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Abstract

Tiger beetles are a popular, widely studied group of charismatic insects that are a flagship taxon for insect
conservation. Five species are currently listed in the United States as Federally Endangered orThreatened, two
others have recently been delisted, and many more are listed by individual states.To date, the status of some
of these species has been improved or their decline slowed by various conservation strategies. In this article,
we review the background and the recent conservation activities for all federally listed tiger beetle species.
These species have lost much of their historic habitat and remain at risk because of continuing impacts from
vegetation encroachment of native or invasive plants, water-level changes, and other human-related activities.
Conservation efforts are limited because for most species there is little or no potential habitat remaining, even
following restoration activities. Effective strategies have included long-term monitoring of population size and
research activities, acquisition and protection of occupied sites, methods for controlling vegetation encroach-
ment to improve habitat quality, and recent efforts with translocations using beetles from existing populations
or from captive rearing. Because tiger beetle life histories are similar, successful management and research
methods for any one species can be applicable to others. This presents an opportunity to coordinate taxon-
level conservation for all U.S. species through cataloged information and conservation leadership
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Tiger beetles (Family Carabidae, Family, Cicindelidae) are well
known taxonomically and biologically due to interest in their col-
orful morphology and vicious predatory behavior (Pearson and
Vogler 2001, New 2010, Pearson 2011). Worldwide, 2,600 spe-
cies are recognized with 225 species and subspecies occurring in
the United States and Canada (Pearson et al. 2015). New species,
including cryptic taxa, continue to be described as recent studies
using genetic information reexamine traditional taxonomy and phyl-
ogeny (e.g., Knisley et al. 2012, Duran and Roman 2019, Duran
et al. 2020). Extensive research in recent years has found tiger beetles
to be model insects for testing competition, ecological interactions,
thermal ecology, and biodiversity indices (Pearson 1988, Pearson
and Cassola 1992, Pearson and Vogler 2001, others). Although tiger
beetles have little or no documented economic value, many of them
including these listed tiger beetles are important indicators of specific
habitat types, some highly restricted and distinct.

Adult and larval tiger beetles are visually acute predators of in-
sects and other arthropods. Adults actively hunt, scavenge, and oc-
casionally feed on plant material (Hori 1982, Hill and Knisley 1992,
Girgente 2019), whereas burrow-dwelling larvae sit-and-wait at the
surface of self-dug vertical tunnels to strike at passing prey using
some of best visual perception, and fastest response times known
for any insect (Mizutani and Toh 1995, 1998). Larval development
through three larval stages (instars) occurs in burrows at the site of
adult oviposition although larvae of some species may move in re-
sponse to microhabitat changes. Most species occur in areas with
sand or clay-like soils including such diverse, dynamic habitats as
sand dunes, playas, sparse grasslands, alpine ridges and edges of
rivers, lakes, and oceans; the primary habitat requirement is bare
open ground where adults can hunt prey and have suitable sites for
oviposition and larval development.
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The long-standing popularity of tiger beetles is largely due to
their bright coloration, active predatory behavior, and interesting
habitats. Consequently, this group has been widely collected, photo-
graphed, and studied by naturalists with interest growing recipro-
cally with the many field guides now available, including one for the
United States and Canada (Pearson et al. 2015), at least 10 regional,
state, and provincial guides (Pearson and Shetterly 2006) and the
>50-yr-old quarterly journal CICINDELA. Significant contributions
to the biology and taxonomy of this group are due to the efforts of
amateurs, alone or in collaboration with professional entomologists
(Pearson 2013, Russell 2014, Pearson et al. 2015), which support or
become the academic basis for much of what we know about their
biology, systematics, and conservation genetics. Because tiger beetles
are often the best-known organisms in their habitats, they have been
used as indicators to assess habitat quality and disturbance/impacts
(Arndt et al. 2005, Aydin et al. 2005, Knisley 2011) and as indica-
tors of biodiversity in several continents (Pearson and Cassola 1992,
Cassola and Pearson 2000, Pearson and Carroll 2001). This high
level of interest in tiger beetles, ease of identifying the species in the
field, and the available information on their distribution and biology
has highlighted their value as a flagship group in insect conservation
(Knisley and Schultz 1997, New 2010, Knisley et al. 2014).

In the United States, ~89 insect taxa are currently listed by the U.S.
Fish and Wildlife Service (USFWS) including five tiger beetles (three
Endangered, two Threatened); two candidate tiger beetles were recently
delisted. Several other tiger beetles including 13 taxa previously listed
at category 2 (candidate species) for consideration (USFWS 1989) have
been or are currently under review for listing, and at least 36 (15%) of
the 200 named tiger beetle species and subspecies in the United States
are considered sufficiently rare to be considered for listing by the USFWS
(Pearson et al. 2015). Federal listing is based on the following criteria
established by USFWS (2016¢): 1) present or threatened destruction,
modification, or reduction in range; 2) overutilization for commercial,
scientific, recreational, or educational purposes; 3) disease or preda-
tion; 4) inadequacy of existing regulatory mechanisms; 5) other nat-
ural or manmade factors affecting its continued existence. Interestingly,
although the six of the listed or delisted tiger beetles species represent
a significant range within these criteria, one of the documented fac-
tors—rarity—is implied but not stated in the criteria. Although other
insects have been approved for listing, they have not been because their
listing is precluded by ‘higher priority’ taxa. Prioritization is based on
12 criteria including level and immediacy of the threats and taxonomy.

The coauthors of this article have been strategically involved
in most of the research and conservation that has led to the listing
and/or recovery strategies for all but one (Ellipsoptera nevadica
lincolniana Casey) of the tiger beetles discussed in this article.
Our work has included extensive field surveys of distribution and
abundance, ecology, life history, taxonomy, historical decline, and
developing recovery plans. Here we summarize the current status
of each of these seven U.S. listed species followed by a discussion
of conservation strategies that have been used or are planned for
these rare tiger beetles. We include relevant information from pub-
lished literature, unpublished reports, and personal contact with
other workers. From our studies, we expect these strategies will be
broadly applicable for tiger beetle species listed in the future and for
prelisting conservation management (Donlan 2015).

Listed Species Accounts

Despite the decline of many species, the only apparent ex-
tinct U.S. tiger beetle is Cicindela hirticollis abrupta Casey. This

subspecies occupied northern California sandy point bar sites along
the Sacramento River until the 1950s and the Feather River into the
1980s. However, more recent extensive surveys including all historic
sites as well as potential sites throughout its historic range failed
to locate any specimens (Knisley and Fenster 2005). The presumed
cause of its extinction was the loss and disruptions of point bar habi-
tats along these rivers after construction of the Oroville Dam on
the Feather River in 1968 and the Shasta Dam on the Sacramento
River in 1968 (Fenster and Knisley 2006). Specific impacts of these
water-level changes were loss, reduction, or prolonged inundation
of point bars, changes in sand grain size, and vegetation encroach-
ment. Another species, Opilidia chlorocephala smythi Chevrolet,
was known only from a single series of (80) specimens collected at
South Padre Island, Texas, in 1913 and apparently lost after several
severe hurricanes from 1912 to 1919 (Pearson et al. 2006). Since
this is the only reported record, its historic range is unknown. Its
closest relative, Opilidia chlorocephala chlorocephala (Chevrolat),
occurs in Tabasco and Veracruz, Mexico, and Honduras (Erwin and
Pearson 2008).

Below we provide a summary of the current status of the five
Federally listed tiger beetle taxa and two recently removed from
listing as a result of conservation efforts. It should be noted that
the population estimates we include are based almost exclusively on
visual index counts of adults in the existing habitat. Although index
counts typically include all or nearly all of the habitat area and are
conducted under ideal conditions for adult activity, several studies
have confirmed that these index counts typically underestimate total
numbers twofold to threefold (Knisley 2009, Knisley and Hill 2013,
Knisley et al. 2016).

Northeastern Beach Tiger Beetle
Habroscelimorpha dorsalis dorsalis (Say) has a historic distribu-
tion that included most sandy beaches along the Atlantic Coast
from New Jersey to Massachusetts and along both shorelines of the
Chesapeake Bay (Knisley and Schultz 1997). Its abundance and dis-
tribution were indicated by Leng (1902) who reported it as occurring
in‘great swarms’ along the middle and northern states of the Atlantic
coast. Due primarily to recreational beach use and development, it
was extirpated from most of these coastal sites during the 1920s to
1950s (especially post-World War Two; Stamatov 1972), where by
the 1980s, it was considered extirpated from the entire Northeast
and present at only 135 sites within the Chesapeake Bay of Maryland
and Virginia (Knisley et al. 1987). Since its listing at a Threatened
species in 1990 (USFWS 1990) and the writing of a recovery plan
(USFWS 1993), extensive surveys were conducted throughout its his-
toric range resulting in the discovery of a population on Martha’s
Vineyard, MA, and at nearly 100 sites with a total of over 80,000
adults along both shores of the Chesapeake Bay of Maryland and
Virginia (Knisley et al. 2016). The survival and widespread occur-
rence within the Chesapeake Bay may be a result of private owner-
ship of much of the shoreline and limited recreational development
of the beaches. However, the most recent surveys document a signifi-
cant decline to <40,000 adults at ~70 sites, with most of the decline
along the more heavily populated and developed western shoreline
(Knisley et al. 2016). The primary cause of this decline was attrib-
uted to shoreline recession from rising tidal levels and the associated
dramatic increase in shoreline armoring along the western shoreline
(revetments, bulkheads, groins) in the past 20-30 yr.

Although believed to be extirpated from the Northeast, a
population of H. d. dorsalis was discovered in 1998 at a well-
protected site along the south shore of Martha’s Vineyard, with a

020z Jaqwieoa( |z uo 1sanb Aq g¥SHZ09/9r08eeS/eSaB/SE0 0 | /I0p/3|o1ie-00uBApe/esaR/woo dno olwapese//:sdiy Woll papeojumoc]



Annals of the Entomological Society of America, 2020, Vol. XX, No. XX 3

second much smaller population discovered near the southwestern
shore of Buzzard’s Bay in 1994. Population-size estimates for the
Martha’s Vineyard population have fluctuated greatly from <250 to
over 3,500 adults with storms and other weather-related shoreline
changes being the apparent cause (T. Simmons, personal correspond-
ence). The Buzzard’s Bay population was extirpated in 2001 due to
increased human activity (T. Simmons, personal communication).
Vogler et al. (1993a) determined the Martha’s Vineyard population
was genetically distinct from the Chesapeake Bay populations and
suggested it should have separate conservation status. Two key re-
covery objectives for H. d. dorsalis are protecting existing sites in
the Chesapeake Bay area and establishing new populations in the
northeastern part of its range (USFWS 1993).

PuritanTiger Beetle

Ellipsoptera puritana (G. H. Horn) was listed as a USFWS
Threatened Species in 1990 (USFWS 1990) and a recovery plan
completed in 1994 (USFWS 1994). Like H. d. dorsalis, it has an
interesting historic distribution that includes sites in New England
(along Connecticut River through New Hampshire, Massachusetts,
and Connecticut) and along both shorelines of the Chesapeake Bay
in Maryland. Adults at all sites are found on sandy beaches, but
larvae at the Connecticut River sites are found on the upper beach,
whereas at all Maryland sites, the larvae are restricted to sandy de-
posits in the high clay-cliffs that back the narrow sandy beaches.
This difference in habitat ecology and documented genetic differ-
ences, suggest the New England and Maryland forms may be dif-
ferent species or subspecies (Vogler et al. 1993b). Currently along
the Connecticut River E. puritana exists in two locations with only
one a viable metapopulation at several small patches of beach near
Hartford, CT, with annual counts ranging from 500 to >2,000 adults
in recent years. The other site is a small beach near Hadley, MA, with
a small and seemingly unstable population of <20-100 adults (Davis
2006). It has been extirpated from ten other historic sites along the
Connecticut due to riverine changes from dams, channelization, and
shoreline development (USFWS 1994). Although Omland (2002)
suggested the Connecticut population was unlikely to decline for
20-30 yr, both it and the Massachusetts population are being af-
fected by invasive vegetation that is reducing the amount and quality
of larval and adult habitat at most sites (Davis 2004). The species is
also likely affected by fluctuating water levels related to dam releases
that pose a risk for the entire New England metapopulation.

In Maryland, E. puritana is found in three locations: one
metapopulation of 10 occupied sites along the western shoreline of
the Chesapeake Bay in Calvert County, a second metapopulation with
nine sites around the mouth of the Sassafras River in the northeastern
part of the Bay, and a third recently discovered location with two
very small sites, each with recent counts of <25 adults, along the
Severn River near Annapolis (Pagac et al. 2017). Total numbers of
adults combined for all sites have fluctuated greatly over the past 30
yr from low estimates of <2,000 to a high of >10,000 (Knisley 2019).
Population Viability Analyses suggested these metapopulations are at
risk of extinction, primarily because of the significant fluctuations in
abundance (Gowan and Knisley 2016). Continuing threats to these
populations are increasing growth of native and invasive vegetation
growth on the cliffs (at Maryland sites) and sandy beaches (along
Connecticut River) where adults oviposit and larvae develop. This
threat has been exacerbated at some Maryland sites by shoreline
armoring, which stabilizes the cliffs, promoting vegetation growth
and consequently eliminating larval habitat. Interestingly, although
shoreline recession is a major threat to H. d. dorsalis populations, it

is often beneficial at E. puritana sites by reducing cliff and shoreline
vegetation thereby improving larval habitat. This erosion has little, if
any impact on adults of E. puritana, which commonly forage along
the water edge and can readily move to adjacent cliffs or back beach
during high water.

OhloneTiger Beetle

Cicindela ohlone Freitag and Kavanaugh was described from a rem-
nant coastal terrace grassland near Santa Cruz, CA, by Freitag et al.
(1993) who suggested its apparent rarity was because little of its
habitat remained, and in response to a petition this species was listed
as Endangered in 2001 (USFWS 2001). Its localized distribution and
restriction to a specific soil type in this coastal terrace habitat was
confirmed by extensive surveys that found it at only 17 of over 200
likely sites in Santa Cruz, and adjacent counties (Knisley and Arnold
2013). Presently, it occurs at only five of these sites, having been
lost at the others due to habitat loss and degradation (Cornelisse
2013). Estimated peak numbers of adults from index counts at all
sites ranged from 122 to less than 50 through 2012 (Knisley and
Arnold 2013). The primary cause of extirpation, current declines,
and a continuing threat for this species is the loss of bare, open
ground from growth of invasive and native plants (Cornelisse 2013).
Historically, grazing animals, fires, and other disturbance maintained
the native grasslands with sufficient open patches to support the spe-
cies (Greenlee and Langenheim 1990, Jackson and Bartolome 2007).
Although most extant sites are preserves or otherwise protected
from development and human-related impacts, populations at the
four largest sites have declined in recent years despite management
to reduce vegetation (Arnold and Knisley 2018).

MiamiTiger Beetle

Cicindelidia floridana (Cartwright) was listed as an Endangered
Species in 2015 in response to a petition by the Center for Biological
Diversity, several other organizations, and private individuals
(USFWS 2016b). This tiger beetle was known only from one series of
specimens collected in 1934 at a site in northern Miami, FL, and de-
scribed as Cicindela abdominalis var floridana by Cartwright (1939).
Due in part to its known rarity, it was searched for by many tiger
beetle workers and considered extinct until a small population was
rediscovered in 2007 at a pine rockland site at Zoo Miami (Brzoska
etal. 2011). With additional specimens then available for subsequent
biological studies, it was elevated to full species status (Brzoska et al.
2011). Subsequent surveys of many pine rockland and scrub sites
in south Florida found it restricted to localized patches of exposed
sandy soils at Zoo Miami, and at three other contiguous patches of
pine rockland (Knisley and Brzoska 2018). Peak adult numbers at
these individual patches using an index count method ranged from
~10 to <50 with a total number in this apparent metapopulation
estimated at less than 200. Since 2018, a new population was found
at another pine rockland preserve ~1 km north of the zoo area popu-
lation. Four of the five known sites just mentioned are protected
as pine rockland preserves and also occupied by other rare plants
and butterflies. However, the total area occupied by Ci. floridana
in these separate patches is less than ~1 km?, and all are affected by
encroaching vegetation.

Salt CreekTiger Beetle

Ellipsoptera nevadica lincolniana was listed as an Endangered Species
in 2005 because of its extremely restricted habitat, occurring at a few
saline wetland sites around Lincoln, NE (USFWS 2016a). In the past
150 yr, over 90% of this habitat has been lost to urbanization, flood
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control, stream channelization, fill, and removal that has eliminated
most of the historic populations (Allgeier 2005). Since 1991, two
of the four metapopulations have been lost. In the past 10 yr, the
total estimate of adults in the two remaining metapopulations has
ranged from 141 to 374, all localized within <8 mile length of one
stream segment (USFWS 2016a). The existing habitat and potential
recovery areas have experienced reduced salinity from freshwater
runoff resulting in increased vegetation growth and impacts from
cattle grazing and cultivation. Yet another factor believed to be con-
tributing to metapopulation losses is the attraction of adults to arti-
ficial lighting at night. Lighting from increased urban development
near existing sites could attract adults away from their habitat at
night exposing them to increased mortality and preventing the fe-
males from ovipositing that typically occurs at night (Allgeier 2005).
Despite an ongoing captive breeding program and translocations
(USFW'S 2016a), this species remains at a high risk of extinction be-
cause of the small amount and continuing loss and deterioration of
occupied habitat which supports small populations.

Coral Pink Sand DunesTiger Beetle

Cicindela albissima Rumpp was considered a subspecies Cicindela
limbata albissima when listed as a candidate in 1984 because of its
apparent localized distribution within the Coral Pink Sand Dunes
of southern Utah (USFWS 1989). Subsequently, it was elevated to
full species status on the basis of a genetic analysis comparing it
with those taxa considered to be closely related (Morgan et al. 2000)
and its distribution confirmed to only within this dunefield (Knisley
and Hill 2001). Annual monitoring and biological studies initiated
in 1992 and continuing to the present confirmed it to be only within
a 1 km long by 0.3-km-wide section of the Coral Pink Sand Dunes
(Gowan and Knisley 2014). This habitat area includes dynamic
transverse dunes compared with the more stabilized parabolic and
bachran dunes in northern, higher elevation portions of the dune
field. Population size has periodically fluctuated from a low of <600
adults to over >3,000 adults over the past 25 yr (Gowan and Knisley
2014). Monitoring of rainfall and population size, and experimental
studies of supplemental watering are evidence that higher rainfall
results in increased population size (Knisley et al. 2018). Most of
the population is now within a protected conservation area, but the
species remains at risk because of the highly erratic population size,
driven by annual rainfall, and disruption of some of the habitat by
recreational off-highway vehicle use. The climate-related risk will
likely increase if the higher summer temperatures and increased
probability of drought in the Southwest predicted by climate models
are accurate (Karl et al. 2009).

HighlandsTiger Beetle

Cicindelidia highlandensis (Choate), a close relative of Ci. floridana,
was listed as a USFWS Candidate Species in 1991 because of its asso-
ciation with locally limited scrub habitat on the Lake Wales Ridge of
central Florida (USFWS 1991). When described, it was known from
only two sites in Highlands County (Choate 1984). Subsequently
extensive surveys of over 200 sites from 1991 to 2014 throughout
the Lake Wales Ridge, and adjacent areas found 47 occupied sites
in scrub or pine flatwoods habitats in Highlands and Polk counties,
some with very few individuals, others with relatively large popula-
tions. Based on this increase in known sites and increased protection
and management, including annual prescribed burns, the total num-
bers of adults at all sites was estimated at >10,000. As a result, the
USFWS determined that Ci. highlandensis did not warrant listing
and was withdrawn as a candidate (USFWS 2016¢). Regardless of

the removal from candidate status, the species should still be moni-
tored because most individuals at most sites are restricted to service
roads and trails kept open by vehicle use.

Successful Conservation Strategies

As with most endangered species, the loss and deterioration of habitat
is the primary cause of decline and endangerment of tiger beetles.
In addition to the outright elimination of habitat by urbanization,
agricultural activity, and other human-related activities, former and
existing habitats have become unsuitable because of the loss of open,
bare ground upon which tiger beetles depend for adult foraging, ovi-
position, and larval development (Knisley et al. 2014). The natural
disturbances from wildfires, grazing, and flooding, which historically
created these open spaces, have been largely eliminated, resulting in
the encroachment of native and invasive vegetation. Consequently,
some of these rare tiger beetles depend on human-related disturb-
ances to create and maintain open habitat areas (Knisley 2011). In
addition, disturbance strategies have been implemented as key con-
servation strategies for some of these listed species, as detailed below.
Water edge habitats (riparian, lake and ocean) have also been lost or
negatively affected by other anthropogenic activities such as dams,
channelization, shoreline armoring, and recreational development.

Long-Term Monitoring and Research

Monitoring of population size and distribution is one of, if not the
most critical activity for assessing the status of rare tiger beetle spe-
cies, and to provide guidance on specific conservation goals (New
2010). Most of the listed tiger beetles have been among the longest
monitored of any invertebrates, with monitoring of H. d. dorsalis
and E. puritana at Maryland and New England sites conducted an-
nually for over 25 yr (Knisley 2019, T. Simmons, personal communi-
cation) and as long but less frequently for H. d. dorsalis at Virginia
sites (Knisley et al. 1987, Knisley et al. 2016). Annual monitoring
of population size and related biological studies have been con-
ducted for E. nevadica lincolniana (USFWS 2016a) and C. albissima
(Gowan and Knisley 2014, Knisley et al. 2018) since the early 1990s.
Similar monitoring and research studies have also been conducted
for C. ohlone (Knisley and Arnold 2013, Arnold and Knisley 2018)
and Ci. highlandensis (Knisley and Hill 2013). Biological studies
during this time have determined life history, habitat requirements,
population dynamics, threats, and guidance for site protection and
key conservation strategies, especially captive rearing, translocation,
and habitat parameters for most of these species as documented in
reports to the USFWS and accounts in the Federal Register. Among
these studies are those using genetic analysis and other characters
to resolve the taxonomic status of these listed species (Vogler et al.
1993a,b; Morgan et al. 2000; Brzoska et al. 2011; Aunins et al.
2020).

Acquisition and Protection of Habitats

Because habitat loss and deterioration are the major threats to listed
tiger beetles, the most important strategies involve acquisition of
currently occupied sites, so they can be protected and appropri-
ately managed to insure ideal habitat. Fortunately, some or most of
the sites occupied by the listed tiger beetle species, particularly the
Miami, Ohlone, and Highlands tiger beetles are in state parks, pre-
serves, or under public or private ownership where varied levels of
habitat protection exist. However, as we discuss below, many of these
and other unprotected sites require active, annual, or semiannual
management to maintain adequate habitat quality.
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A variety of mechanisms, including outright purchase, land-
owner easements, and cooperative agreements, have been used to
provide long-term protection of some sites for most listed tiger
beetles. This has been especially important for conservation of
H. d. dorsalis in Virginia where nine sites have been acquired by
the Virginia Department of Conservation and Recreation or the
Nature Conservancy as natural area preserves or protected by
easements with some level of protection (USFWS 2019). Several
of these sites support large populations, while at two others, for-
merly large populations have declined due to the natural changes
of the dynamic shoreline habitat. Land acquisition along with
restoration is a critical objective for recovery of E. nevadica
lincolniana to establish two new metapopulations and increase
the size of the two others. This effort includes a remarkable
number of partnerships and active collaboration for habitat con-
servation through the Saline Wetlands Conservation Partnership
(SWCP). Established in 2003 by the Nature Conservancy and the
Nebraska Game and Parks Commission (NGPC), the SWCP is
guided by an implementation plan providing a holistic approach
designed to preserve both wetlands and their surrounding water-
sheds (LaGrange et al. 2003; Knisley and Arnold 2013). The
SWCP includes over 15 groups and individual entities that util-
izes several strategies including purchase of wetlands from willing
sellers, conservation easements that keep land in private owner-
ship, and public outreach and education efforts. Funding for the
SWCP has been provided through Nebraska Environmental Trust
grants and state and federal funding programs, including several
nontraditional Section 6 grants obtained by the NGPC for land
acquisitions (USFWS 2016a). Additionally, the City of Lincoln
has been instrumental in the acquisition, restoration, and manage-
ment of saline wetland and stream complexes, including creation
of barren salt flats along stream banks that have benefited the
Salt Creek tiger beetle. Also, the Natural Resources Conservation
Service (NRCS) has spent a considerable amount of time working
with private landowners to enroll saline wetland and stream
complexes into Wetland Reserve Program (WRP) conservation
easements.

Acquisitions of tiger beetle habitat can also arise from natural
events which make areas or properties unsuitable for habitation. In
Maryland, sections of several sites occupied by the Calvert County
E. puritana population have recently been acquired and protected
by buy-outs due to shoreline/cliff erosion condemning houses
on eroding cliff-tops. A Federal Emergency Management Agency
(FEMA) Hazard Mitigation Grant approved in 2012 for Maryland
resulted in buy-outs that protected sections of important E. puritana
habitat (J. Thompson, personal communication). Conservation ease-
ments have also been used effectively to protect several key sites or
portions of sites in the Maryland Eastern Shore metapopulation.

Candidate Conservation Agreements are formal agreements be-
tween the USFWS and other parties to address conservation needs
of a species as an alternative to formal listing. In 1998, a conserva-
tion agreement was implemented and carried out for conservation
of C. albissima, and after it was proposed for listing as Threatened
in 2012, a revised Conservation Agreement was implemented and
the proposal for listing withdrawn (USFWS 2013). The terms of this
agreement, administered by the USFWS, BLM, Utah DNR, Utah
State Parks, and Kane County, provide nearly all of the same actions
afforded this species by listing. Key provisions of the agreement in-
clude 1) expansion of the existing conservation area that includes
nearly all of existing habitat and additional potential habitat previ-
ously affected by OHV activity; 2) continued monitoring of popula-
tion size to assess conservation needs; 3) experimental trials to create

additional habitat by vegetation reduction. Similar to conservation
agreements, Habitat Conservation Plans (HCP) are management
mechanisms that allow certain activities which may affect habitat
or direct loss of a listed species. Currently, HCPs have been devel-
oped for several C. ohlone sites (C. Mitcham, personal communica-
tion). These have increased attention for this species and resulted in
the permanent protection of habitat at one site (Arnold and Lyons
2009).

Habitat Management

Maintaining or manipulating dynamic ecological processes, which
create tiger beetle habitat, is a coequal priority to site protection.
Unchecked growth of native and/or invasive plants, un-natural river
flows, and altered longshore transport are all major threats for most
of the listed species. Among the most significant and accomplishable
conservation strategies are management methods which reduce vege-
tation to create open space. Both protected and unprotected sites
can be managed similarly and simply to maintain adequate habitat
quality.

Currently, use of controlled burns, an ecologically appropriate
method mimicking historic events, has been effective in improving
habitat at many sites for Ci. highlandensis (Knisley and Hill 2013,
USFWS 2016¢), at one site for C. oblone (Arnold and Knisley 2018),
and at several habitat patches for Ci. floridana (Knisley and Brzoska
2018). Historically, frequent wildfires have been natural events in
these areas, and apparently sufficient for reducing vegetation and
surface litter. However, the need for trained personnel, permits, ideal
conditions, and adequate funding to conduct burns has hampered
this approach, and consequently been too infrequent to maintain
suitable habitat. These limitations have been especially severe for
Ci. floridana, in part because of its occurrence in highly urbanized
Miami area (Knisley and Brzoska 2018).

Herbicide treatments and hand removal have effectively reduced
vegetation at some E. puritana sites. In 2006, Maryland Department of
Natural Resources conducted an experimental study using herbicides
to reduce vegetation from several cliff sections occupied by larvae of
E. puritana. Subsequent monitoring found this treatment probably ac-
counted for an increase in the population compared with control sites
that declined or did not increase significantly (Knisley 2013). Vegetation
removal experiments conducted at several Connecticut River sites were
only marginally effective (Davis 2004). Although open sand areas for
adult oviposition were provided, vegetation quickly recolonized the
newly disturbed substrate. Additional efforts to reduce vegetation by
volunteers is continuing at some of these sites in an attempt to sustain
suitable oviposition sites and larval habitat. Manual cutting/removal
of vegetation and accumulating surface litter, a relatively inexpensive
and effective method has been suggested as an alternative to con-
trolled burns at Ci. floridana patches but has not yet been implemented
(Knisley and Brzoska 2018). Given the historically dynamic nature
of this habitat, vegetation removal coupled with translocation and/or
captive rearing may be a low-cost, high-yield process for establishing
the much-needed new populations at pine rockland sites.

Active grazing with cattle and horses has been used for over
20 yr used with good results to reduce vegetation at several C. ohlone
sites (Cornelisse 2013, Knisley and Arnold 2013). Early studies with
C. oblone involved field experiments which found adults would
readily oviposit on small bare patches created by scraping away the
surface vegetation (Knisley and Arnold 2013). More thorough ex-
perimental studies confirmed the value of this approach and sug-
gested it as an important habitat management strategy for C. ohlone
(Cornelisse et al. 2013).
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Hydrological restoration is a primary objective in the Federal
Recovery Plan for E. nevadica lincolniana, and an important con-
sideration for all riparian species. Given that an estimated ~90% of
E. nevadica lincolniana’s original habitat was lost or disrupted due
to various land use activities, a detailed, but as-yet unaccomplished
outline includes 1) removal of excess sediment; 2) restoration of
wetland hydrology through installation of water control structures;
3) restoration of saline seeps through bank pull-backs; 4) restor-
ation of stream bank benches; 5) restoration of saline flats and seeps
on the floodplain adjacent to creeks; and 6) management of saline
groundwater (USFWS 2016a).

Translocations and Captive Rearing

Creating new populations at suitable unoccupied sites by transloca-
tion is a major objective in recovery plans and conservation strat-
egies of most of the listed tiger beetles. This approach offers great
promise for tiger beetle conservation because of recent advances
and success in translocation and captive rearing (Knisley et al. 2005,
Gwiazdowski et al. 2011, Kapitulik 2014). The only apparent limita-
tion with this approach, but one that is significant, is the lack of un-
occupied sites with suitable habitat. Most of the known historic sites
for listed tiger beetles have been lost or permanently impacted by
development or other anthropogenic impacts. Relatedly, using trans-
location to supplement existing populations in decline is unlikely
to be successful—unless there is concurrent habitat improvement.
Our long-term monitoring and continuing studies with tiger beetles
have found that populations are limited by the carrying capacity of
a habitat and can rapidly increase several-fold within a year or two,
if habitat conditions improve.

The first attempt at translocations of a listed tiger beetle involved
using larvae of H. d. dorsalis to establish a new population at Sandy
Hook, NJ. Preliminary experimental trials translocating adults found
they dispersed from the translocation site within a few days, and
larvae were deemed more successful to show site fidelity (Knisley
and Hill 1991, Hill and Knisley 1994). Translocating several hun-
dred larvae dug from large Virginia populations to Sandy Hook took
place over several years, first as two experimental translocations (in
1994 and 1995) and then three primary translocations (in 1997,
1998, and 2000). This resulted in a rapid increase of an adult popu-
lation to a peak count of over 700 adults within a few years followed
by a rapid decline and loss of the population within § yr of the peak
abundance (Knisley et al. 2005). The cause of the decline is uncer-
tain but believed to be because the Virginia beetles were not adapted
to the much wider, more dynamic ocean beach at Sandy Hook. At
the time of the translocations, participants were aware that using
Virginia beetles might not be successful because known genetic and
behavioral differences between northern and Virginia populations
was a basis for them being considered ‘genetically distinct units’
(Vogler et al. 1993a). There was also concern that there may be a
negative impact by taking specimens from the single New England
population at Martha’s Vineyard. Based on the initial success of
the Sandy Hook translocations, it was decided to attempt this by
moving a much small numbers of larvae from Martha’s Vineyard, to
Monomoy National Wildlife Refuge, which was nearby with similar
habitat. This translocation has been extremely successful with <150
larvae translocated over a 4-yr period from 2000 to 2003, resulting
in a population estimate of over 10,000 adults (Gwiazdowski 2019).

Captive rearing to reintroduce rare species may be a preferred
alternative to using beetles from an existing population because it
mitigates developmental mortality and amplifies the breeding poten-
tial of individuals taken from the wild. This method can efficiently

create populations for extirpated sites and discover unknown aspects
of tiger beetle reproductive or developmental biology (Farrar 2003).
Its most valuable conservation use may be for species with severely
reduced natural populations or species whose larvae are difficult to
field collect for translocation. Remarkably, tiger beetles have been
reared in the laboratory for over a century by studying life history,
developmental effects, and physiology (Shelford 1908, Palmer 1979,
Pearson and Knisley 1985). Recently, these prior studies have been
repurposed to formalize captive rearing methods to reintroduce
E. nevadica lincolniana and E. puritana (Gwiazdowski et al. 2011).

In brief, rearing protocols are similar for most tiger beetle spe-
cies, reflecting their life histories, but require minor modification to
meet species-specific oviposition conditions for adults. This is done
using native or prepared soil with environmentally controlled cham-
bers, or custom rooms to optimize photoperiod, temperature, and
humidity. Pairs are placed in individual rearing containers, where
they mate and oviposit. Eggs and/or larvae are collected to be reared
individually in tubes or grouped in soil-filled bins with the goal of
developing larvae into late third instar for reintroduction at the re-
lease site in time to naturally pupate and emerge as adults to oviposit
at the site (Gwiazdowski et al. 2011, Weintraub 2018).

Captive rearing of E. nevadica lincolniana has been ongoing since
2002 via a network of partnerships, including the Henry Doorly
Z.00, Lincoln Children’s Zoo, University of Nebraska Entomology
Department, Master Naturalist Program, and the USFWS (Palmer
and Klatt 2014). Small-scale experimental reintroduction efforts
have occurred since 2011 stewarded in part by Master Naturalists,
a group of citizen volunteers organized through the University of
Nebraska, who monitor the larvae, soil temperature, and moisture
at reintroduction sites throughout the year and assist the zoos with
husbandry. In an effort to meet recovery criteria for E. puritana,
the USFWS recently supported the construction of a rearing facility
at Aquatic Resource Center and Silvio O. Conte National Wildlife
Refuge in Sunderland, MA, for captive rearing of this threatened
species (Gwiazdowski 2018). This project has produced large num-
bers of larvae that were experimentally released to supplement ex-
isting populations as a test for using additional reared larvae for
translocation to newly discovered unoccupied sites with potential
habitat along the Connecticut River. (Gwiazdowski 2018).

Because of the success with translocations, it is now planned or
under consideration for other tiger beetles. The USFWS has recently
funded a proposal to translocate laboratory-reared larvae of the
C. oblone to two formerly occupied site (C. Mitcham, personal com-
munication). The habitat at the target site became unsuitable due to
vegetation encroachment resulting in the loss of the population in
2008. The site is being prepared by mowing, clipping, and scraping
to create bare soil areas. Although not yet planned, translocation
using captive-reared larvae is also likely to be an important strategy
for conservation of Ci. floridana.

Future Directions

Over several decades, conservation science involving tiger bee-
tles has provided a broad biological understanding of this group
and successful methods for their conservation. Also, because life
histories for this taxon are so similar, research and management
developed for one species is applicable to all. However, recovery
activity for the species above have not resulted in delisting, and
many more species are now in decline (Pearson et al. 2015). From
our experience with this background, we see three main areas for
improving and coordinating tiger beetle conservation across the
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United States: 1) create an information guide of best practices
for recovery and management of listed U.S. species, including un-
explored research areas with high conservation potential. Many
comparative lessons have already been learned with listed spe-
cies. And we find novices in the field easily learn fundamental
survey and management techniques. So we expect many of these
practices could be easily adopted and improved upon if made ex-
plicit. However, regionally focused projects, staff turnover, gray
literature (often as regional State/Federal reports), and slow insuf-
ficient communication create redundancy from knowledge gaps.
For example, larval surveys are indeed low-cost ways to indi-
cate breeding, recruitment, and preferred habitat, but unknown
aspects of larval activity make using this life stage ineffective to
assess abundance relative to reliable observations of adults based
on mark-recapture studies. Also, methods for assessing habitat
parameters are possible for some species, but seemingly intract-
able for others, and a comparative clarification will benefit man-
agement decisions. Last, highlighting necessary research on areas
such as life-table parameters or methods for adult translocation
could incentivize projects with results applicable to all rare spe-
cies. 2) Develop a U.S. wide cooperative plan to determine the
conservation status of all known taxa and target key ones for
conservation (among the >200 known species and subspecies;
Pearson et al. 2015). A working list of species, subspecies, and
their status is already present across resources including Knisley
et al. (2014) and Pearson et al. (2015), as well as individual state
lists. A nationwide cooperative plan, likely Federally funded and
directed, would enlist State plans and programs to document and
clarify current species distributions, knowledge (and knowledge
gaps) of population status, frequency of surveys and other con-
servation activity per species/population, and current contact lists
of officials and experts by state and region. From this resource,
federal and state officials could better share resources for more
effective conservation actions, NGOs could more easily iden-
tify taxa in their purview, and all stakeholders could refer to a
common source of information. Because many species and sub-
species in need of recovery are not listed, relevant actions would
be incentivized as prelisting conservation measures to avoid re-
strictions, which come with listing, and direct resources otherwise
used to create a listing (State or Federal) directly into recovery
(Donlan 2015). 3) Centralize Federal recovery for all listed spe-
cies. Conservation leadership is directly linked to extinction or
recovery (Black et al. 2011). We propose tiger beetle recovery
should be directed by one expert or a small regular-meeting
committee that would be a key structure to drive continuous
improvement toward delisting, while also informing prelisting
conservation and advancing necessary research. Currently, each
federally listed species is assigned a USFWS biologist as a ‘Species
Lead’ to coordinate recovery activity. Species Leads often oversee
a suite of species, their time is further divided among many other
tasks; and staff turnover creates steep learning curves for biology
and management history. Effectively executing any one species’
recovery plan simultaneously requires biological expertise with
that taxon; longitudinal coordination by leveraging, recruiting,
and fostering talent (from States, NGOs, academics, volunteers,
etc.); developing deadlines; keeping recovery groups on task; and
maintaining capacity (personnel, and financial) for core recovery
actions. The similarity of tiger beetle life histories offers a unique
opportunity for recovery of a whole taxon, and we propose co-
ordinated conservation leadership at this level will not only re-
sult in delisted species, but also prevent new listings and model
methods that grow beyond species-based conservation.
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