1).

We treated 40 females with PZP in the initial year,
and between 96 and 142 females in subsequent years.
Time required to deliver contraceptive darts averaged
1.64 h/deer (varying annually from 0.98-2.3 h/deer, with
no year-to-year trend). In 1999, 19 previously treated
females were left untreated as part of a test of vaccine
reversibility, and they remained untreated until the
autumn following the production of their first fawn.

3.2. Fertility and mortality

Although vaccine efficacy varied considerably among
treatment protocols, contraceptive treatments sig-
nificantly reduced individual fertility in fawning years
1998-2001 (Fig. 2). Between 1995 and 1999, untreated
females produced an average of 0.69—1.08 offspring per
year. Between 2000 and 2002, untreated females pro-
duced an average of 0.41-0.61 offspring per year (the
lower number is largely an artifact of the inclusion of
animals that had previously been treated but for which
treatments had been stopped, as described above). In
1997, following the first year of treatments, treated
females produced an average of 0.64 offspring per
female, then averaged 0.17-0.34 offspring per female per
year from 1998 to 2002 [after we stopped using the
Carbopol® treatment, which was ineffective (Thiele
1999)].

Population fertility declined significantly as the pro-
portion of females wunder treatment increased
(r=-0.880, df =7, P=0.004; Fig. 2).

1A
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Fig. 1. Proportion of deer present on the NIST campus wearing
uniquely numbered ear tags, 1994-2002. Estimate is based on the
number of eartagged individuals known to be living and present divi-
ded by estimated population size.

The carcasses of 353 tagged and untagged deer (74 M:
68 F among necropsied deer) were recovered between
1994 and 2002, yielding a minimum annual population
mortality of 16.4% (annual range, 7.0-20.0%). Of the
246 deaths for which cause could be determined, 60.6%
were caused by vehicle collisions. An additional 113
tagged deer (59 M: 54 F) disappeared from the study
site during that time period. It was impossible to deter-
mine with certainty whether these animals died or dis-
persed.

3.3. Population size

Population size increased by approximately 10.6%
per year between August 1993 and August 1997
(F=11.286, df=12, 1, P=0.006), then declined by
approximately 7.9% per year between August 1997 and
May 2002 (F=106.48, df=12, 1, P<0.001) (Fig. 3). The
peak followed the initiation of PZP treatments in
autumn 1996 and the ingress of 20-45 deer in 1997,
which was associated with the clearance for develop-
ment of an adjoining parcel of land. These trends are
consistent with the numbers of known births, deaths,
and disappearances (Fig. 4).

The change in population size [ln (N,+;/N,)] was
negatively correlated with the proportion of females
treated with contraceptives the previous year, whether
or not years prior to treatment are included in the ana-
lysis (1993-2001: r=-0.671, n=9, P=0.048; 1996—
2001: r=-0.902, n=6, P=0.014; Fig. 5).

The proportion of females treated in a given year was
uncorrelated with the number of deer known to have
been killed by vehicles the following year, whether or
not population size was controlled for (1993-2001, sim-
ple correlation: r=0.406, n=9, P=0.278; partial corre-
lation, r=0.395, df=6, P=0.332).
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Fig. 2. Number of offspring per female among untreated adult and
yearling females (white bars), adult and yearling females treated with
PZP (hatched bars), and for the population as a whole (black bars).
Estimates of fertility do not account for fawns that were born and died
without being observed. Statistically significant differences in fertility
rates between treated and untreated females (determined using z-tests
for differences in rates [Gahlinger and Abrahamson, 2001)] are indi-
cated by asterisks (*P <0.05; ** P <0.005; ***P <0.001). Also shown is
the proportion of yearling and adult females treated with PZP the
previous autumn (crosses linked by solid line).
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Fig. 3. Deer population counts at NIST, 1993-2001, using vehicle
counts (solid diamond), combination vehicle counts and volunteer
drive counts (unfilled square) and identification tag inventories (cross)
(a). Natural log of NIST deer population (In(N)) vs. time in years (7).
Open diamond, April 1993-August 1997 (In(N)=0.101+5.168,
2=0.485, F=11.286, P=0.006); solid square, August 1997-May 2002
(In(N)=—0.082 r+5.708, r>=0.899, F=106.48, P <0.001) (b).

4. Discussion
4.1. Impacts of contraception on deer populations

The reduction in population fertility caused by con-
traceptive treatments and the relationship between pro-
portion of females treated and population change
strongly suggest that the contraceptive treatments,
which began in autumn 1996, were directly responsible
for the stabilization and reduction of the NIST deer
population observed after 1997. The trendline suggests
that treating approximately 60% of the females would
stabilize this population (Fig. 5). Presumably, a stronger
population response to contraception would have been
seen if the vaccines used were more effective (reduced
effectiveness having been a byproduct of the multiple
objectives of the study).

The demographic response to contraception was also
strongly influenced by demographic factors specific to
this population, especially an intrinsically low repro-
ductive rate for untreated females and a high mortality
rate associated to a large extent with deer-vehicle colli-
sions. Reduced individual fertility and fawn survival are
common (but not universal) in high-density deer popu-
lations (White and Bartmann, 1997); increased produc-
tion by untreated females could oppose the population
effects of contraception at lower densities (see below).
On the other hand, individual mortality risk due to
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Fig. 4. Number of deer births and deaths recorded at NIST, 1994—
2002.
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Fig. 5. Year to year population change vs. proportion of females
treated with PZP immunocontraceptive vaccine (V) (In(N,4;/
N)=-0.206 V+1.20, r=0.450, F=5.721, P=0.048).

deer-vehicle collisions may not change much (and in this
study, did not change) with population densities, sug-
gesting that in suburban deer populations stabilization
or reduction could be sustained even at relatively low
densities if a sufficiently large proportion of the females
can be treated (but see Rudolph et al., 2000, and below).

These principles are illustrated by comparison with
the data on population effects of contraception in white-
tailed deer at Fire Island National Seashore (FINS),
New York, USA (Naugle et al., 2002). While contra-
ceptive treatments were ongoing, population density in
the principal FINS treatment area increased by 11% per
year for 3 years, then declined by 23% per year over the
following 2 years. Because deer at FINS were treated
almost exclusively with well-tested vaccination prepara-
tions, vaccine efficacy was slightly higher at FINS than
at NIST. The longer delay in the population response at
FINS can probably be attributed to lower mortality
(predators, hunters, and cars were all absent from
FINS) and possibly to higher fertility in untreated ani-
mals. Mortality and fertility of deer at FINS were both
subject to the influence of extensive recreational feeding
of deer, which was absent at NIST during the study
period. Finally, deer at FINS were able to use habitat in
and adjacent to the study areas that were inaccessible to
researchers, whereas the entire NIST campus was
accessible to researchers, and most of the heavily devel-
oped area surrounding the campus was unsuitable for



248 A.T. Rutberg et al. | Biological Conservation 116 (2004) 243-250

deer. Thus, some FINS deer were less accessible for
contraceptive treatment.

It has been suggested that increased activity levels
associated with PZP treatments (e.g. McShea et al.,
1997) might increase the frequency of deer—vehicle col-
lisions. We found no evidence that PZP treatments
affected the frequency of deer—vehicle collisions, even
when population differences were accounted for. How-
ever, small effects might easily have been masked by
changes over time in vehicular traffic flow, speed limits,
and other variables.

4.2. Management and conservation implications

White-tailed deer densities and reproductive rates
comparable to those observed at NIST have been
reported in other urban and suburban deer populations
(Swihart et al., 1995; Kilpatrick et al., 1997; Palmer et
al., 1997). Likewise, high frequencies of deer—vehicle
collisions are widespread on the fringes of North
American urban areas (Conover et al., 1995). This study
suggests that contraception should be able to achieve at
least modest population reductions in such populations.

Another factor favoring use of contraception to con-
trol deer populations is the growing evidence that
female white-tailed deer show powerful site fidelity.
Although some rural high-latitude populations may
move between distinct winter and summer ranges, adult
females living in more temperate latitudes or near cities
and towns consistently occupy home ranges of 40-170
ha and rarely stray far from their birth places (Swihart
et al., 1995; Aycrigg and Porter, 1997; Kilpatrick and
Spohr, 2000; this study). Thus, suppression of repro-
duction in a local population of female deer will not
necessarily be offset by immigration (except as was the
case of NIST in 1997, when development of adjacent
deer habitat led to a one-time influx of new animals).
Spatial or physical isolation from other deer popula-
tions may be helpful for the application of contra-
ceptives, but it may not be essential.

The ultimate criterion for assessing the practicality of
contraception as a management tool is the efficiency
with which contraceptives can be delivered to deer
(Garrott, 1995). At NIST and FINS, contraceptive
darting required <2 h per treatment (Naugle et al.,
2002). Darting efficiency has been much lower at PZP
study sites in Irondequoit, New York (2.5-6.7 h per
darting; Rudolph et al., 2000) and Groton, Connecticut
(7.1-17.5 h/darting; Walter et al., 2002). Darting effi-
ciency increases with deer habituation to humans,
accessibility to habitat, and potential for attracting deer
within darting range using bait or other lures. Many
small suburban and urban populations of deer may
show these traits, and should permit efficient darting.
The development of longer-range delivery technology
and longer-lasting, more effective contraceptive vaccines

would expand the number of sites and species for which
population reduction through contraception is feasible
(Hobbs et al., 2000). Long-acting vaccines are being
developed rapidly (Brown et al., 1997; Fraker et al.,
2002; Turner et al., 2002).

However, given current technology and plausible lim-
its on the efficiency of dart delivery, it seems unlikely
that populations of deer occupying large blocs of rural
and wild habitat will be amenable to management
by dart-delivered contraception. Thus, conservation
advantages that might be gained by controlling over-
abundant deer populations with immunocontraception
will be limited to small parks and urban/suburban
reserves. In the immediate future, the more important
applications of contraception may involve the solution
of other kinds of deer—human conflicts.

Before widespread application to deer and other
wildlife species is possible or appropriate, questions
should be answered about the magnitude of population
reduction and the minimum densities that can be
achieved, long-term behavioral, genetic, and health
effects, and cost and effort involved in application
(Guynn, 1997; Muller et al., 1997; Kirkpatrick and
Rutberg, 2001) In the US, regulatory approval will also
have to be sought from the Food and Drug Adminis-
tration, and state wildlife agencies will have to develop
regulations, policies, and procedures to oversee imple-
mentation at the local level (Guynn, 1997; Kirkpatrick
and Rutberg, 2001).
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