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Abstract
Wildlife managers consider animal translocation a means of increasing the viabil-
ity of a local population. However, augmentation may disrupt existing resident
disease dynamics and initiate an outbreak that would effectively offset any advan-
tages the translocation may have achieved. This paper examines fundamental
concepts of disease ecology and identifies the conditions that will increase the
likelihood of a disease outbreak following translocation. We highlight the impor-
tance of susceptibility to infection, population size and population connectivity –
a characteristic likely affected by translocation but not often considered in risk
assessments – in estimating outbreak risk due to translocation. We then explore
these features in a species of conservation concern often translocated in the
presence of infectious disease, the Mojave Desert tortoise, and use data from
experimental tortoise translocations to detect changes in population connectivity
that may influence pathogen transmission. Preliminary analyses comparing
contact networks inferred from spatial data at control and translocation plots and
infection simulation results through these networks suggest increased outbreak
risk following translocation due to dispersal-driven changes in contact frequency
and network structure. We outline future research goals to test these concepts and
aid managers in designing effective risk assessment and intervention strategies that
will improve translocation success.

Introduction

Wildlife translocation has developed into a widely used tool
to either reintroduce or supplement existing populations
in response to the growing needs of wildlife management
and conservation. The frequency and objectives of
translocations worldwide are increasing in an attempt to
reduce the impacts of fragmentation, habitat loss and
climate change (Fischer & Lindenmayer, 2000; Thomas,
2011; Weeks et al., 2011). Regardless of specific project
goals, the challenge for wildlife managers is: How can wild-
life translocations be executed in a manner that simultane-
ously minimizes risk to natural populations and to the
translocated individuals?

One major risk in translocation is the threat of infectious
disease to the recipient population, the translocated animals
and the larger potential host community. An infectious

disease is any abnormal function or change in structure of
an organ or organ systems in a host due to colonization
by a pathogen (any disease-causing parasite including bac-
teria, viruses, protozoa, fungi, helminths and ectoparasites).
Unforeseen disease outbreaks can result in significant mor-
tality or reduced fitness, and hence reduce rather than
augment the population (Cunningham, 1996; Deem, Karesh
& Weisman, 2001; Kock, Woodford & Rossiter, 2010;
Sainsbury & Vaughan-Higgins, 2012). Many early
translocations either failed or exhibited complications due
to disease (reviewed in Cunningham, 1996; Kock et al.,
2010), necessitating the development of methods to identify
and reduce disease threats (Leighton, 2002; Armstrong,
Jakob-Hoff & Seal, 2003; Miller, 2007; Hartley & Gill,
2010).

During preliminary disease risk assessments, managers
may attempt to prioritize pathogens based on characteristics
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that signify the greatest threat to a translocation. Such
ranking is often based on a pathogen’s current presence or
likelihood of introduction into the translocated or resident
host population, the virulence or severity of disease caused
in infected individuals, and anticipated transmission rates
(Miller, 2007). The latter requires further knowledge of the
duration and frequency of infectiousness, contact rates
between infected and susceptible hosts, and host suscepti-
bility to infection given pathogen exposure – parameters
that are often unknown in wild populations and highly vari-
able among individual hosts and environmental conditions
(Anderson, 2009).

In addition to the uncertainty associated with natural
disease dynamics, these assessments should consider trans-
location as a potentially disruptive event that may influ-
ence the parameters that define disease risk and must
therefore ask: Will susceptibility to infection and disease
be affected by translocation? Will the frequency of contact
between hosts and, thus, pathogen exposure change? Will
translocation disrupt the present structure of the popula-
tion and the spatial extent of pathogen transmission?
Without further investigation of potential translocation
effects on key components of the host – parasite system,
managers may underestimate the disease risks associated
with a translocation.

Published translocations that cite post-release mortality
due to disease are commonly associated with resident patho-
gens encountered at the release site (Ewen et al., 2012). In
reinforcement translocations, individuals are released into
an existing population of conspecifics with a natural para-
site community. When this occurs, several population char-
acteristics may change as relocated hosts move across the
landscape and interact with established residents and their
parasites. Many of these changes may increase the risk of,
spread, and magnitude of disease outbreaks even if all relo-
cated animals are healthy at the time of release. In this
paper, we will discuss common features observed following
translocations that can affect transmission and illustrate
potential consequences with preliminary data on Mojave
Desert tortoises Gopherus agassizii. We propose future
research on multi-scale processes relevant to population
disease dynamics and accurate translocation risk assess-
ments.

Dynamics of disease invasion

Disease dynamics in wild populations rely on several pro-
cesses that begin with the transmission of a pathogenic para-
site from an infectious host to a susceptible host, resulting in
infection. This infection may or may not progress to clinical
disease, which can cause symptoms that either lead to mor-
tality or the clearance of the infection through the actions of
the immune system. In some instances, the pathogen is not
cleared and the infection is persistent. During infection,
there are often one or more periods of infectiousness during
which the host can transmit the infective stages of the para-
site to other hosts or to intermediate vectors.

In epidemiological studies, the basic reproduction
number, R0, is used to quantify the transmission potential of
a disease. R0 can be defined as the number of secondary
infections caused by a single infected individual introduced
into a population made up entirely of susceptible individu-
als. In a population of N individuals with a transmission
rate (β), each infective individual can, on average, give rise
to βN new infections during an infectious period of 1/γ,
where γ is the average rate of recovery, and thus R0 can be
estimated as

R N0 = β γ

If R0 is less than 1, then on average an insufficient number
of hosts are infected for continued transmission and the
outbreak fails to establish. Larger transmission rates (which
can stem from higher contact rates or higher susceptibility
to infection), long infectious periods and greater population
sizes will all facilitate an outbreak. There are also some
potential nonlinearities in the system that may increase the
likelihood of an outbreak, particularly when there is varia-
tion in susceptibility and infectiousness between individual
hosts. For example, if highly susceptible hosts are also more
infectious, the likelihood of an epidemic will increase
although duration of the epidemic may be shorter (Keeling
et al., 2002; Hudson et al., 2008).

When host populations exhibit heterogeneity, mean field
models may fail to capture the dynamics and network
models can be used to integrate individual level variation
in contact, susceptibility and transmission (Keeling &
Eames, 2005; Bansal, Grenfell & Meyers, 2007). These
models represent hosts as nodes in a network with connec-
tions between nodes signifying unique contacts or trans-
mission pathways. The structure of the network influences
the rate of spread and the likelihood distribution of a
disease outbreak, and hence the basic reproduction
number (R0) (Cross et al., 2004; Bansal et al., 2007;
Porphyre et al., 2008). An individual’s position in the
network not only influences his infection risk but also his
role in transmission (Fig. 1) (Christley et al., 2005; Drewe,
2010). Contact networks are rarely incorporated into risk
assessments, but could provide a useful tool for identifying
risk at several scales. We will use these models in our pilot
study to illustrate their applicability to translocation risk
assessments.

Dynamics of infectious disease associated
with host translocations

Stress, virulence and susceptibility

Capturing and releasing animals can result in increased
stress. In addition to invasive procedures such as handling,
veterinary examination, captivity and transport, transloca-
tion also contributes several subtle stressors such as an
increase in population size that may intensify con-
specific competition, disturbance via repeated monitoring,
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interruption of social bonds and introduction to a novel
environment (see Teixeira et al., 2007, Dickens, Delehanty
& Romero, 2010, and Parker et al., 2012 for a thorough
review of translocation-related stress research). Repeated or
prolonged exposure to multiple stressors may contribute to
chronic stress where sustained physiological changes trigger
immunosuppression that can increase susceptibility to infec-
tions and consequently increase pathogen virulence, both of
which influence R0 and the likelihood of an outbreak
(Lafferty & Holt, 2003; Dickens et al., 2010).

Sudden outbreaks of disease following translocation
may not involve the introduction of a novel parasite as is
often assumed, but instead may result from the alteration
of an existing host – parasite relationship due to stress
and increased susceptibility. Stress-induced physiological
changes may increase transmission rates of endemic
pathogens or result in normally nonpathogenic parasites
eliciting disease, which can increase disease prevalence and
possibly mortality. For example, Coccidia are typically
commensal microparasites in the Eurasian crane Grus grus,
but intensity of infection can increase when host densities
are high and will cause disease if immature birds are
stressed (Sainsbury & Vaughan-Higgins, 2012). The
behavioral and physiological changes that occur in
response to acute and chronic stressors have been linked to
higher rates of disease, suggesting preexisting host – para-
site relationships change in the presence of stress (Dickens
et al., 2010).

Release strategies, host density thresholds and

contact rate

A common goal of translocations is to bolster population
numbers and establish self-sustaining populations, which is
often achieved through the release of large numbers of indi-
viduals (Griffith et al., 1989; Fischer & Lindenmayer, 2000;
IUCN/SSC, 2013). In this way, even if some individuals
succumb to mortality or disperse from the intended site, an

adequate number of individuals may remain to establish
and reproduce. Fischer & Lindenmayer (2000) reported that
past translocations generally had higher success when more
than 100 animals were released. However, recent studies
show that while one-time high number releases positively
effect some species, others benefit from repeated low
number releases. (Shier, 2006; Linklater & Swaisgood, 2008;
Faria, van Oosterhout & Cable, 2010; Shier & Swaisgood,
2012). Despite inconclusive experimental evidence, translo-
cation guidelines recommend releasing large numbers to
increase success and that multiple releases and simultaneous
releases at multiple sites may have added benefit
(IUCN/SSC, 2013).

Current translocation recommendations for high-number
releases result in an instantaneous increase in the number of
susceptible individuals effectively increasing N and so R0,
potentially fueling an epizootic that previously could not
establish or that had spread through the population and
died off due to an inadequate supply of susceptible hosts
(Lloyd-Smith et al., 2005). Such a situation may be pro-
duced under natural conditions as part of an established
host – parasite relationship. For example, seasonal breeding
in the house finch Carpodacus mexicanus results in an influx
of susceptible hosts, which corresponds with increased R0

and infections by Mycoplasma gallisepticum (Hosseini,
Dhondt & Dobson, 2004). Therefore, in populations that
typically have stable numbers and low recruitment, sudden
increases in host availability caused by translocation may
result in significantly altered disease dynamics.

The release of large numbers may also increase contact
rates between animals (Linklater & Swaisgood, 2008). High
contact rates may not be uniformly distributed in the popu-
lation; a few individuals have many contacts and whether
these individuals are infected early in the invasion can
greatly increase the likelihood of an outbreak (Fig. 1). In
effect, a few highly connected hosts can be considered ‘super
spreaders’ (Lloyd-Smith et al., 2005; Bansal et al., 2007;
Hudson et al., 2008).

Figure 1 The probability of a disease out-
break in relation to the number of contacts
made by the initial invading host with
respect to the average value of the basic
reproduction number R0.
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Dispersal and contact network structure

Following translocation, many species (e.g. mammals,
birds, reptiles, amphibians) experience a period of rapid
movement and a tendency to disperse away from the release
site (Germano & Bishop, 2008; Kesler et al., 2012; Le
Gouar, Mihoub & Sarrazin, 2012). This response may be
exploratory in nature, or tied to habitat quality, competi-
tion, social behavior, homing attempts or stress (Burns,
2005; Letty, Marchandeau & Aubineau, 2007; Dickens
et al., 2010; Tsoar et al., 2011; Gedeon et al., 2012).
Exploratory or dispersing behavior varies in duration, with
normal movement patterns resuming as soon as 1 day after
release to as long as multiple years (Heidinger et al., 2009;
Nussear et al., 2012). Dispersal is often viewed as a negative
outcome because it can expose animals to risk of mortality
from natural enemies and abiotic causes and can lead to
establishment outside of the intended settlement area
(Miller et al., 1999; Germano & Bishop, 2008). Less appre-
ciated is the threat dispersal presents to the population by
changing disease transmission risks. Moving over large
areas can result in greater overlap with conspecifics. If
translocated animals have disproportionately higher
contact opportunities and increase the connectivity of
animals across the landscape, they could rapidly facilitate
disease spread if infected. Keeling & Eames (2005) note that,
‘rare long-range connections have a surprisingly large effect’
on the magnitude of an infectious outbreak and highlight
the importance of long-distance contacts in transmitting
disease to otherwise disconnected groups (Eames, 2008).

Many animal populations have spatially clustered distri-
butions, whether in response to a clustered resource, terri-
toriality, or structured social or family groups (Sasaki, 1997;
Grear & Schmitz, 2005; Chamaillé-Jammes, Valeix & Fritz,
2007). Meta-population structures can protect populations
from epizootics, localizing outbreaks within subgroups and
reducing the probability of rapid spread through the entire
population (Altizer et al., 2003; Lopez, Gallinot & Wade,
2005). Simulations suggest that increased connectivity
between subgroups results in increased vulnerability to out-
breaks, predominantly with highly infectious, low-severity
diseases as high host survival will allow more time for
infected individuals to move between groups (Hess, 1994,
1996; Cross et al., 2004; Griffin & Nunn, 2011). Dispersal of
translocated animals is likely to increase connectivity, and
therefore, resident population structure and post-release
movements should be incorporated into models of disease
spread in risk assessments.

An example of disease risk in
translocations: the Mojave Desert tortoise

Introduction to the host – parasite system

Gopherus agassizii is a long-lived, terrestrial tortoise that
occurs throughout the Mojave Desert north and west of the
Colorado River. The species was listed as threatened under
the U.S. Endangered Species Act in 1990, largely due to

declines in populations throughout their range, loss of
habitat and concerns regarding an upper respiratory tract
disease (USFWS, 1990, 1994, 2011). Currently, there are a
number of solar energy facilities being developed across the
Mojave Desert and plans for several future facilities that will
result in loss of habitat and risk of direct harm to tortoises if
left on site (Lovich & Ennen, 2011). Consequently, tortoises
are being translocated to neighboring occupied habitat.

Disease risk assessments for this species present many
challenges: information on existing diseases and how they
affect populations, causative agents, transmission patterns,
latency and the development of resistance is incomplete
(Sandmeier et al., 2009). Mycoplasma agassizii and M.

testudineum are the most studied microparasites in this
system and are considered the main causative agents of an
upper respiratory tract disease. These pathogens are trans-
mitted horizontally through direct contact between hosts
but the potential for Mycoplasma spp. to survive temporar-
ily outside the host in burrows has not been excluded
(McLaughlin, 1997).

Infections with Mycoplasma spp. can cause recurring clini-
cal disease interspersed by asymptomatic periods (Brown
et al., 1994; Christopher et al., 2003; Sandmeier et al., 2009).
It is unclear whether Mycoplasma spp. infection can be
cleared from host tissues or if infected desert tortoises expe-
rience lifelong infection. Captive individuals inoculated with
M. agassizii have been recorded shedding bacteria up to 1
year post inoculation (Brown et al., 1994). Prior infection
does not appear to convey immunity or resistance based on
studies with gopher tortoises Gopherus polyphemus – a host
species similarly affected by M. agassizii infection
(McLaughlin, 1997). Infected hosts appear to experience
morbidity but low mortality, a condition that can still have
meaningful impacts, particularly when interacting with other
threats to a population (Smith, Acevedo-Whitehouse &
Pedersen, 2009; Berish et al., 2010; Tompkins et al., 2011).

Current translocation guidelines recommend the move-
ment of animals in good physical condition that do not
exhibit moderate to severe clinical signs of disease (USFWS,
2013). This policy makes a number of assumptions: released
animals with latent or mild infections will not progress to
more virulent and transmissible infections, will integrate
uniformly into the resident population, and will exhibit
natural levels of contact and transmission. How infections
in the translocated and resident population manifest and
transmit through the population after release will largely
depend on whether translocation alters disease parameters
as discussed in above.

Current knowledge of desert tortoise

translocations: implications for disease

Stress and virulence

Studies have found no statistical difference in potential
stress indicators such as survival, egg production or
corticosterone production (a common acute stress response
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in reptiles) between translocated, resident and control tor-
toises (Drake et al., 2012; Nussear et al., 2012). Other stress-
induced physiological changes may still weaken the immune
response as observations suggest stressful environmental
conditions may trigger severe upper respiratory tract disease
symptoms (Sandmeier et al., 2009). No published studies
have examined translocation effects on host susceptibility to
Mycoplasma spp. infection or changes in intensity of exist-
ing infections and severity of clinical disease. Additionally,
coinfections with parasites not considered in tortoise risk
assessments may increase virulence of Mycoplasma spp. and
the infectious period since naive tortoises inoculated with
nasal discharge from infected individuals experienced more
severe symptoms than hosts inoculated with M. agassizii

cultures alone (Brown et al., 1994). If translocation affects
immune response or increases virulent polymicrobial asso-
ciations, rates of transmission-facilitating contact will likely
increase (Anderson, 2009).

Population size and density

The number of tortoises relocated to each site during a
translocation is often influenced by resident population
density. Managers attempt to limit post-release densities to
the average density of tortoise populations across the local
recovery unit (a subdivision of the larger population)
(USFWS, 2011) and encourage translocations to depopu-
lated areas. While density limits are a positive step in pre-
venting extreme changes in host numbers and avoiding
density-dependent responses, population densities are diffi-
cult to estimate in this species (Nussear & Tracy, 2007;
Inman, Nussear & Tracy, 2009). Underestimates of site resi-
dent density may result in more tortoises being released than
should be, inducing a rapid change in population density.
This contrasts with natural populations where increases in
tortoise abundance are slow due to high juvenile mortality
(Bjurlin & Bissonette, 2004) and slow recruitment
(Woodbury & Hardy, 1948); as such, in undisturbed popu-
lations, host – parasite dynamics also are likely to change
slowly over time.

Dispersal

Desert tortoise distributions exhibit substructuring within
populations with small numbers of tortoises aggregated in
discrete areas and empty habitat between (Duda, Krzysik &
Meloche, 2002). While frequent interaction between adja-
cent groups is likely, longer distance movements greater
than 3 km appear less common (Duda et al., 2002; Harless
et al., 2009, 2010; Franks, Avery & Spotila, 2011). Limited
movement between groups should protect tortoise popula-
tions from rapid spread of chronic upper respiratory tract
disease, particularly if severe disease is triggered by low-
resource conditions such as drought when tortoises respon-
sively reduce movements across the landscape or if infection
results in reduced surface activity (Brown et al., 1994; Duda,
Krzysik & Freilich, 1999; Sandmeier et al., 2009). Desert
tortoises frequently disperse after relocation often in the

form of atypical straight-line paths, as illustrated in Fig. 2
(Field et al., 2007; Hinderle, 2011; Nussear et al., 2012).
These dispersal paths can greatly exceed the maximum dis-
tances traveled by residents and are likely to connect several
normally disconnected subgroups (Nussear et al., 2012).

Pilot study: potential impacts to contact rates

and connectivity in desert tortoises

The combined effect of increased population size and dis-
persal on population contact parameters can be explored
with a dynamic network model. The dispersal of released
tortoises creates temporal changes in spatial configuration
that can influence how a pathogen travels through a popu-
lation (Bansal et al., 2010). We used geographic locations
for desert tortoises prior to and following a translocation at
three translocation plots and three control plots to model
dynamic contact networks and identify changes in contact
rates and connectivity due to translocation. We estimated
changes in disease risk by simulating infection through these
networks and comparing resulting prevalence at transloca-
tion and control plots. Specifically, we asked: Did contact
rate and percent animals connected in the network increase
at translocation plots and not at controls immediately
following translocation and, if so, how long did the pertur-
bation last? If a network change occurred, is infection preva-
lence higher in residents at translocation plots than controls
when we simulate infection transmission through the
networks?

Materials and methods

Study site

Data for this study were collected during a translocation
project that relocated animals displaced by the expansion of

Figure 2 Movement paths of 10 control and 10 translocated tortoises
during the first 2 months following release (3 April to 31 May 2008).
Controls were resident tortoises at plots c. 2 km from the release
site.
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Fort Irwin National Training Center, California, to nearby
suitable habitat on public lands near Barstow, San
Bernardino County, California, USA (Esque, Nussear &
Medica, 2005). Multiple translocation sites were selected
across a 1000 km2 area based on habitat suitability, poten-
tial threats or disturbance, and existing tortoise densities
(Esque et al., 2005; Heaton et al., 2008). Three of these sites
were selected for this study because of the frequent tracking
schedule of tortoises implemented at these sites and will be
referred to as sites 1, 2 and 3. At each site, there are two
2.6 km2 plots of similar habitat composition spaced at a
distance of c. 2 km. Translocations occurred at one of the
two plots at each site during 3–10 April 2008 while the other
plot was left unaltered as a control.

Study animals and movement data

Surveys were conducted for samples of tortoises at all plots.
Tortoises from the translocation plot are referred to as
‘Residents’ and tortoises at the control plots are referred to
as ‘Controls’. In spring of 2008, desert tortoises removed
from the Fort Irwin expansion area were released within the
translocation plots across the study site and following trans-
location, translocated (site 1 n = 34, site 2 n = 33, site 3
n = 39), resident (site 1 n = 14, site 2 n = 20, site 3 n = 11) and
control (site 1 n = 7, site 2 n = 14, site 3 n = 13) animals were
located approximately biweekly using radiotelemetry. For
this study, all adult tortoises that were located within the
boundary of the plot on at least one occasion in 2008 and
relocated a minimum of 50 times during the post-
translocation period of 3 April 2008 to 29 October 2008
were used in analysis so that animals missing for extended
periods were not included.

Contact network construction and
disease simulation

A contact network is typically represented with a graph of
nodes connected by lines (referred to as edges) that signify a
direct or inferred relationship. Each node in our graph rep-
resented a single tortoise and an edge between two tortoises
signified an inferred contact. Inferred contacts were defined
as a spatial proximity of 100 m or less (this distance is within
the daily movement ranges observed for our tortoises)
within 3 days time (all animals were typically tracked within
2–3 days time of one another). Spatial proximity or home-
range overlap is often used to model networks in wild popu-
lations when interaction data are unavailable (Cross et al.,
2004; Godfrey et al., 2010; Fenner, Godfrey & Bull, 2011).
This dataset was originally collected to answer questions
unrelated to social interaction and true observations of
contact between tortoises were rare. We chose a fairly
relaxed definition of contact to accommodate the potential
error of handheld GPS (global positioning system) loca-
tions, short observation times during data collection, and
temporal asynchrony of tracking events. These networks
therefore reflect a nearest neighbor network and connected

nodes represent tortoise pairs with a high potential for
contact due to their proximity.

We constructed a dynamic contact network for each
translocation and control plot that reflected the movement
of animals through time. We created a pre-translocation
graph for a 15-day period prior to translocation for tortoises
at all plots (17 March to 31 March 2008). We then updated
the graph with new edges based on changing tortoise loca-
tions at time steps of 10 days for a total of 21 time steps
for the active season beginning with the first day of
translocations (3 April 2008 to 29 October 2008). To simu-
late an infectious disease originating from the resident popu-
lation, we selected a random resident to infect at time 0, and
at each subsequent time step (n = 21) edges in the graph were
updated to reflect tortoise movement, and any infected
animals had a set probability of transmitting their infection
to any animal they were connected to in the graph. We ran
simulations with varied transmission probabilities of
infected individuals to contacts from 0.1 to 1.0 in increments
of 0.1 to explore the uncertainty in transmission on contact.
No recovery or mortality due to infection was incorporated
into simulations to reflect the characteristics of upper res-
piratory tract disease. Simulations were run 100 times
for each transmission probability on each network. At the
end of each simulation, the number of infected resident,
translocated and control tortoises was recorded.

At each time step, we calculated the degree and between-
ness centrality for each node (Christley et al., 2005). Degree
is defined as the sum of all edges connected to that node,
reflecting the total number of unique individuals that tor-
toise may have contacted, and the degree distribution
reflects the variability of hypothetical contacts across a
population. Betweenness centrality is the proportion of
shortest paths connecting any two nodes in the network that
pass through the node of interest, signifying an animal’s role
as a ‘bridge’ between other animals. Both measures have
been associated with time to infection and infection risk in
both simulation and field studies of pathogen transmission
(Corner, Pfeiffer & Morris, 2003; Christley et al., 2005;
Fenner et al., 2011). Additionally, we calculated the per-
centage of nodes connected in the largest component of each
graph. A component is a group of nodes connected to each
other but to no other nodes in the network. All networks
and network measures were created using the package
igraph in the program R (Csardi & Nepusz, 2006; R
Development Core Team, 2012).

Results
We first compared the networks for the time period imme-
diately prior to translocation and the 10-day period includ-
ing the release of tortoises, as well as the days immediately
following release. Degree distributions were similar at the
control and translocation plots before release, with few
potential contacts between tortoises (Fig. 3a). Once translo-
cation occurred, high degrees were frequent at translocation
plots (Fig. 3b), and translocated tortoises had the most
opportunities for contact. We estimated the percentage of
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tortoises spatially ‘connected’ in the largest component or
subgroup of each network (Fig. 4) and found that on
average, 90% of tortoises at the translocation plots were
potentially connected in one large subgroup compared to
33% at control plots at the time of releases.

The network changes at translocation sites were tempo-
rary, diminishing 10–20 days after translocation as released
animals moved further from the site (Fig. 5). During this
20-day period following release, the translocated tortoises
showed higher betweenness centrality scores compared to
residents (Fig. 5). Even though local contact disruption was
temporary, translocation sites often had a higher percentage
of residents infected at the end of simulations than at
control sites (Fig. 6).

Discussion
While wildlife managers recognize the potential for disease
to affect translocation success, the potential for transloca-
tion to affect infection prevalence and the mechanisms
through which this occurs needs more rigorous study. In this
paper, we used the basic reproduction number R0 and
contact network methods to emphasize how changes in host
susceptibility, population size, contact rates and connectiv-
ity between sub-populations can increase the likelihood of
pathogen spread even if the pathogen did not originate from
a translocated animal. Translocated animals, though often

healthy at the time of selection, may be at high risk of
acquiring infection from residents and facilitating spread.
High mobility after release may increase contact opportu-
nity, and stress associated with translocation may increase
susceptibility or make even an avirulent infection more viru-
lent. Indeed, a number of factors may increase R0 after
translocation and disrupt a potentially stable host – parasite
relationship.

We describe the relevance of these translocation concerns
in a heavily managed species, the desert tortoise, and show
how pathogen spread may be affected by translocation
using pilot data. A temporary change in spatial network
characteristics occurred at translocation plots but not
control plots. The change in degree distribution of our esti-
mated translocation networks suggests higher contact rates
are possible after translocation, especially for highly mobile
translocated animals that were often observed within the
vicinity of several unique neighbors following release. This
post-release activity may also increase resident contact
opportunities and facilitate increases in resident connectiv-
ity. We expect the movement of translocated tortoises away
from the release site plays an important role in connecting
distinct subgroups, as demonstrated by their high between-
ness centrality in the first 10–20 days following release and
the large percentage of tortoises incorporated in the largest
connected component of networks after translocation. High
degree and betweenness centrality is often associated with
higher risk of acquiring and transmitting infection, espe-
cially if stress has compromised immune response (Corner
et al., 2003; Christley et al., 2005; Fenner et al., 2011;
Plowright et al., 2013).

Figure 3 Degree distribution of tortoises at translocation and control
plots at three sites for (a) a 15-day period prior to the release of
translocated tortoises (17 March to 31 March 2008) and (b) a 10-day
period when additional tortoises were released at each translocation
plot over 2 days (3–12 April 2008). Degrees were based on inferred
contact networks that considered two tortoises in contact based on
spatial proximity < 100 m of locations made within 3 days time of
each other. An individual’s degree represents the total number of
unique individuals a tortoise had the potential to contact.

Figure 4 Average per cent of tortoises connected in the largest
connected component of hypothetical contact networks for three
sites prior to and following the release of animals at translocation
plots. Control plots received no additional tortoises. Contact between
tortoises was assumed based on spatial proximity < 100 m of loca-
tions made within 3 days time of each other. Network components
are groups of tortoises connected to each other but to no other
individuals in the network.
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Though the local connectivity changes appeared tempo-
rary, infection simulations that incorporated the movement
and changing spatial configuration of these populations
showed higher infection prevalence in residents at translo-
cation networks, most notably at moderate transmission

probabilities. This suggests increased disease risk at local
scales, but larger impacts to population disease dynamics
may also be possible. Released animals eventually moved
away from the core resident group, likely returning the local
connectivity to pre-translocation levels, but potentially cre-
ating connections between other groups at larger scales.
Reduced clustering at the landscape level may increase out-
break risk for the wider population (Hess, 1994, 1996; Cross
et al., 2004; Griffin & Nunn, 2011). While this analysis sug-
gests translocation affects contact network characteristics
important to pathogen transmission, it relies on several
assumptions discussed below and should be interpreted
with care. This is only the first step for obtaining a more
structured risk assessment for disease invasion after trans-
location and for developing translocation-focused research
and modeling that would benefit from a risk analysis
approach.

We constructed an approximation of tortoise contact net-
works based on radio telemetry data, but caution there are
several reasons why these networks may not reflect the
actual contact network. The magnitude of spatial and tem-
poral proximity used to define a contact (100 m within
3 days), while appropriate for the coarse scale of the data
available, may overestimate contacts in these populations.
By estimating contact between individuals as a function
of their physical proximity, we assume spatial distance
between pairs is negatively correlated with contact probabil-
ity, ignoring other variables that may also influence contact
patterns. Translocated animals may avoid unfamiliar resi-
dents or seek out conspecifics or differences in gender
between interacting animals may be important, regardless of
their proximity (Serrano et al., 2004; Pinter-Wollman,
Isbell & Hart, 2009). We also have periods between obser-
vations when movement and contact potential is unknown.

Figure 5 Inferred contact network of desert tortoises at site 2 control (top row) and translocation plot (bottom row) 15 days prior to translocation
(T0; 17 March to 31 March 2008) and 10-day intervals during translocation (T1; 3–12 April 2008) and following translocation (T2 and T3; 13 April
to 2 May 2008). Networks were drawn using the ‘fruchterman reingold’ algorithm to determine layout, therefore node (tortoise) location does
not reflect geographic location (Fruchterman & Reingold, 1991). Lines connecting nodes represent an inferred contact between tortoises based
on spatial proximity < 100 m of locations made within 3 days time of each other during that time step. Node size is scaled by its betweenness
centrality score: a measure that reflects an individual’s bridging role between other pairs or groups.

Figure 6 Infection simulation results for site 2 control and transloca-
tion plots represented by a loess smoothing curve with 95%
confidence intervals. Simulations were run 100 times for each trans-
mission probability where at each run, one random resident was
infected at the start of a simulation and infection was allowed to
spread based on the inferred contact networks derived from tortoise
locations throughout the study period. Estimated contacts were
updated at every time step to reflect tortoise movement during
consecutive 10-day periods from 3 April 2008 to 29 October 2008.
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Essentially, detailed data on true contact patterns in tortoise
populations are needed to determine if such estimations are
accurate.

Furthermore, even a well-documented contact network
may not represent the actual transmission network. If long-
exposure times or specific environmental conditions (e.g.
high humidity in burrows) are needed to facilitate transmis-
sion between hosts, a general contact network may not be
appropriate for disease transmission models. Indeed, the
type, duration or location of contact can be necessary fea-
tures for accurate transmission estimates as observed in
both models of Sin Nombre virus prevalence in deer mice
Peromyscus spp. and tuberculosis infections in meerkats
Suricata suricatta (Clay et al., 2009; Drewe, 2010).

There are several limitations to disease assessments in the
desert tortoise system that will reflect uncertainties in the
free-living, wild host – parasite systems. In addition to a lack
of estimates for transmission likelihoods, the infectious
period and the rate of parasite-induced host mortality, we
also do not know if coinfections affect transmission, or
whether infection alters host behavior such that activity and
contact rates are reduced. We ran simulations using variable
transmission probabilities and assumed infectiousness that
lasted throughout the study period (7 months). Given the
potential temporary nature of connectivity changes after
translocation, a shorter or intermittent infectious period, or
delayed infectiousness due to latency will influence whether
short-term contact changes affect disease spread. The timing
and duration of infectious period(s) will determine the time
frame relevant to transmission networks; therefore, studies
that provide estimates of its variation are invaluable to
disease risk assessments.

Research agenda

The ultimate challenge is to collect data that we can apply to
risk assessments that estimate the likelihood and conse-
quences of an outbreak following translocation. Here, we
outline a proposed research agenda on what data need to be
obtained to provide a good understanding of the disease
risks associated with translocation. We focus primarily on
the issues relating to desert tortoise translocation, but this
approach may help others in examining similar questions
about host – parasite systems such as: Can we predict the
transient dynamics of disease invasion with simple knowl-
edge of infectiousness, infectious period and contact
pattern? Can we predict contact networks from knowledge
of population structure? Can we develop generic models
that can be applied to a range of systems?

Step 1: identify the features of the parasite –

host relationship at the individual level and

obtain an understanding of variation

between hosts

Undertake a series of transmission studies at the individual
level, wherever possible, using a captive population.
Estimate attributes of the infection and, in particular,

understand the relationship between several features and
transmission, including the likelihood of transmission with
contact duration, frequency and intensity (i.e. contacts may
be of similar duration but range in intensity from passive
encounters, such as exploratory sniffing, to more dynamic
interactions, such as combat). At the same time, seek to
estimate shedding rates, the duration of infectiousness, and
the influence of infection on host behavior and contact
patterns.

Step 2: results from translocation and studies at

the population level

Observe and quantify the effects of translocation on the
contact network following experimental translocations of
captive and wild animals at multiple scales. Seek to identify
how the translocation influences contacts between and
among translocated and resident individuals and how it
disrupts previous contact patterns between residents. Prox-
imity loggers can help record fine-resolution contact data in
combination with radio telemetry data and larger scale
survey data. This will help identify whether coarse scale data
on distribution and abundance of residents may be used to
estimate contact networks.

Step 3: application of findings to

wildlife management

Combining results from steps 1 and 2 will allow managers to
adjust contact networks with respect to likelihood of trans-
mission events given levels of contact quality, predict how
they may change with the proposed release, and simulate
disease using parameters estimated from captive studies. If
the process is successful, these models can advise managers
whether a particular release site poses a high level of risk and
should be avoided or whether particular release strategies
may be preferred based on current population structure.

Given that epidemiology identifies the importance of het-
erogeneity of key host and pathogen characteristics to the
transmission dynamics of populations, incorporating these
features into risk assessments should be the next agenda in
translocation research. Thorough knowledge of the host –
pathogen relationship at an individual level will refine the
parameter values applied to disease models, but equally
necessary are data regarding population structure and
contact rate. Most importantly, we must understand how
translocation affects all of these features if our assessments
are to reflect the dynamic nature of a population once hosts
are added. Within the complexities of these relationships
may exist dominant risk-causing characteristics that will
inform managers of situations presenting the greatest
impediment to translocation success.
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ABSTRACT: Numerous factors have contributed to declines in populations of the federally threatened
Agassiz’s Desert Tortoise (Gopherus agassizii) and continue to limit recovery. In 2010, we surveyed a low-
density population on a military test facility in the northwestern Mojave Desert of California, USA, to
evaluate population status and identify potential factors contributing to distribution and low densities.
Estimated densities of live tortoises ranged spatially from 1.2/km2 to 15.1/km2. Although only one death of a
breeding-age tortoise was recorded for the 4-yr period prior to the survey, remains of 16 juvenile and
immature tortoises were found, and most showed signs of predation by Common Ravens (Corvus corax) and
mammals. Predation may have limited recruitment of young tortoises into the adult size classes. To evaluate
the relative importance of different types of impacts to tortoises, we developed predictive models for spatially
explicit densities of tortoise sign and live tortoises using topography (i.e., slope), predators (Common Raven,
signs of mammalian predators), and anthropogenic impacts (distances from paved road and denuded areas,
density of ordnance fragments) as covariates. Models suggest that densities of tortoise sign increased with
slope and signs of mammalian predators and decreased with Common Ravens, while also varying based on
interaction effects involving these predictors as well as distances from paved roads, denuded areas, and
ordnance. Similarly, densities of live tortoises varied by interaction effects among distances to denuded areas
and paved roads, density of ordnance fragments, and slope. Thus multiple factors predict the densities and
distribution of this population.

Key words: Denuded areas; Ordnance; Predators; Roads

AGASSIZ’S Desert Tortoise (Gopherus agas-
sizii, hereafter Desert Tortoise; Murphy et al.,
2011), a species of the southwestern United
States, was federally listed as threatened
in 1990 because populations were declining
and habitats were deteriorating or lost from
multiple sources (US Fish and Wildlife
Service [USFWS], 1990). One challenge to
recovery of the tortoise is identification of
critical drivers of population declines, both
locally and regionally, and prioritization of
recovery actions (USFWS, 2011; Averill-Murray
et al., 2012; Darst et al., 2013). These drivers
may be common on a landscape scale
throughout the geographic range (e.g., roads,
utility corridors) or specific to a particular
land managing agency. Military installations,
for example, contain 3.76% of designated
critical habitat and 13.5% of habitat available
within the geographic range (USFWS, 1994a,

2010; Berry, 1997). They can contribute to
population and habitat losses from develop-
ment of facilities, force-on-force military
training with vehicles, testing of missiles
and explosives, and other ground-disturbing
activities (Tazik and Martin, 2002; USFWS,
2010). They also can be refuges where
threatened and endangered species thrive in
relatively undisturbed environments (Stein
et al., 2008). Some recovery units and critical
habitats for the Desert Tortoise are affected
more than others by military use, e.g., mili-
tary installations occupy 28% of habitat in
the Western Mojave Recovery Unit (Fig. 1;
USFWS, 2010).

The effects of military activities on the
Desert Tortoise have been studied in the
Western Mojave Recovery Unit at the Na-
tional Training Center (NTC), Fort Irwin,
California, USA (e.g., Krzysik, 1997; Berry
et al., 2006), where troops are trained for
ground maneuvers using tanks and other5 CORRESPONDENCE: e-mail, kristin_berry@usgs.gov

Herpetological Monographs, 27, 2013, 87–109

E 2013 by The Herpetologists’ League, Inc.

87



armored vehicles. Mortality of tortoises from
vehicles was high (Berry et al., 2006). A recent
expansion of NTC operations into critical
habitat required off-site translocation of sev-
eral hundred tortoises (Esque et al., 2005). At
another military installation in Arizona, USA,

Grandmaison et al. (2010) examined the
effects of multiple factors—live artillery fire
and firing boxes, a network of gravel roads,
livestock grazing, and recreation—on micro-
habitat use by the closely related Morafka’s
Tortoise (Gopherus morafkai). They reported

FIG. 1.—Location of the Argus study area for Desert Tortoises (star) with respect to the Western Mojave Desert
Recovery Unit, boundaries of other Recovery Units, military installations (hatched), and the nearest Desert Tortoise
critical habitats (solid grey polygons).
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that a greater proportion of tortoise locations
were found outside of firing box boundaries
where shelter sites and vegetation showed
little human impact than inside the firing
boxes. They also noted that tortoises selected
areas with a higher percentage of canopy
cover of plants and where evidence of cattle
activity was absent.

We analyzed the effects of multiple factors
(munitions research, roads, predators, and
topography) on an isolated population of the
Desert Tortoise on the China Lake Naval Air
Weapons Station (NAWS) in the northwestern
part of the geographic range in California. The
NAWS is a research-oriented facility with
minimal ground-disturbing activities and with
substantial areas that have been inaccessible
to the public since 1942. Our objectives were
to (1) evaluate the status of the Desert
Tortoise population at a site inaccessible to
the public; (2) model the effects of predators,
topography, munition test areas, ordnance,
and a paved road on distribution and density
of Desert Tortoises; and (3) identify the
variables with positive and negative relation-
ships to the Desert Tortoise.

STUDY AREA

The 5.42-km2 study area (35u419330N,
117u289200W; datum 5 WGS84) is in the
southeastern portion of the China Lake
NAWS (Fig. 2) in the foothills of the southern
Argus Range and at the edge of Salt Wells
Valley, San Bernardino County, California.
Composed of low hills with scattered rock
outcrops and small valleys at elevations of
597–732 m, the site is part of an estimated
130-km2 fragment of habitat that is isolated
from other tortoise populations by the steep
topography of the Argus Range and anthro-
pogenic activities. The 130 km2 habitat
fragment was in close proximity to high-
density human populations 6.5 km to the east
at Trona and Westend (1757 people; United
States Census Bureau (USCB), 2010) and
15 km to the west, at NAWS, China Lake
Acres, Ridgecrest, and Inyokern (30,591
people; USCB, 2010). To the south, Highway
178 parallels and is 3.2 km from the southern
study area boundary, effectively isolating the
fragment on NAWS from Desert Tortoise
populations to the south. Populations to the

south also have been depleted from intensive
recreational vehicle use in the US Department
of the Interior, Bureau of Land Management’s
(BLM) Spangler Hills Off-Highway Vehicle
Area (USBLM, 1973, 1980, 2006). The study
area is in part of the NAWS with no public
access since the mid-1940s. Between the late
1940s and 1973, the site received occasional use
from NAWS scientists and engineers. In 1973,
testing of ordnance began, generating unexplod-
ed ordnance (UXO), areas devoid of perennial
vegetation, and vehicle traffic on roads.

The dominant perennial vegetation associa-
tion was white bur-sage and creosote bush
(Ambrosia dumosa-Larrea tridentata; Califor-
nia Department of Fish and Game (CADFG),
2010a). The long-term annual mean for
precipitation was 104.4 mm for the hydrologic
year (1 October–30 September) and 80.5 mm
for winter rainfall (1 October–31 March;
Trona weather station, 35u469N, 117u239W,
516.6 m; National Oceanic and Atmospheric
Administration, 2009–2010). Prior to the
survey, an estimated 116.84 mm of rain fell
between 1 October 2009 and 31 March 2010,
resulting in an abundance of winter annual
plants, which were forage for tortoises during
spring 2010.

MATERIALS AND METHODS

Field Sampling

We collected data on live and dead
tortoises, tortoise sign (shelter sites, scats,
tracks, egg shells, courtship rings, drinking
sites), observations and signs of predators, and
anthropogenic impacts. We recognize that
detection of live and dead tortoises, other
signs of tortoises and predators, and anthro-
pogenic impacts is imperfect so we designed
the field survey to maximize detection of live
tortoises, tortoise sign, predator sign, and
anthropogenic impacts. Since tortoises spend
much of their lives underground, we selected
spring, the time of greatest aboveground
activity for all sizes of tortoises (Nagy and
Medica, 1986). In addition, we chose a spring
following a winter with above average precip-
itation when tortoise forage was abundant
(Henen et al., 1998; Duda et al., 1999;
Jennings, 2002). Based on previous research
showing strong relationships between live
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tortoises and tortoise sign (e.g., burrows, scats,
tracks, courtship rings), we assumed that
tortoise sign at a location represented use for
shelter, travel, feeding, and social interactions,
and that we observed representative samples
of each variable (Krzysik, 2002). We made
similar assumptions for sign of mammalian

predators and anthropogenic impacts. The low
cover of perennial shrubs, sandy soils, and
areas denuded of vegetation by anthropogenic
activities facilitated observations. We had an
additional constraint and safety requirement:
the field crew was to be in view of an NAWS
UXO expert at all times.

FIG. 2.—Location of the Argus study area for Desert Tortoises (star) within the Naval Air Weapons Station China
Lake, San Bernardino County, California, and the proximity to local towns and highways.
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A team of eight surveyed the area for a total
of 583 h between 12 and 22 May searching for
live tortoises, tortoise shell–skeletal remains,
and other tortoise sign. The field team walked
10 m apart and covered the study area
completely once, thus ensuring detection of
most sign. In fall, the same field workers
searched for tortoises for 86.5 h by revisiting
shelters that were recently used or active during
the previous May. The field team followed
standard protocols to handle, mark, and evaluate
health of and trauma on the tortoises (Berry and
Christopher, 2001). They took digital images of
carapace, plastron, eyes, beak, nares, and any
lesions. They weighed the tortoises, measured
carapace length at the midline (MCL), assigned
a sex if $180 mm MCL, and noted locations in
Universal Transverse Mercator coordinates.
Field workers recorded clinical signs of health
and disease, e.g., signs of lethargy, starvation
and dehydration, trauma, or abnormalities
(Berry and Christopher, 2001; Berry et al.,
2002). Clinical signs of upper respiratory tract
disease (Jacobson et al., 1991, 1995; Brown et
al., 1994; Jacobson and Berry 2012), herpesvirus
(Jacobson et al., 2012), shell disease (Jacobson et
al., 1994; Homer et al., 1998), and trauma were
rated as none, mild, moderate, severe, or
unknown for each variable (e.g., palpebrae,
periocular area, nares). Signs of severe trauma
to the shell and limbs, such as vehicle hits or
chewing by dogs and other predators were also
noted (e.g., Boyer and Boyer, 2006). No blood
samples were taken for laboratory tests for
infectious diseases.

Shell-skeletal remains.—All shell-skeletal
remains found within plot boundaries were
collected and catalogued. When remains or
parts of remains were discovered, the team
examined the vicinity for signs of potential
cause (or causes) of death. The team took
digital images of remains in situ and recorded
details of location, size and sex of the tortoise,
condition, signs of predators and scavengers
(e.g., predator scats), and human impacts (e.g.,
vehicle tracks) associated with the remains.

Tortoise sign.—We recorded all tortoise
sign. We defined cover or shelter sites as
burrows, pallets, rock shelters, and caves (after
Burge, 1978).

Potential predators of tortoises.—We col-
lected data on avian and mammalian predators

to determine predator pressure and to assess
potential sources of mortality. We noted date,
time, location, behavior, and species for all
avian predators observed or heard (e.g.,
Common Raven, Corvus corax; Golden Eagle,
Aquila chrysaetos; Greater Roadrunner, Geo-
coccyx californianus; Red-tailed Hawk, Buteo
jamaicensis; and Northern Shrike, Lanius
ludovicianus; Boarman, 1993; K.H. Berry,
personal observation). We examined areas with
concentrations of predator sign (e.g., perches,
nests, dens, marking sites, feeding posts,
roosts) for evidence of tortoise remains. The
field team broke apart scats of mammalian
predators (coyote, Canis latrans; kit fox, Vulpes
macrotis; badger, Taxidea taxus; bobcat, Lynx
rufus) to look for remains of tortoises.

Anthropogenic impacts.—We used four
methods to measure different aspects of
anthropogenic impacts. First, to calculate
surface disturbances from roads and areas
partially or completely denuded of vegetation,
we used aerial imagery from the National
Agriculture Imagery Program with a summer
natural color (ArcGIS Image Service from the
CADFG, 2010b). We digitized disturbed
areas (polygons) and road features (lines) on
the screen and saved them as feature classes
in a geo-database. To calculate disturbed
surface areas for roads, we measured widths
of the paved road with berm, several bull-
dozed dirt roads with berms, and old graded
and ungraded dirt roads. For the second
method, we used a geographic information
system to generate 50 random points with a
minimum distance of 200 m between points
to sample anthropogenic impacts (ordnance
from explosive testing, trash, vehicle tracks,
mining excavations, utility lines, fences, and
other miscellaneous types of human distur-
bances). Each of the 50 points was outside of
denuded areas and was the starting point for
10 m 3 100 m transects. We defined
ordnance as metal shell casings, pieces and
particles of explosives, wires, circuit boards,
nuts, bolts, and rocket fins ranging in size
from 1 cm3 in volume to 0.5 m in length.
Pieces of ordnance averaged 3 cm in diame-
ter. For the third method, we established 40
additional 10 m 3 100 m transects specifically
for ordnance. These transects extended from
the center of areas denuded by explosive

2013] HERPETOLOGICAL MONOGRAPHS 91



testing to 100–200 m beyond the boundaries
of the denuded zone. For the fourth method,
we counted all ordnance, trash, balloons,
vehicle tracks off road, power poles and lines,
fences, and burned areas (total counts only, no
locational data recorded) while surveying the
entire study area in May.

Data Analysis

Live tortoises.—We assigned live and dead
tortoises to one of six size-age classes accord-
ing to MCL: juvenile 1 5 ,60 mm, juvenile 2
5 60–99 mm; immature 1 5 100–139 mm;
immature 2 5 140–179; subadult or small
adult 5 180–207 mm; adult 5 $208 mm. We
used the exact binomial proportion test and
90% confidence intervals (CIs) to determine if
the sex ratio of subadult and adult tortoises
was significantly different than the expected
1:1 ratio at P # 0.10 (SAS Institute Inc.,
2010). Tortoises with moderate to severe
clinical signs of one or more diseases and
trauma (e.g., upper respiratory tract disease,
cutaneous dyskeratosis) were noted.

Shell–skeletal remains.—We evaluated shell-
skeletal remains to determine size-age class,
sex, whether previously marked or captive (e.g.,
painted numbers on shell), approximate time of
death, and cause of death. We determined
carapace length by one of three methods
depending on the condition of remains in the
following order of priority: direct measure of
MCL; estimation of the MCL using scutes or
impressions of scutes in the bony shell and
previously derived regression equations based
on measurements of selected scutes from the
carapace and plastron (Berry and Woodman,
1984); or estimation of MCL by matching the
fragments of scutes and bones to similarly sized
whole tortoise shells from the US Geological
Survey’s (USGS’s) collection of shell-skeletal
remains. To estimate time since death (specif-
ically, time elapsed between death and collec-
tion of remains), we used keys in Berry and
Woodman (1984), and placed each tortoise in
one of two classes: dead #4 yr or .4 yr.

The general appearance, location, and
forensic evidence associated with the remains
provided information on cause of death, e.g.,
firearms or Common Ravens (Berry, 1986;
Boarman, 1993). Tortoises hit by a vehicle
have cracked and/or crushing injuries to the

shell. Tortoises killed by a mammalian pred-
ator are likely to have chew or gnaw marks,
puncture wounds, and twisting of scute and
bone. The twisting and deformation of scutes
and bones occur when scutes and bones are
pliable and the tortoise is alive or dying. In
contrast, when remains are scavenged, scutes
and bones are dry and tend to break and crack
rather than showing signs of twisting and
deformation. Some causes of death are
ambiguous or unknown, e.g., a tortoise dying
of disease and then scavenged by a predator
or if only fragments of shell remain. Subadult
and adult tortoises were used for a 4-yr
retrospective calculation of crude death rate.

Spatial data layers.—In a preliminary
evaluation of the data on anthropogenic
impacts, we noted that the major surface
disturbances were areas denuded of vegeta-
tion from testing, paved roads, and density of
ordnance. We hypothesized that distance
from denuded area, distance from the paved
road, and density of ordnance would correlate
with densities of live tortoises and tortoise
sign. For the purposes of statistical modeling,
we divided the study area into 31 sampling
units based on a 500-m 3 500-m grid snapped
to major grid units using the Create Fishnet
tool in ArcGIS Version 9.3.1 (ESRI, Inc.,
2009a). Each grid was 0.25 km2, with the
exception of grids truncated by the study
area boundary. Those grids ranged in size
from 0.024 km2 to 0.216 km2.

We identified two response variables: den-
sity of live tortoises and density of tortoise
sign. Density of live tortoises was measured as
the count of live tortoises relative to the area
surveyed within each grid square. For all
statistical analyses the first known location of
an individual tortoise was used. Tortoise sign
density, the second response variable, was
measured as the count of all tortoise sign
relative to the area surveyed in each grid.

We evaluated three types of predictor
variables: topography (slope), densities of
predator sign, and densities of and distances
to anthropogenic impacts. Degree of slope
(hereafter, ‘‘Slope’’) was calculated from the
1/3-Arc Second (approximately 10 m) Nation-
al Elevation Dataset (USGS, 2012) using the
Slope tool in ArcGIS Version 9.3.1 (ESRI,
Inc., 2009b). Predictive surfaces of predator
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densities, Common Ravens and mammalian
predator sign per km2 (hereafter ‘‘Raven’’ and
‘‘Mammal,’’ respectively), were created using
the Kernel Density tool in ArcGIS Version
9.3.1 (ESRI, Inc., 2009c). Slope and predator
density surfaces were averaged across each
grid square. Two predictor variables for
anthropogenic impacts were distances from
the center point of each grid square to the
paved road and to nearest boundary of a
denuded area (hereafter ‘‘Paved’’ and ‘‘De-
nuded,’’ respectively). Distances were deter-
mined using the Near tool (ESRI, Inc.,
2009d). Density of ordnance was calculated
for each of the 90 transects by dividing the
number of ordnance pieces by the area of the
transect (100 m 3 10 m 5 1000 m2).
Transformed ordnance densities (using a
fourth-root transformation and then back-
transformed) were interpolated with ordinary
kriging using a spherical model based on the
nearest 20 neighbors with the Kriging tool in
ArcGIS Version 9.3.1 (ESRI, Inc., 2009e).
Based on kriging estimates, the density of
ordnance at the center point of each grid
square was identified (hereafter ‘‘Ordnance’’).

Models of live tortoises and tortoise sign vs.
slope and anthropogenic and predator vari-
ables.—We used generalized linear models
(GLMs) to analyze the densities of live
tortoises and densities of tortoise sign in
relationship to Slope, Mammals, Ravens,
Paved, Denuded, and Ordnance (Venables
and Ripley, 2002; R Development Core Team,
2012). We modeled live tortoise counts and
tortoise sign counts using GLMs based on the
Poisson distribution and a log link function,
which equates to density models when in-
cluding an offset based on the log-transformed
search area within each grid (McCullagh and
Nelder, 1989).

Our use of GLMs carried implicit assump-
tions about the data, which we relaxed
whenever possible or evaluated using second-
order corrected Akaike’s information criteria
(AICc) based on 31 sampling units (Mazerolle,
2012). We assumed that counts followed a
Poisson distribution, which holds many fea-
tures that are compatible to the behavior of
count data in natural systems. Poisson variables
are integer-valued, nonnegative, and have a
variance equal to its mean. The latter feature is

appropriate for data that exhibit increasing
variance with increasing mean; however, it can
also be overly restrictive when data are over-
dispersed, i.e., having variances that exceed the
mean. We relaxed this constraint by incorpo-
rating an overdispersion factor in our models so
that the variance was allowed to differ from the
mean. Another conventional assumption of
GLM is that the response data (i.e., tortoises)
are independent among sampling units (i.e.,
grids). We relaxed this assumption by incorpo-
rating random effects into the model based on
clusters of grids to account for spatial correla-
tions between adjacent grids.

Prior to modeling the predictor effects, we
assessed the data for overdispersion and
spatial correlation based on grids grouped
into two-by-two clusters (Dormann et al.,
2007). We first accounted for any potential
covariate effects by fitting a GLM to each
response variable saturated with all covariates
and their two-way interaction effects. We then
extended the GLM to a generalized linear
mixed model (GLMM; Bates et al., 2012) by
including a random effect for grid cluster to
model spatial correlation, a random effect
for each unique grid identifier to model
overdispersion, or both, and compared with
a GLM based on ordinary dispersion and
independence. We compared AICc values
among the GLM and the three GLMM
(Mazerolle, 2012; AICcmodavg package). We
identified the best model based on smallest
AICc to determine whether to include over-
dispersion or spatial correlation when analyz-
ing predictors (Zuur et al., 2009).

Because of the small number of grids, we
analyzed models with less than three predic-
tors and one interaction. Prior to analysis we
believed any of these predictor combinations
could describe the variation in tortoise re-
sponse. Therefore we examined all combina-
tions equally to avoid biasing the results
toward preselected combinations, except we
excluded nearly all interaction terms involving
Ordnance due to high correlations (r . 0.70)
between Ordnance terms, for a total of 96
predictor combinations. Models with the
smallest AICc best represented the data with
the smallest loss of information, and additional
models within two AICc units were worthy of
consideration (Burnham and Anderson, 2002).
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We regarded the null model with no covari-
ates as an uninformative model, and presented
models only when they surpassed the null
model by an AICc difference . 2.

Because the large number of models
increases the potential for model selection
uncertainty, we calculated the main effect of
each covariate by model-averaging its coeffi-
cient (b) across all models containing that
covariate, excluding models in which that
covariate has an interaction effect (Mazerolle,
2012). We standardized all covariates ([x 2 x̄]/
s) so that model coefficients represent the
effect on tortoises for every one standard
deviation (s) increase in the covariate. The
coefficient b represents positive or negative
effects on tortoise sign and live tortoise
densities, on the log scale, per s increase for
each covariate. We expressed these effects
(61 SE) as percentage changes by using the
transformation (exp[b] 2 1) 3 100%. We
similarly calculated each interaction effect
between two covariates by model-averaging
the interaction coefficient across all models
containing the interaction. Interaction coeffi-
cients cannot be interpreted independently
from other coefficients; therefore we summa-
rized the cumulative effects by calculating
spatially explicit predictions of tortoise re-
sponse by model-averaging predicted respons-
es across all 96 models (Burnham and
Anderson, 2002). We created predictive sur-
faces for tortoise sign and live tortoises to
visualize the outputs of these model-averaged
estimates using the Inverse Distance Weight-
ed Spatial Analyst tool in ArcGIS Version
9.3.1 (ESRI, Inc., 2009f).

Our predictive surfaces for tortoise sign and
live tortoise densities are based on the weight
of evidence from multiple models, each of
which assumes a log-linear relationship be-
tween tortoises and predictor variables. This
assumption ensures that each model predicts
positive densities; it can also produce mislead-
ing predictions if the predictor–response rela-
tionships are not actually log-linear. Our
sample was too sparse to formally evaluate this
assumption; however, our use of a multi-model
framework accounts for some uncertainty in
specifying a single correct model. We calculat-
ed standard errors to quantify the uncertainty
around mean predictions. We calculated cor-

relations between predicted estimates and
actual data, paired by grid, to describe the
quality of the fit. Squared correlations are
analogous to r2 values in regression analyses.

The unique conditions of the Argus study
area precluded the availability of independent
data from other sites that could be used to
assess the robustness of our models. Instead,
we used live tortoise sightings to corroborate
our results based on the tortoise sign model.
We tested the Pearson correlation between
counts of live tortoises and model-predicted
tortoise sign, paired by grid (R Development
Core Team, 2012). We note that this correla-
tion is positively biased because live tortoises
were among the tortoise sign used to develop
the predictive model; however, since the
majority of tortoise sign were not live tortois-
es, we believe the correlation is only mildly
biased. We similarly tested the correlations
between counts of live tortoises and tortoise
remains to determine similarities in the
distributions of live and dead tortoises. We
analyzed the correlation using remains aged
,4 yr, as well as all remains.

RESULTS

Population Attributes of Live Tortoises

We found 28 live tortoises, of which 27
were captured in spring, and one, an imma-
ture 2, that was located for the first time in fall
(Table 1). In the brief fall visit, 10 of the 27
were recaptured. The sample was almost
equally composed of adults (46.5%) and
immature and juvenile tortoises (53.6%). The
immature 2 class was poorly represented and
no subadults were observed. The sex ratio of
subadult and adult tortoises was 10 females to
3 males, which differed from the expected 1:1
sex ratio (Exact binomial test, P 5 0.0923,
90% CI 5 0.51–0.93). The crude density of
adult tortoises was 2.4 tortoises/km2 (13 adults
/5.42 km2). Densities of tortoises of all sizes,
based on the predicted live tortoise density
models, ranged from 1.2/km2 to 15.1/km2

depending on location (Fig. 3). The distribu-
tion of live tortoises differed throughout the
study area, with lower predicted densities
associated with the end of the paved road and
near denuded areas where testing occurs and
higher predicted densities to the northwest
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and northeast of the denuded areas (Fig. 3;
see also models below).

The 28 tortoises appeared to be robust,
active, and behaving normally. Juveniles had
wide bands of new growth at the seams
between the scutes, representing the ample
forage available during the spring. No tortoises
had wet nares or a purulent discharge, typical
clinical signs of mycoplasmosis caused by
the pathogens Mycoplasma agassizii (Jacobson
et al., 1991; Brown et al., 1994; Homer et al.,
1998) and M. testudineum (Brown et al., 2004;
Jacobson and Berry, 2012). Some clinical signs
suggestive of mycoplasmosis were evident,
however. Eleven tortoises had mild and
moderate occlusions of one or both naris. The
occlusions appeared to be dirt or soil associated
in most cases with layers of soil and plant sap
from foraging, not mucus characteristic of
mycoplasmosis. Twelve tortoises had moderate
to severe edema of the palpebrae and/or
periocular area, seven had dried or wet mucus
crusts on the palpebrae or in the fornix, and the
globes bulged in six tortoises. Such ocular signs
are often observed in years of abundant forage
and may be the result of sap and detritus from
food plants or from disease (e.g., mycoplasmo-
sis or cutaneous dyskeratosis). Twenty-four of
the 28 tortoises had signs of active cutaneous
dyskeratosis on and between the scales of the
fore- and hind limbs covering 40% or less of the
limbs. For all but one tortoise, severity of the
lesions was rated as mild. Ten tortoises also had
mild, active signs of cutaneous dyskeratosis on
either plastron or carapace or both.

Signs of trauma were evident on 16
tortoises, all of which were $163 mm MCL.

The injuries were healing or had healed. One
adult had severe healed injuries to the
plastron and gular horn, which had been
chewed away (injury typical of a domestic dog;
A. Carlson and K. Berry, personal observation;
Boyer and Boyer, 2006). Twelve juvenile and
small immature tortoises (54–128 mm MCL)
had no signs of past or recent injuries.
Between the spring survey and early October
of 2010, two tortoises were injured by
predators: one was a 123-mm-MCL immature
with bites and tears to the gular horn,
plastron, and carapace and the other tortoise
was an adult with injuries to the foreleg.

Death Rates and Causes of Death

We collected shell-skeletal remains of 32
tortoises, 17 of which represented tortoises
estimated to have died between 2006 and
2010 (Table 1; Fig. 3). Sixteen juvenile and
immature tortoises and one subadult female
tortoise (MCL 5 180 mm) died during that
interval. No tortoises marked in spring were
found dead during the fall visit; however, one
juvenile hatched in summer of 2010 was
found dead during the fall visit, killed by a
raven. Most remains showed signs of traumat-
ic deaths: broken scutes and bones, and signs
of crushing, gnaws, or punctures. For these 17
dead tortoises, potential or probable causes
of death included predation by mammalian
carnivores (seven) and Common Ravens
(two or three), trauma (which could include
predation, two), and unknown (five). Remains
of three tortoises (one juvenile in a coyote
scat) were found at predator sign concentra-
tion areas: two sites were scat marking areas
and the third was at a coyote rock shelter.
Fifteen of the 32 tortoises died .4 yr
previously; 12 of the 15 tortoises were
subadult or adults. Several had signs of
traumatic deaths or predation, but most could
not be assigned a cause of death because of
the deteriorated condition. The crude annual
death rate based on 14 adults and subadult
tortoises found to survive or die during 2006–
2010 was 1.8% (1 dead out of 14, divided by
4 yr; Table 1).

Tortoise Sign

We located 285 tortoise sign: 140 shelter
sites, 138 scats, 3 courtship rings, 2 sets of egg

TABLE 1.—Size–age class distributions of live Desert
Tortoises and shell–skeletal remains, with estimated age of
shell–skeletal remains collected in 2010 within the Argus
study area at the Naval Air Weapons Station China Lake,

San Bernardino County, California.

Size–age class structure (carapace
length at the midline)

Live tortoise
count

Dead tortoise count

#4 yr
since death

.4 yr
since death

Juvenile 1 (,60 mm) 3 1 —
Juvenile 2 (60–99 mm) 5 7 1
Immature 1 (100–139 mm) 5 6 1
Immature 2 (140–179 mm) 2 2 1
Subadult (180–207 mm) — 1 1
Adult ($208 mm) 13 — 11
Totals 28 17 15
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shell fragments, and 2 sets of foot tracks
(Fig. 4). Most shelters were burrows (132,
94.3%); only four rock shelters, two caves in
calcic soils, and two pallets were observed.

Most shelter sites (110, 78.6%) were of sizes
used by adults; 26 and 4 burrows were of sizes
used by immature and juvenile tortoises,
respectively. Tortoise sign counts (including

FIG. 3.—The locations of live and dead Desert Tortoises and the modeled predicted densities and distribution of live
Desert Tortoises at the Argus study area, Naval Air Weapons Station China Lake, San Bernardino County, California, in
2010. The blue and red colors reflect low and high densities of Desert Tortoises, respectively.
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live tortoises and shell–skeletal remains) were
lower in the northern two-thirds of the study
area than in the south (Fig. 4). Predicted
densities for sign counts ranged from 8.2/km2

to 183.6/km2 depending on location.

Predators

We recorded from one to three Common
Ravens flying or perching on power poles for a
total of 16 sightings in spring/583 person-h

FIG. 4.—The locations of Desert Tortoise sign and the modeled-predicted distribution and density of tortoise sign at
the Argus study area, Naval Air Weapons Station China Lake, San Bernardino County, California, in 2010. The blue and
red colors reflect low and high densities of tortoise sign, respectively.
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and 3 in fall/144 person-h with modeled
estimates ranging from 0/km2 to 20.0 Com-
mon Ravens/km2 (Fig. 5). We also saw one each
of three other avian predator species: Prairie
Falcon (Falco mexicanus), Red-tailed Hawk,

and Northern Shrike. We identified 63 sign
concentration areas (scat marking sites, dens,
and other shelters) created by mammalian
predators (Fig. 6) and of these, 46 were scat
marking sites and 17 were dens, tunnels, or

FIG. 5.—Observations of the Common Raven in May 2010 with predicted densities using a 500 m search radius at the
Argus study area, Naval Air Weapons Station China Lake, San Bernardino County, California.
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overhanging rocks used as shelters. These
concentration areas were used by combina-
tions of coyotes, kit foxes, and bobcats.
Densities of mammalian predator signs
ranged from a low of 0/km2 to a high of
70.3 signs/km2 (Fig. 7).

Anthropogenic Disturbances

We estimated that areas denuded or partially
denuded of perennial vegetation covered
34.52 ha or 6.38% of the area: 4.89 ha were
totally denuded of vegetation in the test areas;

FIG. 6.—Slope and locations of mammalian predator sign at the Argus study area, Naval Air Weapons Station China
Lake, San Bernardino County, California.
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15.49 ha were partially denuded of vegetation
in test areas and boundary trenches; 2.47 ha
were composed of pavement, road shoulders,
and adjacent denuded areas; and 11.67 ha were
dirt roads. The field team counted 10,292
instances of ordnance, trash, balloons, burned

areas, utility lines, fences, and vehicle tracks.
Ordnance accounted for 93.1%, followed in
descending order by trash (5.4%), burned areas
and balloons (each 0.5%), and vehicle tracks
(0.4%). Counts of ordnance made on 50
randomly placed transects ranged from 0 to

FIG. 7.—Modeled surfaces of mammalian predator sign density using a search radius of 400 m at the Argus study area,
Naval Air Weapons Station China Lake, San Bernardino County, California, in 2010.
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1536 and averaged 40.8; whereas counts of
ordnance made on 40 transects associated with
the denuded areas ranged from 0 to 327 and
averaged 87.3.

Models of live tortoise density and tortoise
sign density with predictor variables and
interactions.—The AICc statistics indicated
no support for overdispersion, therefore our
prediction models are based on conventional
Poisson distributions. We found spatial corre-
lations in the tortoise sign data and retained
this spatial correlation structure in the re-
mainder of those analyses. We did not find
spatial correlations in the live tortoise data,
however. Densities of tortoise sign were best
predicted by distances from denuded areas
and paved roads and densities of mammalian
predator signs in a model supported by 72% of
the total Akaike weight of evidence of all
models combined (Table 2). A second model
with 20% Akaike weight suggested that
Common Ravens and slopes, which ranged
from 0 to 66.3% (Fig. 6), were also important
predictors. The two best models predicting
live tortoise density included ordnance and
slope and had a cumulative weight of 26%
(Table 2). Certain individual covariates or
interaction effects appeared repeatedly in
supported models, indicating that specific
covariates could be more important than
specific models.

Tortoise sign density was positively related
to degree of slope, increasing 51 6 18% per
2.26u increase in slope (Table 3). Tortoise sign
density was also positively associated with

mammalian predator signs, increasing 40 6
11% per increase of 7.5 mammal signs/km2.
However, tortoise sign density was negatively
related to Common Ravens, decreasing 31 6
10% for every 3.6 additional sightings/km2.
Model-averaged main effects based on an-
thropogenic predictors were not significant,
based on CIs overlapping with zero; however,
model-averaged interaction effects involving
anthropogenic predictors were consistently
significant whenever they appeared (Table 3).

No clear relationship emerged for live
tortoises, which were observed in considerably
lower numbers than tortoise sign (Tables 2 and
3). Only two models appeared to be better than
the null model, and none of the main effects
estimated in those models was significant.
Although two of the model-averaged interac-
tion terms were significant, the model-specific
percentage changes associated with those
interactions were not significant. Although all
covariates seemed to play a role in predicting
tortoise density, significant interactions suggest
that the effect of covariates on prediction
generally varied depending on other variables.
We spatially mapped the cumulative effects of
the covariates (Figs. 3 and 4). The quality of
the regression models is modest but significant.
Correlations between model-averaged predic-
tions and observed data were 0.67 for tortoise
sign and 0.70 for live tortoises (P , 0.0001),
analogous to r2 5 0.45 and r2 5 0.49,
respectively. While these models support
general spatial patterns, the predicted values
are subject to considerable error (Appendix I).

TABLE 2—Models ranked according to corrected Akaike’s Information Criterion (AICc) using a generalized linear mixed
effects model for three Desert Tortoise response variables at the Argus study area in San Bernardino County, California:
density of tortoise sign and density of live tortoises. Models are based on one or more of the following covariates, except
for the null model: distance from denuded areas (Denuded), distance from paved roads (Paved), density of ordnance
(Ordnance), degree of slope (Slope), density of Common Ravens (Raven), and density of mammalian sign (Mammal).
The symbol ‘‘+’’ denotes an additive effect and ‘‘3’’ denotes interaction effects. All models are ranked by second-order
corrected AICc and listed from best to worst with the number of model parameters (K), log likelihood (LL), difference
in corrected AICc relative to the best model (DAICc), Akaike weight (vAICc), and cumulative weight (Cum wt). Only the

models with Akaike weight .0.05 and AICc at least 2 units better than the null model AICc are shown.

Model K LL AICc DAICc vAICc Cum wt

Density of tortoise sign

Denuded 3 Paved + Mammal 6 244.05 103.59 0 0.72 0.72
Paved 3 Raven + Slope 6 245.30 106.10 2.51 0.20 0.92

Density of live tortoises

Ordnance 3 Slope 4 230.90 71.33 0 0.20 0.20
Ordnance 3 Slope + Mammal 5 230.56 73.51 2.18 0.07 0.26
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Live tortoise sightings corresponded signif-
icantly with model-predicted tortoise sign (r
5 0.37, P 5 0.042, 90% CI 5 0.07–0.60). Live
tortoises also correlated positively with all
tortoise remains (r 5 0.39, P 5 0.028, 90% CI
5 0.11–0.62), but not significantly for tortoise
remains from within the previous 4 yr (r 5
0.28, P 5 0.12, 90% CI 5 20.02 to 0.54).

DISCUSSION

Desert Tortoise populations were more
widespread and higher in density in the
western, central, and southern Mojave Desert
regions during the 1970s and early 1980s
(Berry et al., 1986a, 1986b; USFWS, 1994b;
Berry and Medica, 1995) than they are
today. The existing Argus population frag-
ment (,130 km2) was part of this larger,
higher-density, and interconnected popula-
tion that extended from the Argus Range and
Searles and Indian Wells valleys south to the
southwest border of the geographic range
(now the Western Mojave Recovery Unit;
Figs. 1 and 2). By 2010, populations were

fragmented, tortoise densities were much
lower than previously described, and recov-
ery efforts were challenged by numerous
anthropogenic impacts (USFWS, 2010). Al-
though detection of tortoises is imperfect, our
2010 surveys were conducted under condi-
tions that increase visibility, e.g., peak spring
activity with abundant forage following
above-average precipitation, and few conceal-
ment opportunities due to sandy soils and low
cover of perennial shrubs. Despite favorable
conditions for detection, our estimated den-
sities at Argus for all sizes of tortoises were
low; our estimates for densities of adult
tortoises (2.4/km2) were similar to those
reported by the USFWS for the nearest
critical habitat 32 km to the south (Fre-
mont-Kramer critical habitat, 2.5/km2 in
2010; USFWS, 2012).

Low-density population fragments are po-
tentially more vulnerable to loss and extir-
pation than are large, high-density, and
robust populations (Simberloff and Abele,
1982; USFWS, 1994b). The Argus population

TABLE 3—Model-averaged effects and standard errors (SE) on estimated Desert Tortoise response (tortoise sign density,
live tortoise density) in relationship to distances from denuded areas (Denuded) and paved roads (Paved), densities of
ordnance (Ordnance), mammalian predator (Mammal) and Common Raven (Raven) densities, slope (Slope), and their
interaction effects (denoted by 3). The model-averaged effects are for the Argus study area, Naval Air Weapons Station

China Lake, San Bernardino County, California.

Tortoise sign density Live tortoise density

Estimate 6 SE 90% CI Estimate 6 SE 90% CI

% changea

Denuded 3 6 22 228, 46 22 6 44 240, 146
Paved 18 6 18 29, 52 24 6 24 242, 58
Ordnance 29 6 21 238, 33 232 6 25 267, 39
Mammal 40 6 11 22, 60c 216 6 17 243, 24
Raven 231 6 10 246, 212c 5 6 26 235, 69
Slope 51 6 18 24, 84c 54 6 36 23, 144

Interaction coefficientb

Denuded 3 Paved 20.60 6 0.11 20.78, 20.41c 20.80 6 0.35 21.49, 20.10c

Denuded 3
Mammal 0.42 6 0.11 0.24, 0.59

c
0.62 6 0.40 20.16, 1.41

Denuded 3 Raven 0.48 6 0.10 0.32, 0.65c 0.43 6 0.27 20.09, 0.96
Denuded 3 Slope 0.61 6 0.15 0.36, 0.86c 20.27 6 0.26 20.79, 0.25
Paved 3 Mammal 0.44 6 0.11 0.26, 0.63c 0.17 6 0.30 20.43, 0.76
Paved 3 Raven 0.54 6 0.11 0.37, 0.71c 0.54 6 0.32 20.09, 1.17
Paved 3 Slope 0.54 6 0.14 0.31, 0.77c 0.24 6 0.27 20.29, 0.77
Ordnance 3 Slope 20.37 6 0.13 20.58, 20.15c 1.87 6 1.17 0.37, 3.37c

Mammal 3 Raven 0.07 6 0.11 20.11, 0.25 20.11 6 0.28 20.66, 0.44
Mammal 3 Slope 20.01 6 0.08 20.14, 0.13 0.32 6 0.25 20.17, 0.82
Raven 3 Slope 20.42 6 0.21 20.77, 20.07c 0.12 6 0.33 20.53, 0.77
a Main effects (a) are expressed as percent changes, (exp[b]21) 3 100%, where b is the coefficient for tortoise response variables on the log scale, and
b Interaction effects (b) are expressed as b.
c Effects with 90% confidence interval (CI) not overlapping zero were significant at P , 0.10.
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fragment has three positive demographic
attributes favoring persistence and recovery:
(1) the sex ratio favors female adults, (2)
juvenile and small immature tortoises com-
posed 53.6% of the sample, and (3) individual
tortoises appeared robust and healthy. Other
demographic attributes suggest vulnerability
to stochastic events such as drought (Inter-
governmental Panel on Climate Change,
2007; Seager et al., 2007) and hyperpredation
(Kristan and Boarman, 2003; Esque et al.,
2010). These attributes limit the potential for
population growth and include (1) low popu-
lation density; (2) small size of the fragment;
(3) low survival of immature tortoises and low
recruitment into the young, small-adult size
class; and (4) frequent predator attacks on all
sizes of tortoises, judging from signs of trauma
on live tortoises, shell–skeletal remains, and
tortoise parts in coyote scat.

The Argus area has several features in
common with tortoise critical habitats man-
aged by non-Defense Department agencies:
subsidized predators, paved and dirt roads,
areas with partially and completely denuded
vegetation, patchy distribution of disturbances
in the habitats, and close proximity to urban
and exurban lands (USFWS, 1994b, 2011).
Substantial differences exist too: only scien-
tists and engineers use the site for research-
related testing; the general public has had no
access since 1942 or earlier; and shooting,
hunting, mining, and livestock grazing are not
permitted. Surface disturbances have been
confined to specific areas, some of which have
been in place for decades.

Although our sample was too small to
model all covariates simultaneously, we found
varying effects on tortoise sign density and live
tortoise density in relationship to each of the
anthropogenic, topographic, and predator
variables across a variety of models. A large
degree of evidence, based on Akaike weights,
identified the best models for tortoise sign
densities, while a lesser weight of evidence
identified predictors for live tortoise densities.
The significant effects on tortoise sign densi-
ties were positive with slope and mammal
signs, negative for Common Ravens, and
included interaction effects among these
predictors as well as ordnance and distances
to denuded areas and paved roads; for live

tortoise densities there were significant inter-
action effects between distances to denuded
and paved areas, and between ordnance and
slope. Our multi-model inferences allow the
cumulative effects of these relationships to be
mapped by averaging, weighted by Akaike
evidence, all prediction surfaces for tortoise
sign density and live tortoise density (Figs. 3
and 4).

Predators and Their Role in Models

Predators were prominent predictors in
models of tortoise sign density, the population
attribute with the most evidence. Although
densities of tortoises were low at the study area
in 2010, female tortoises were producing eggs
as evidenced by egg shells, 14 live juvenile and
immature tortoises, and remains of 16 dead
juvenile and immature tortoises. However, no
live subadult or young, small adult tortoises
(180–220 mm MCL) were located during the
study. Thus recruitment of immature tortoises
into the adult population has been limited for
several years. The probable cause of low
survivorship was predation: the remains of
most recently dead juvenile and immature
tortoises showed signs of traumatic deaths
(broken scutes/bones) typical of avian or canid
predators. Further, pressure from subsidized
mammalian predators was evident in new
attacks on two tortoises between May and
October field visits in 2010 and a fresh raven
kill of a juvenile in early fall.

Common Ravens and coyotes present obsta-
cles to recovery of low-density, fragmented
Desert Tortoise populations through increased
mortality. Common Ravens, for example, en-
gage in hyperpredation of juveniles (Campbell,
1983; Boarman, 1993) and can also attack and
kill adult tortoises (A.P. Woodman, A. Walde,
W. Boarman, personal observations). Common
Raven populations have grown substantially in
the Mojave Desert, subsidized by resources
available in cities, towns, and rural areas,
including sewage ponds and landfills, road-
killed animals, and perching opportunities from
power poles (Boarman and Berry, 1995; Knight
et al., 1995; Boarman et al., 2006). Common
Ravens have the potential of driving local
tortoise populations to extinction (Kristan and
Boarman, 2003). Coyotes also are subsidized
predators, and subsidies in the form of food and
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water are readily available in the urban and
exurban developments in Indian Wells and
Searles valleys. They can move back and forth
between sources of subsidies and adjacent wild
lands, where tortoises are more common
(Fedriani et al., 2001). During periods of
drought, subsidized predators such as coyotes
may turn to tortoises as food sources when
other prey, such as rodents and rabbits, are in
low numbers (Woodbury and Hardy, 1948;
Esque et al., 2010). Domestic dogs, ranging
from housing areas in the Indian Wells and
Searles valleys, also may be responsible for
attacks on tortoises, e.g., the tortoise with the
severely damaged shell (Boyer and Boyer,
2006).

Tortoise sign density increased with in-
creasing slope on the low hills and with
mammalian predator sign (Table 3), a distri-
bution pattern evident in Figs. 4 and 7. Based
on sign, both tortoises and their mammalian
predators appeared to spend more time in the
hills and away from the low areas, where the
denuded test areas and the paved road
occurred. In contrast, observations of ravens
were more concentrated at lower elevations,
at the terminus of the road, and in denuded
areas, sites with more human use but with
fewer tortoise sign (Fig. 4). Thus tortoises are
exposed to predator pressure whether in the
hills or on flat terrain.

Paved Roads and Denuded Areas

Paved roads and denuded areas were
important predictors of tortoise densities, as
evidenced by the most successful model of
tortoise sign. The locations and densities of
tortoise sign and live tortoises were low near
and including the terminus of the paved road
and the denuded areas where testing occurs
(Figs. 3 and 4). The areas with low tortoise
densities extended for distances of 100–300 m
beyond the denuded surfaces, thus encom-
passing about 15% to 25% of the study area.
Spatial differences in detectability are unlikely
to have contributed to lower tortoise counts in
these locations, which tend to be more open
than other parts of Argus and have fewer
perennial shrubs where tortoises can hide. The
effects of paved roads, especially roads with
high traffic volume, on depleting adjacent
tortoise populations are well known (e.g., von

Seckendorff Hoff and Marlow, 2002; Boarman
and Sazaki, 2006). At the Argus site, habitat has
been lost from the road, and regardless of the
low traffic volume, the roadway itself serves as
an attractant to the Common Raven (Knight
and Kawashima, 1993; Knight et al., 1995).
Areas partially or completely denuded of
vegetation—whatever the source of damage—
are unsuitable for tortoises: canopy cover of
shrubs used for protection from extremes of
temperature and predators is minimal or
absent, compacted and denuded soils lack
forage of annual wildflowers, burrows excavat-
ed in denuded areas are vulnerable to human
disturbance, and deaths are likely to be higher
than in intact habitats (e.g., Bury and Luck-
enbach, 2002; Berry et al., 2006; Grandmaison
et al., 2010). Throughout the geographic range
of the Desert Tortoise, roads and denuded
areas are frequently coupled: roads terminate
in disturbed areas e.g., campsites, off-highway
vehicle recreation sites, livestock grazing pio-
spheres, and mining operations. Where roads
terminate in anthropogenic uses, we might
expect to see more loss of habitat for tortoises
than from the denuded surfaces alone, regard-
less of whether the surface is used for testing
explosives and other ordnance or as a livestock
watering area, mine, or recreational vehicle
encampment.

Denuded areas may have served as a proxy
for ordnance in some models. Although
ordnance was not a major factor in the
models, it may affect health and survival of
individuals. Ordnance fragments, common in
the denuded and partially denuded test areas,
may be eaten by tortoises; chelonians in
general are known to consume trash and
foreign objects (Boyer and Boyer, 2006).
Consumption of potentially toxic materials
may contribute to limb and shell lesions, i.e.,
cutaneous dyskeratosis (Jacobson et al., 1994;
Homer et al., 1998), which were common in
the Argus tortoises. Static testing of explosives
and other ordnance may have negative
impacts on tortoises from noise and ground
vibrations but we did not measure these
impacts.

MANAGEMENT IMPLICATIONS

Many factors affect the well-being, distri-
bution, survival, and ultimately the recovery

104 HERPETOLOGICAL MONOGRAPHS [No. 27



potential of Desert Tortoise populations.
Suites of predictor variables and their inter-
actions are likely to be complex and to vary
over time and space. Separating the most from
the least important variables can be challeng-
ing. The multiple impacts affecting the Argus
tortoises are typical of anthropogenic uses
occurring on lands managed by the Depart-
ment of Defense and other government
agencies throughout the geographic range of
the species. Of the predictor variables we
evaluated, only ordnance is primarily restrict-
ed to Department of Defense holdings.

Low-density population fragments with few
adults and low recruitment of adults are
especially susceptible to stochastic events.
Networks of roads and denuded areas con-
tribute to habitat loss, reduce the integrity of
the fragments, and increase the likelihood of
injury and death to the tortoises. Subsidized
predators can also increase vulnerability of the
population fragment by limiting recruitment
of immature tortoises into the adult popula-
tion and periodically reducing densities of
adult tortoises. The close proximity of expand-
ing towns and cities (Hunter et al., 2003) adds
to potential predator subsidies. Unless im-
pacts to Desert Tortoises from anthropogenic
impacts are limited or mitigated effectively
and unless predation from subsidized preda-
tors is reduced, the long-term persistence of
this and other similar population fragments
will be in doubt.
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W.D. Kissling, I. Kühn, R. Ohlemüller, P.R. Peres-
Neto, B. Reineking, B. Schröder, F.M. Schurr, and R.
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Predicted densities (counts/km2 6 1 SE) and predicted counts (per grid 6 1 SE) of tortoise signs and live tortoises at 31
grids (500 m 3 500 m or smaller) comprising the Argus core study area, San Bernardino County, California. Predictions
are averaged across all models, weighted by AICc weight, and shown with observed counts. Coefficient of variations (CV

5 SE/prediction) represent accuracy of predictions.

Gridno
Grid area
(km2)

Predicted
tortoise sign

density

Predicted
live tortoise
density

Observed
tortoise
sign

Predicted
tortoise
sign CV

Observed
live

tortoises

Predicted
live

tortoises CV

1 0.04 49 6 20 8.0 6 4.4 0 2.1 6 0.8 0.41 0 0.34 6 0.18 0.54
2 0.10 63 6 31 9.4 6 5.1 1 6.3 6 3.1 0.48 0 0.94 6 0.51 0.54
3 0.10 55 6 20 3.2 6 3.0 0 5.5 6 2.0 0.36 0 0.32 6 0.30 0.93
4 0.09 61 6 28 7.2 6 3.8 15 5.3 6 2.5 0.46 2 0.63 6 0.34 0.53
5 0.11 46 6 15 6.2 6 1.9 2 5.1 6 1.7 0.33 0 0.69 6 0.20 0.30
6 0.25 43 6 27 6.4 6 1.8 11 10.8 6 6.7 0.62 3 1.61 6 0.45 0.28
7 0.25 14 6 6 1.2 6 1.8 3 3.4 6 1.5 0.44 0 0.30 6 0.44 1.44
8 0.22 37 6 30 10.0 6 6.6 13 7.9 6 6.6 0.83 2 2.15 6 1.42 0.66
9 0.11 44 6 18 5.3 6 1.6 0 4.9 6 2.0 0.40 0 0.59 6 0.17 0.30

10 0.25 42 6 28 5.3 6 1.7 5 10.4 6 7.1 0.68 2 1.33 6 0.44 0.33
11 0.25 8 6 5 1.5 6 1.8 2 2.0 6 1.3 0.64 0 0.37 6 0.45 1.21
12 0.22 27 6 28 3.1 6 2.4 15 5.8 6 6.1 1.06 0 0.68 6 0.53 0.78
13 0.11 20 6 11 5.3 6 2.0 1 2.2 6 1.3 0.57 1 0.58 6 0.22 0.38
14 0.25 17 6 7 5.8 6 2.7 13 4.1 6 1.8 0.42 0 1.46 6 0.66 0.45
15 0.25 10 6 5 2.0 6 2.1 4 2.6 6 1.3 0.52 0 0.51 6 0.52 1.02
16 0.22 24 6 11 5.4 6 1.7 9 5.3 6 2.4 0.45 1 1.18 6 0.36 0.31
17 0.06 75 6 41 5.6 6 4.0 0 4.4 6 2.4 0.54 0 0.33 6 0.24 0.71
18 0.19 45 6 17 4.9 6 1.7 11 8.7 6 3.3 0.38 1 0.95 6 0.33 0.35
19 0.25 35 6 12 6.1 6 1.6 35 8.8 6 2.9 0.33 2 1.53 6 0.39 0.26
20 0.25 38 6 14 6.2 6 2.0 27 9.4 6 3.4 0.36 4 1.56 6 0.50 0.32
21 0.22 52 6 17 6.2 6 1.8 32 11.3 6 3.8 0.33 2 1.35 6 0.38 0.28
22 0.25 89 6 61 5.3 6 2.9 20 22.3 6 15.2 0.68 3 1.33 6 0.73 0.55
23 0.25 105 6 62 4.7 6 2.1 24 26.2 6 15.4 0.59 1 1.17 6 0.51 0.44
24 0.25 184 6 112 7.0 6 3.6 35 45.9 6 27.9 0.61 2 1.74 6 0.89 0.51
25 0.25 103 6 57 4.6 6 1.9 16 25.8 6 14.3 0.55 0 1.15 6 0.48 0.42
26 0.22 70 6 37 4.9 6 1.7 31 15.1 6 8.1 0.53 0 1.07 6 0.38 0.35
27 0.03 62 6 41 5.5 6 5.1 0 1.8 6 1.2 0.67 0 0.16 6 0.15 0.93
28 0.07 46 6 25 4.7 6 2.6 1 3.3 6 1.8 0.54 0 0.33 6 0.18 0.55
29 0.17 47 6 22 5.7 6 2.4 11 7.7 6 3.7 0.47 1 0.95 6 0.39 0.41
30 0.12 40 6 24 5.1 6 2.3 2 4.9 6 2.9 0.59 1 0.63 6 0.28 0.44
31 0.02 29 6 23 4.1 6 2.6 0 0.7 6 0.6 0.80 0 0.10 6 0.06 0.64

Correlation between observed and predicted 0.67 0.70
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PROTECTION BENEFITS DESERT TORTOISE (GOPHERUS AGASSIZII)
ABUNDANCE: THE INFLUENCE OF THREE MANAGEMENT

STRATEGIES ON A THREATENED SPECIES

KRISTIN H. BERRY
1,5, LISA M. LYREN

2, JULIE L. YEE
3, AND TRACY Y. BAILEY

4

1 US Geological Survey, Western Ecological Research Center, 21803 Cactus Avenue, Suite F, Riverside, CA 92518, USA
2 US Geological Survey, Western Ecological Research Center, 2177 Salk Avenue, Suite 250, Carlsbad, CA 92011, USA
3 US Geological Survey, Western Ecological Research Center, Modoc Hall, Suite 3006, 3020 State University Drive East,

Sacramento, CA 95819, USA
4 619 Pinon Court, Ridgecrest, CA 93555, USA

ABSTRACT: We surveyed an area of ,260 km2 in the western Mojave Desert to evaluate relationships
between condition of Agassiz’s Desert Tortoise populations (Gopherus agassizii) and habitat on lands that
have experienced three different levels of management and protection. We established 240 1-ha plots using
random sampling, with 80 plots on each of the three types of managed lands. We conducted surveys in spring
2011 and collected data on live tortoises, shell-skeletal remains, other signs of tortoises, perennial vegetation,
predators, and evidence of human use. Throughout the study area and regardless of management area,
tortoise abundance was positively associated with one of the more diverse associations of perennial
vegetation. The management area with the longest history of protection, a fence, and legal exclusion of
livestock and vehicles had significantly more live tortoises and lower death rates than the other two areas.
Tortoise presence and abundance in this protected area had no significant positive or negative associations
with predators or human-related impacts. In contrast, the management area with a more recent exclusion of
livestock, limited vehicular traffic, and with a recent, partial fence had lower tortoise densities and high death
rates. Tortoise abundance here was negatively associated with vehicle tracks and positively associated with
mammalian predators and debris from firearms. The management area with the least protection—unfenced,
with uncontrolled vehicle use, sheep grazing, and high trash counts—also had low tortoise densities and high
death rates. Tortoise abundance was negatively associated with sheep grazing and positively associated with
trash and mammalian predator scat.

Key words: Desert Tortoise Research Natural Area; Fence; Land use legacy; Mojave Desert; Protected
areas; Sheep grazing; Vehicles

AGASSIZ’S Desert Tortoise, Gopherus agas-
sizii (hereafter called Desert Tortoise or
tortoise), is both a federally and state-listed
threatened species with designated critical
habitat and recovery plans (US Fish and
Wildlife Service [USFWS], 1990, 1994a,
1994b, 2011; California Department of Fish
and Wildlife, 2013). Despite recovery efforts,
populations have continued to decline and
available habitat has been reduced largely
because of human-related uses (USFWS,
2010). In 2011, G. agassizii was split into
two species, G. agassizii and G. morafkai, and
the geographic range of G. agassizii was
reduced by ,66% (Murphy et al., 2011).

Few populations and places within the
geographic range of G. agassizii are more
threatened than the western Mojave Desert
(USFWS, 1994a). Since the arrival of explor-
ers and settlers in the mid-1800s, the desert

ecosystem has experienced many uses and
changes that have affected the tortoise. The
historical patterns of land use have left a
legacy that is important for understanding not
only the decline of the tortoise and its habitat
but also the potential effects of this legacy on
current management strategies to recover the
species (Foster et al., 2003; Leu et al., 2008).
Briefly, in the mid- to late 1800s, early
explorers and settlers engaged in dry-land
farming and agriculture (Norris, 1982), live-
stock grazing and ranching (Wentworth, 1948;
Powers, 1988, 2000), and mining (Vredenburg
et al., 1981). The 1900s were characterized by
growth and expansion of human populations,
military bases and facilities, energy and
transportation corridors, energy developments
and facilities, and off-highway vehicle-orient-
ed recreation (US Bureau of Land Manage-
ment [USBLM], 1973, 1980, 2006; Hunter et
al., 2003). With the exception of dry-land
farming, these uses have continued and the5 CORRESPONDENCE: e-mail, kristin_berry@usgs.gov
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total amount of land with surface disturbances
has grown.

Livestock grazing, ranching, and other
surface-disturbing activities have caused pro-
found changes to the distribution and compo-
sition of annual and perennial vegetation once
typical of the Mojave Desert (Minnich, 2008).
The invasion and establishment of alien annual
grasses, such as the fire-prone bromes (Bromus
madritensis subsp. rubens, B. tectorum) and
Arab grasses (Schismus barbatus, S. arabicus),
have severely altered the biomass and compo-
sition of the annual flora in the region (Brooks
and Berry, 2006; Brooks et al., 2006) and led to
a fire-prone regime in some areas (Brooks and
Matchett, 2006). Introduced forbs, such as
Erodium cicutarium and members of the
mustard family, also are highly successful and
form a substantial part of the biomass in many
areas (Brooks and Berry, 2006; Minnich, 2008).
The alien annuals have altered the foods
available to the tortoise; the alien grasses, in
particular, are not preferred foods in this
region (Jennings, 2002) and may be detrimen-
tal in diets of juvenile and adult tortoises (Nagy
et al., 1998; Hazard et al., 2009, 2010).

Paved and dirt roads and recreational use of
off-highway vehicles not only have created
surface disturbances but also have provided
access to previously remote wild lands (Brooks
and Lair, 2009). Roads, whether paved or dirt,
vehicle trails and routes, and tracks contribute
to invasion and establishment of alien annual
plants (Brooks and Berry, 2006). They can
alter surface flow of water and nutrients,
fragment the ecosystem, and reduce the
surface available for food and shelter for the
tortoises and other animals (Brooks and Lair,
2009). The increased access and recreational
play areas also have created numerous areas
denuded or partially denuded of vegetation
(Busack and Bury, 1974; Bury and Lucken-
bach, 2002).

Another legacy associated with growth and
expansion of human populations in the
Mojave Desert is the concomitant growth of
subsidized predator populations. Subsidized
predators are predators with population sizes
supported by anthropogenic sources of food,
water, shelter, and perch sites. Subsidized
predators have the potential to increase in
numbers far beyond levels provided by the

natural desert prey base by using food and
water sources in nearby desert towns and
settlements. They include the Common Ra-
vens (Corvus corax), coyotes (Canis latrans),
and domestic dogs (Canis lupus familiaris).
These predators have used the subsidies to
expand their populations and have engaged in
hyperpredation of tortoises in some areas
(Boarman, 1993; Boarman and Berry, 1995;
Fedriani et al., 2001; Boyer and Boyer, 2006;
Esque et al., 2010).

We designed this research project to
evaluate how contiguous areas with three
different land-use histories and types of
management have affected Desert Tortoise
populations and the habitats where they live.
For comparisons, we selected the fenced
Desert Tortoise Research Natural Area (Tor-
toise Natural Area) as most protected. The
Tortoise Natural Area is internationally rec-
ognized as a protected area with an irreplace-
ability rank for threatened species in the top
6% of protected areas worldwide (Le Saout et
al., 2013). We chose critical habitat for the
tortoise in the Western Rand Area of Critical
Environmental Concern as moderately pro-
tected. Critical habitat in this region is
contained within three designated manage-
ment areas: the Western Rand Area of Critical
Environmental Concern, western parts of the
Rand Mountains Management Area, and
Fremont–Kramer Desert Wildlife Manage-
ment Area and Area of Critical Environmental
Concern (USBLM, 1980, 2006; USFWS, 1994b).
The Fremont–Kramer Area of Critical Envi-
ronmental Concern is also on the list of
globally protected areas and has an irreplace-
ability rank for threatened species in the top
2% of protected areas worldwide (Le Saout
et al., 2013). Private lands are least protect-
ed. Henceforth, we use the terms Tortoise
Natural Area, critical habitat, and private
lands to refer to the three management areas.
These areas are interconnected and experi-
enced similar land-use histories through the
1950s and 1960s, when nearby California
City was established and off-highway vehicle-
oriented recreation became a change agent
in the region (USBLM, 1973). Throughout
the interconnected areas, densities of tortoise
populations were high in the late 1970s
and early 1980s, ranging from 110 to 147
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tortoises/km2, depending on location (Ta-
ble 1; Turner and Berry, 1984; Berry et al.,
1986a; Berry and Medica, 1995). For the
three management areas, our objectives were
to (1) describe the historical legacy and
identify recent differences in management,
(2) compare tortoise abundance and other
population attributes in 2011, (3) identify
natural and anthropogenic factors positively
or negatively associated with tortoise abun-
dance in 2011, (4) evaluate differences in
mammalian and avian predators in 2011, and
(5) discuss factors relevant to future recovery
efforts for tortoises and their habitats.

STUDY AREA

General Description

The northern and northeast boundaries of
the study area are the Red Rock–Randsburg,
Garlock, and Goler paved roads; from these
roads, the ,260-km2 study area extends south
through the Fremont Valley and Rand Moun-
tains to the southern boundary of the Tortoise
Natural Area (Figs. 1, 2). The only paved road
within the study area is a,8-km stretch of the
Red Rock–Randsburg Road, which traverses
the northern part of critical habitat. The
nearest paved roads to study area boundaries
are 1.6 km distant in the west (Neuralia
Road), 3.2 km distant in the south (within
California City), and 3.2 to 16.0 km in the east
(US Highway 395). The settlements of Cantil
and Goler Heights are within 4 km in the
northwest and 0.8 km in the north, respec-
tively; the towns of Randsburg and Johannes-
burg (populations 69 and 172, respectively)
and the settlement of Red Mountain are

within 2.9 km in the northeast; and urbanized
California City (population of 14,327; US
Census Bureau estimate for 2011) is 3.2 km
to the south. More important, four high-use
recreation areas are within 5 to 14 km of study
area boundaries (Fig. 1): Red Rock Canyon
State Park and three recreation areas with
unrestricted access for off-highway vehicles
(Jawbone Canyon, Dove Springs, and Span-
gler Hills).

Within the study area, elevations range
from 590 m near the edge of Koehn Dry Lake
to 1240 m at the crest of the Rand Mountains.
Perennial vegetation is predominantly com-
posed of white bur-sage (Ambrosia dumosa)
and creosote bush (Larrea tridentata) allianc-
es (California Department of Fish and Game,
2010), which change with elevation and
surface disturbance. At the edge of Koehn
Dry Lake in the north, allscale saltbush
(Atriplex polycarpa) and other Atriplex spe-
cies are common. On the floor of the Fremont
Valley and the toeslope of the Rand Moun-
tains, perennial vegetation grades into creo-
sote bush scrub with white bur-sage and many
different species of shrubs: cheesebush (Am-
brosia salsola), goldenhead (Acamptopappus
sphaerocephalus), spiny senna (Senna ar-
mata), silver cholla (Cylindropuntia echino-
carpa), Nevada ephedra (Ephedra nevaden-
sis), winter fat (Krascheninnikovia lanata),
hop-sage (Grayia spinosa), Mojave indigo
bush (Psorothamnus arborescens), Acton en-
celia (Encelia actoni), Mojave Desert Califor-
nia buckwheat (Eriogonum fasciculatum),
Anderson box-thorn (Lycium andersonii),
Cooper’s box-thorn (L. cooperi), and wish-
bone bush (Mirabilis laevis var. retrorsa).

TABLE 1.—Historic density estimates of Desert Tortoise populations from long-term plots in the three management
areas between 1979 and 1981, eastern Kern County, California. The density estimates are for all sizes of tortoises and are
based on mark–recapture techniques and stratification of the tortoises into size classes for analysis.

Name of plot, size
Location in

management area
Year of
survey

Tortoise density/km2

(95% interval) Reference

Desert Tortoise Natural Area
(interior), 1.1 km2

Tortoise Natural Area 1979 147 (113–192) Berry et al. (1986a), Berry
and Medica (1995)

Desert Tortoise Natural Area
Interpretive Center (inside
fence), 4.53 km2

Tortoise Natural Area 1979 131 (111–155) Berry et al. (1986a)

Fremont Valley, 2.59 km2 Critical habitat 1981 110 (83–144) Turner and Berry (1984)
Desert Tortoise Natural Area

Interpretive Center (outside
fence), 3.24 km2

Private lands 1979 114 (90–146) Berry et al. (1986a)
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Joshua trees (Yucca brevifolia) are occasional
on the slopes and crest of the Rand Moun-
tains. Plant nomenclature follows Baldwin
et al. (2012).

The climate is typical of the western Mojave
Desert. The nearby Tehachapi Mountains to
the west act as a rain shadow, influencing the
amount of precipitation, frequency and veloc-
ity of winds, and temperatures. One long-term
weather station (Randsburg station) has rele-
vant precipitation data: average annual rainfall
is estimated to be 174.24 mm (National
Oceanic and Atmospheric Administration
[NOAA], 2010–2011). More than 80% of
precipitation occurs in fall and winter, be-
tween October and March. Overall, the study
area is situated sufficiently close to the
Tehachapi Mountains to receive more rain

than many desert areas at similar elevations
farther inland.

Management Areas, Land Uses,
and Protections

The three management areas have had
different histories of human uses for agricul-
ture, mining, grazing, human settlements, and
recreation during the last 40 yr, based in part
on land ownership (Table 2; Fig. 2). In the
late 1960s and early 1970s, most land within
the study area was public and managed by the
Bureau of Land Management; the rest was
private. The Bureau of Land Management
administers public lands for sheep grazing,
mining, rights-of-way for transportation and
utility corridors, leases, and sales; sheep
grazing and mining were predominant uses

FIG. 1.—General location of the study area and the three interconnected management areas in the western Mojave
Desert, eastern Kern County, California. In proximity to the study area are three areas designated for unrestricted
recreational vehicle use (orange), a state park (pink), and wilderness (brown). Critical habitat in the western Mojave
Desert is shown as green.
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of public lands in the area. In the mid-1960s,
off-highway vehicle-oriented recreation be-
came a driving force and by the early 1970s, it
was a major use in the region (USBLM, 1973).
Private lands, mostly unfenced, undeveloped,
and with absentee owners, were often in 5- to
10-acre parcels. Sheep also grazed on these
properties under the open range provisions of
the Kern County Estray Ordinance (estab-
lished in 1942). Mining exploration occurred,
as did uncontrolled, unauthorized off-road
vehicle use.

In 1973, the Bureau of Land Management
designated specific management areas on
public lands as open or closed to recreational
vehicle use under a California desert-wide
recreation plan for off-highway vehicles
(USBLM, 1973). The land that was to
officially become the Tortoise Natural Area
was closed to recreational vehicles and signs

were erected along the boundaries. The land
that was later to become critical habitat was
designated as open to recreation vehicle use
throughout, with no requirement to stay on
trails or designated routes (Table 2).

Seven years later, in 1980, two of the three
management areas received another, signifi-
cant change toward protection, with publica-
tion of the Bureau of Land Management’s
California Desert Conservation Area Plan,
1980 (USBLM, 1980; Table 2). The Tortoise
Natural Area was designated as an Area of
Critical Environmental Concern and Re-
search Natural Area, and the US Congress
formally withdrew these federal lands from
the mining laws and livestock grazing. In the
same year the Bureau of Land Management
finished fencing the boundaries with hog-wire
fencing (raised ,25 cm off the ground to
permit movements of wild animals) and

FIG. 2.—The locations of the 240 sampling points and the distribution of the four perennial vegetation associations
determined by k clustering of means within the study area in the western Mojave Desert, eastern Kern County,
California.
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signed the area as closed to livestock grazing
and recreational vehicles. Thus, the first
Research Natural Area was created in the
California deserts. Also as part of the same
management plan, the land later to become
critical habitat received two separate designa-
tions: the West Rand Area of Critical Envi-
ronmental Concern and the Rand Mountain–
Fremont Valley Recreation Area (USBLM,
1980). Under the 1980 plan, vehicles in both
the West Rand Area of Critical Environmental
Concern and Rand Mountains–Fremont Val-
ley Recreation Area were restricted to existing
routes.

Between 1980 and 2011, additional major
changes occurred at the Tortoise Natural Area
and on private lands. The Bureau of Land
Management and California Department of
Fish and Game, in conjunction with the
Desert Tortoise Preserve Committee, Inc., a
nonprofit corporation, developed a manage-
ment plan for the Tortoise Natural Area
(Bureau of Land Management and California
Department of Fish and Game, 1988; Ta-
ble 2). All three entities purchased small and
large private inholdings within the Tortoise
Natural Area boundaries for conservation
purposes and for providing a wider connecting
corridor to the adjacent critical habitat. From
the 1990s to 2011, both the Desert Tortoise
Preserve Committee and California Depart-
ment of Fish and Game also began acquisition
of private lands adjacent and to the west and
east of the Tortoise Natural Area with the
purpose of expanding the Tortoise Natural
Area. At the time of our study in 2011, these
private lands, recently acquired for conserva-
tion purposes, were in small and large blocks,
had not been fenced, and were unprotected
from sheep grazing, recreational vehicle use,
shooting, and dumping of trash.

Between 1980 and 2011, the West Rand
Area of Critical Concern and Rand Moun-
tains–Fremont Valley Recreation Area experi-
enced three significant protective actions (Ta-
ble 2). When the Desert Tortoise was federally
listed as threatened in 1990 (USFWS, 1990),
the Bureau of Land Management closed the
lands to livestock grazing to better protect the
tortoise. In 1994, critical habitat was formally
designated for the Desert Tortoise, and the
West Rand Area of Critical Environmental

Concern and Rand Mountains–Fremont Valley
Recreation Area became part of critical habitat
(USFWS, 1994b). However, during these three
decades, unauthorized vehicle travel off exist-
ing routes was a significant and continuing issue
(e.g., Goodlett and Goodlett, 1992; USBLM,
2002) and became the subject of legal action
(US District Court, 2009, 2011). To protect the
habitat, the Bureau of Land Management
fenced parts of the West Rand Area of Critical
Environmental Concern and closed the fenced
portion to off-highway vehicle use from 2002 to
2008, and again in 2009 because of unautho-
rized use (details in Table 2).

METHODS

Collection of Data on Vegetation, Desert
Tortoises, Predators, and Human Impacts

We confined surveys within the study area
to public land and to private lands that we had
permission to access (lands held by the Desert
Tortoise Preserve Committee, Inc.). We
assumed, on the basis of 40 yr of experience
within the region, that these private lands
were representative of much larger areas to
the east and west of the Tortoise Natural Area
both within and outside our study area
boundaries (Fig. 1). To randomly select the
hectare plots for the study, we acquired
geographic information system layers of land
ownership from the Bureau of Land Manage-
ment (USBLM, 2012) and Kern County (Kern
County Engineering, Surveying and Permit
Services Department, 2011). We established
80 1-ha plots using random sampling in each
of the three types of managed lands for a total
of 240 plots across the study area (Fig. 2). The
240 plots constituted a 0.92% sample of the
study area. The 80 plots in the West Rand
Area of Critical Environmental Concern were
within or on the edge of critical habitat.

Field teams surveyed the plots in spring of
2011 (3 April–25 May) using methods similar
to those described in Keith et al. (2008).
Because detection of live and dead tortoises
and other sign is imperfect, we designed field
surveys to maximize detection of live tortoises,
tortoise sign, predator sign, and anthropogen-
ic impacts. We scheduled surveys to coincide
with high aboveground activity levels for all
sizes of tortoises, as well as for counting sign
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(Zimmerman et al., 1994; Lance and Rostal,
2002). We selected a field team with demon-
strated expertise in finding all sizes of live
tortoises, shell-skeletal remains (including
fragments), and other tortoise sign. Field
team members also were experienced in
finding predator sign and counting anthropo-
genic impacts. Each plot was surveyed twice
and on the same day, with rare exceptions, by
walking 10-m-wide transects: once in a N–S
direction and then in an E–W direction to
collect data on perennial vegetation, live
tortoises, tortoise sign, shell-skeletal remains,
predators, and human-related impacts. If sign
was difficult to see with rough terrain or dense
vegetation, the transect width was narrowed.

Vegetation.—Because tortoise distribution
and abundance may differ among vegetation
associations, we prepared a list of all perennial
plant species likely to occur within the study
area (shrubs, bunch grasses, cacti). For each
plot, field-workers recorded data on these
species by relative abundance: (0) absent from
the plot, (1) one or two individuals, (2) rare,
(3) sparse, (4) common, or (5) dominant or
ubiquitous (for definitions, see Glossary in
Baldwin et al., 2012). The surveyor finalized
ratings for each plant species after covering
the plot twice.

Live tortoises.—We processed live tortoises
encountered on and off plots using protocols
described by Berry and Christopher (2001).
We recorded tortoise location, activity, and
sex, and took measurements on carapace
length at the midline, plastron length from
notch to notch, and weight. We collected data
on clinical signs of infectious disease, shell
disease, and trauma. Observations for poten-
tial infectious diseases included general con-
dition and behavior (e.g., active, listless,
unresponsive); appearance of the nares (e.g.,
presence or absence of a nasal discharge;
amount, color, and opacity of discharge;
occlusion of nares); presence of a discharge
from the chin glands during the nonbreeding
seasons in adult males and at any time of year
in adult females and juveniles; appearance of
eyes (e.g., sunken, wet, or crusted); presence
of caked dirt in, on, or near the beak or on the
forelegs; and ulcers, plaques, or other lesions
in the oral cavity. Of particular interest were
signs of infectious disease, e.g., upper respi-

ratory tract disease caused by mycoplasmosis
(Jacobson et al., 1991; Brown et al., 1994,
2004; Johnson et al., 2006), lesions in the
mouth typical of herpesvirus (Johnson et al.,
2005; Jacobson, 2007), a shell disease de-
scribed as cutaneous dyskeratosis (Jacobson et
al., 1994; Homer et al., 1998), and trauma
from dog attacks (Boyer and Boyer, 2006). We
ranked the distribution, severity, and chronic-
ity of clinical signs as none, mild, moderate, or
severe on forms similar to those published in
Berry and Christopher (2001).

We took digital photographs of the carapace,
plastron, posterior left costal, right and left eyes
and periocular areas, and a frontal view of the
nares and beak. If the tortoise had ectopara-
sites, or unusual anomalies or injuries (e.g.,
missing limb), we took additional images.

Shell-skeletal remains.—Field-workers col-
lected shell-skeletal remains encountered on
and off plots. Before collecting the remains,
they noted condition of the remains and signs
of human activities or predators that may have
caused or contributed to the death (e.g., trail or
tracks of vehicles, human footprints, or pred-
ator scat). They took photographs of the
remains in situ to document the setting where
death may have occurred. In addition, they
took at least three images of each shell-skeletal
remains before handling: (1) a general picture
showing the remains within the context of soils,
vegetation, and land uses (if any); (2) a close-up
image of the remains; and (3) a close-up image
of the oldest and most deteriorated portion of
the scutes and bones. Then they placed
remains in a heavy-duty ziplock plastic bag
for transfer to the US Geological Survey Field
Station for further analysis.

Tortoise sign.—We primarily collected data
on two types of tortoise sign: cover sites and
scat. We measured and assigned shelters or
cover sites (defined as burrows, caves, pallets,
and rock shelters used by tortoises after
Burge, 1978) to one of five classes on the
basis of recency of use and condition (Berry et
al., 2008; Keith et al., 2008). Similarly, we
measured, aged, and recorded the number
and sizes of tortoise scats using three age
classes of recency and states of deterioration
(Berry et al., 2008; Keith et al., 2008).
Additionally, we identified and estimated
recency of tortoise tracks by looking for
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impressions of scales and marks from toenails
and tails. For courtship rings, we looked for
depressions with freshly churned soil, tortoise
tracks, drag marks from plastrons, and small
areas of dried, clotted soil. At drinking sites,
we looked for impressions of toenails in dried
mud and scats.

Predators.—To evaluate geospatial relation-
ships between predators and live and dead
tortoises and other tortoise sign, the field team
searched for perches, nests, roosts, burrows,
dens, and scats of avian and mammalian
predators. They recorded numbers and loca-
tions of these sites and also examined them for
fragments of tortoise skin, scutes, and bones.

Human impacts.—To document historical
and ongoing land uses, field-workers collected
data on types and amounts of human distur-
bance.

Data Analysis

Vegetation.—We categorized plots by veg-
etation association by performing k-means
clustering analysis on perennial plant data
(Version 6.0; StatSoft, Inc., 2001) using the six
ordinal categories of abundance. We specified
k 5 4 clusters for the analysis, and then
verified that the four associations of perennial
species were of biological significance by
evaluating composition, relative abundance,
and diversity within each of the vegetation
associations and comparing each cluster to the
Hierarchical List of Natural Communities
with Holland Types (California Department
of Fish and Game, 2010) to assign a vegetation
community name. We used ANOVA to
compare elevations among different vegeta-
tion associations and Tukey honestly signifi-
cant difference (Tukey HSD) tests to conduct
pair-wise comparisons. We considered those
species with mean relative abundance values
greater than the midpoint between the
minimum and maximum relative abundance
values (2.35) as ‘‘abundant species.’’ We also
used exact binomial tests to perform pair-wise
comparisons among the numbers of plots
associated with each vegetation association to
identify differences both within and among
management areas (binom.test function; R
Development Core Team, 2013).

Underlying all statistical tests was the
assumption that our plots were independently

random in their representation of each
management area. This assumption was met
by the random process in which the plots were
selected; however, we systematically excluded
certain private lands not held by the Desert
Tortoise Preserve Committee because of
privacy considerations. We have no reason to
expect that our sample plots differed substan-
tially from the excluded private lands. The
ANOVA tests further assume that data are
normally distributed and homoscedastic. We
did not need to check these assumptions,
because our models are highly robust to
nonnormal distributions due to the well-
established asymptotic properties of the mod-
el test statistics (Arnold, 1981). For example,
Jacqmin-Gadda et al. (2007) used sample sizes
of 50 and 200 simulated nonnormal data to
demonstrate that general linear mixed models,
as a generalization of ANOVA models, had
accuracy rates similar to those when per-
formed on correctly specified normal data.
We considered P , 0.05 as statistically
significant for the ANOVA, Tukey HSD, and
binomial exact tests.

Live and dead tortoises.—We assigned a
size–age class to live tortoises by carapace
length at the midline: juvenile # 99 mm,
immature 5 100–179 mm, small adult/sub-
adult 5 180–207 mm, and adult $ 208 mm.
To assess whether sex ratios of subadult and
adult tortoises differed significantly from the
expected 1:1 ratio, we used exact binomial
tests to compare numbers of females and
males. We used a 1000-simulation bootstrap
to estimate densities (tortoises/km2) and 95%
confidence intervals of live subadult and adult
tortoises and all sizes of tortoises for each of
the three management areas, as well as for the
entire study area (Barreto and Howland,
2006). To avoid cumbersome reporting, we
presented the estimated densities/km2 fol-
lowed by the 95% interval in parentheses.
We also estimated relative age of adults using
age classes developed by Berry and Woodman
(1984). For shell-skeletal remains, we mea-
sured or estimated carapace length, estimated
time since death (dead # 4 yr, . 4 yr), and
assigned causes of death (see details of
methods in Berry et al., 2013). We calculated
crude annual death rates for each manage-
ment area, specifically for adult tortoises
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found dead on plots and with an estimated
time since death of # 4 yr; we used the
equation d 5 D/N, where D is the number of
dead adults/4 yr, and where N is the number
of live and dead adult tortoises on plots.

Comparisons of predator activity and an-
thropogenic impacts among management
areas.—We compared counts of Common
Ravens (Ravens) and mammalian predator scat
(Mammals) found on plots. We similarly
compared surrogate variables for anthropogen-
ic impacts, measured specifically as counts of
sheep scat (Sheep); vehicle tracks (Vehicles);
trash (Trash); shooting debris, including cas-
ings, shells, and targets (Firearms); and mines
(Mines). We calculated amount of surface
disturbance (m2) for partially and completely
denuded areas, dirt roads, and vehicle routes,
trails, and tracks. For variables with abundant
counts (. 10 total per management area), we
used generalized linear models (McCullagh and
Nelder, 1989) with a log link function to analyze
differences among management areas (glm
function; R Development Core Team, 2013).
We used quasi-Poisson distributions in our
models when overdispersion was evident (i.e.,
variance . mean m). Thus, we corrected the
SEs by modeling variance as m 3 ø (mean 3
overdispersion parameter; Zuur et al., 2009).
For variables with low counts, we conducted
exact binomial tests between pairs of areas to
determine significant differences (binom.test
function; R Development Core Team, 2013).
We considered variables with P , 0.10 as
statistically significant for the models and used
90% confidence intervals.

Models of tortoise presence across the
study area.—We used generalized linear
models with a logit link for binary outcomes
of tortoise presence to examine the relation-
ship between tortoise presence and the
covariates for the three management areas
combined and for each management area
separately (R Development Core Team,
2013). Tortoise presence was indicated by
the occurrence of live tortoises, shell-skeletal
remains, and tortoise sign on each plot.
Tortoise sign can be used as a surrogate for
live tortoises, because a positive correlation
has been demonstrated between tortoise sign
and tortoise densities (Krzysik, 2002). Here-
after live tortoises, shell-skeletal remains, and

tortoise sign collectively are called tortoise
sign. We treated tortoise sign as a binary
response variable where 0 5 no live or dead
tortoises or sign detected on the plot, and 1 5
live, dead, or sign detected on the plot.

We evaluated all variables for indications of
outliers that had .10% influence on correla-
tions with tortoise sign using the Pearson r
influence feature in Systat (Systat Software,
Inc., 2007). We removed one plot on the
Tortoise Natural Area that had large trash
counts, apparently as a result of an old
habitation or mining operation. All explanato-
ry variables except Mines were log-trans-
formed (log10) to normalize their distributions
and reduce the influence of unusually large
values. We conducted correlation analyses and
calculated generalized variance inflation fac-
tors to assess multicollinearity (vif function;
Fox and Weisberg, 2011). We omitted surface
disturbance from models because of high
correlations with other predictors (r . 0.8).
Because multicollinearity can obscure the
effects of predictors when used in combina-
tion, we used two complementing strategies to
model Desert Tortoise presence. Our first
approach was to model the relationship
between Desert Tortoise presence with each
individual predictor alone in a separate model,
but including management area and vegeta-
tion association effects in every model to
control for differences in plot types. Our
second approach was to select a set of
variables that best predict Desert Tortoise
occurrence; we performed backward removal
model selection by starting with a full model
with all predictors, including interaction
effects with management area, and sequen-
tially dropping variables that were not signif-
icant according to chi-square tests at the 0.1
significance level (drop1 function; R Devel-
opment Core Team, 2013). We arrived at a
final model when no further variables could
be dropped, and estimated the probability and
odds of Desert Tortoise presence with respect
to significant effects (lsmeans function; Lenth,
2013). For continuous predictors with model
coefficients b, we estimated the percent change
in the odds of Desert Tortoise presence as
(exp[b] 2 1) 3 100%.

Models of tortoise abundance for each
management area.—Using a separate gener-
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alized linear model for each of the three
management areas, based on a Poisson (or
quasi-Poisson, if overdispersion was evident)
distribution and log link function, we modeled
tortoise sign counts to examine tortoise abun-
dance in relationship to vegetation associations
and anthropogenic and predator variables. As
with our presence models, we performed
backward removal starting with full models
that included the same variables: Vegetation,
Sheep (private lands only), Vehicles, Trash,
Firearms, Mines (Tortoise Natural Area and
critical habitat only), Ravens, and Mammals.
Only one sheep scat was found in the Tortoise
Natural Area and no sheep scat was found in
critical habitat. No mines were found in the
private lands. We dropped variables using F
and chi-square tests, for quasi-Poisson and
Poisson models respectively, until only vari-
ables significant at the 0.1 level remained. For
continuous predictors with model coefficients
b, we used b to calculate the percent change in
mean tortoise sign.

RESULTS

Precipitation

Precipitation during the hydrologic year
(1 October 2010–30 September 2011) was
.218 mm for the fall–winter of 2010–2011 (1
October–30 March), and was above normal.
The 2011 records from the National Climate
Data Center were incomplete with missing
values, and therefore precipitation could have
been higher. Rainfall was recorded in every
month between 1 October and 30 March.
Wildflowers and therefore tortoise forage
plants were abundant.

Perennial Vegetation

We identified 39 species of perennial
shrubs and four species of perennial grasses
on the plots. Creosote bushes and white bur-
sage were common to dominant within all four
associations. We assigned each plot to one of
four vegetation associations (Table 3; Fig. 2):
(1) creosote bush/white bur-sage (hereafter
creosote bush) had only two abundant species
among the 26 species found on these plots;
(2) creosote bush/white bur-sage/Anderson
box-thorn (hereafter box-thorn) had a total of
five abundant species, including cheesebush
and goldenhead; (3) creosote bush/white bur-
sage/Mojave indigo bush (hereafter indigo
bush) had nine dominant species (Anderson
box-thorn, cheesebush, goldenhead, Nevada
ephedra, Mojave California buckwheat, and
desert trumpet, Eriogonum inflatum); and (4)
creosote-bush/white bur-sage/Nevada ephe-
dra (hereafter Nevada ephedra) was the most
diverse, with 11 dominant species (golden-
head, Mojave indigo bush, Mojave California
buckwheat, Anderson box-thorn, winter fat,
hop-sage, and Mojave aster [Xylorhiza torti-
folia]). The vegetation associations differed
significantly in elevations (F3,236 5 16.158, P
5 0.001), with Nevada ephedra occurring at
higher elevations than the other three vege-
tation associations, and indigo bush occurring
at a higher elevation than box-thorn (Tukey
HSD, P 5 0.034; Table 3). More plots in
critical habitat and on private lands were
assigned to the creosote bush association, the
least diverse association with only two abun-
dant species, than to the more diverse
vegetation associations with more abundant
species (exact binomial P , 0.05; Table 3).

TABLE 3.—Vegetation associations found in the three management areas, eastern Kern County, California, in
descending order by total plots assigned. Number of species includes perennial species (shrubs, herbaceous perennials,
and bunch grasses). Bold values for creosote bush indicate that significantly more plots were assigned to this association
than to other vegetation associations in the respective management areas. Elevation values sharing a superscript capital
letter were not statistically different at P , 0.05.

Vegetation association
name

Total plots assigned

No. of
species

No. and %
abundant species

Elevation range
(m)

Elevation mean
(m) 6 SE

Tortoise
Natural Area

Critical
habitat

Private
lands

Total plots
assigned

Creosote bush 20 37 49 106 26 2 (7.7%) 590–960 788 6 10.6BC

Box-thorn 31 21 26 78 36 5 (13.9%) 613–1027 763 6 10.6C

Indigo bush 22 8 2 32 31 9 (29.0%) 682–1002 821 6 13.3B

Nevada ephedra 7 14 3 24 30 11 (36.7%) 753–1210 924 6 26.2A
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Live Tortoises

The field team located 17 live tortoises on
the 240 plots: 12 in the Tortoise Natural Area,
2 in critical habitat, and 3 on private lands.
They observed an additional 27 tortoises off
plots, when walking from one plot to another
or to and from vehicles (Tortoise Natural
Area, 11; critical habitat, 12; private lands, 4).
In critical habitat, they observed a tortoise on
a vehicle route, a juvenile on a motorcycle
trail, and a third tortoise on a road.

The density and confidence intervals for
adult tortoises on all 240 plots combined for
the entire study area were 5.5 (5.4–5.6)/km2.
When we analyzed densities of adult tortoises
separately for the three types of managed
lands, the results differed significantly from
one another by management area: for the
Tortoise Natural Area, 10.2 (9.9–10.4) tortois-
es/km2; for critical habitat, 2.4 (2.3–2.6)
tortoises/km2; and for private lands, 3.7 (3.6–
3.8) tortoises/km2. When we estimated densi-
ties and confidence intervals for all sizes of
tortoises separately for the three types of
managed lands, the results were 14.8 (14.6–
15.1)/km2 for the Tortoise Natural Area, 2.4
(2.3–2.6)/km2 for critical habitat, and 3.7 (3.6–
3.8)/km2 for private lands.

Adults composed the majority of the
samples for both on- and off-plot tortoises.
For the 17 on-plot tortoises, the composition
of the tortoises by size–age class was 11 adults
$208 mm carapace length, 2 small adults, 2
large immature tortoises, and 2 juveniles
(Table 4). The sex ratio of female-to-male
subadult and adult tortoises was 9:4 and not
statistically different from 1:1 (P 5 0.27).
Juvenile and immature tortoises were ob-
served only on the Tortoise Natural Area

plots. For the 27 off-plot tortoises, the size–age
class composition was similar, with 21 adults, 1
small adult, 2 immature tortoises, and 3
juveniles, and the female-to-male sex ratio
was 10:12, which was not statistically different
from 1:1 (P 5 0.83). Overall, for both on- and
off-plot tortoises, the female-to-male sex ratio
was 19:16 and also not significantly different
from 1:1 (P 5 0.74). Of the 34 adult tortoises
that could be assigned an age class, 38% were
young and growing, 24% were of middle age,
and 38% were in the old-age classes.

Of the 44 tortoises observed during the
surveys, 34 received comprehensive health
evaluations. We could not handle the remain-
ing tortoises because of federal permit con-
straints, but instead recorded some data for
each individual on the basis of field observa-
tions. Two adult male tortoises, one on private
lands and one in the Tortoise Natural Area
management area, had moderate clinical signs
of upper respiratory tract disease characteris-
tic of mycoplasmosis (damp or wet beak from
exudate or bubbles from the nares). Both
tortoises also had other clinical signs, such as
ocular discharge, crusts on the palpebrae and
periocular area, mucus on the globe, and
exposed conjunctiva. The nares of 19 other
tortoises were partially or completely occlud-
ed, potentially from dried exudate or from
plant sap or dirt and mud from drinking
during rainstorms.

Without exception, signs of predator attacks
were evident on all 25 adult tortoises that we
handled. Twelve of the 25 had moderate to
severe damage to the gular horn; for nine
tortoises the gular horn was severely reduced
or chewed away completely. Some signs of
trauma (extensive chewing) appeared typical

TABLE 4.—Size–age classes of live Desert Tortoises and shell-skeletal remains occurring on and off plots on the
Desert Tortoise Research Natural Area, critical habitat, and private lands in the study area in the western Mojave
Desert, eastern Kern County, California.

Plot location Tortoise Natural Area, on plot (off plot) Critical habitat, on plot (off plot) Private lands, on plot (off plot)

Dead Dead Dead

Size–age class Live #4 yr .4 yr Live #4 yr .4 yr Live #4 yr .4 yr

Juvenile 2 2 (1) (3) 1
Immature 2 (1) 2 (1) 2 (1) (1)
Subadult 1 8 (1) 1 (1) 1 3 (2)
Adult 7 (10) 1 (1) 9 (11) 1 (7) 8 (3) 8 (5) 3 (4) 1 1 (1)
Totals 12 (11) 5 (2) 17 (12) 2 (12) 12 (4) 11 (7) 3 (4) 1 (1) 1 (1)
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of domestic dog attacks. One adult tortoise
had a healed injury from crushing, potentially
by a vehicle. Two juvenile tortoises had ant
heads attached to soft parts of the integument.

Shell-Skeletal Remains and Death Rates

We found shell-skeletal remains of 47
tortoises on plots, and observed 27 off plots
(Table 4). We collected more remains from the
Tortoise Natural Area and critical habitat plots
than from private land plots. Eighteen of the 47
(38.3%) on-plot remains were from tortoises
dead # 4 yr: 11 adults, 4 immatures, and 3
juveniles. We assigned the 11 on-plot adult
tortoises to two general categories: (1) un-
known and found in desert woodrat (Neotoma
lepida) middens (n 5 5), and (2) traumatic
deaths (n 5 6). We separated traumatic deaths
(fractured scutes, bones) by cause, where
possible: three showed signs of mammalian
predation (one, domestic dog), one had both
pellet holes (gunshot death) and punctures,
one was probably a vehicle kill, and one was
killed by a predator at a site with a Common
Raven perch and mammalian predator scats
and prey remains. Three of the seven recent
juvenile and immature remains showed signs of
having been killed by Common Ravens or small
mammals; we could not determine the causes
of death for the other four. Causes of death for
off-plot tortoises were similar and included
predation by canids and Common Ravens,
gunshot and vehicle kills, and unknown.
Remains with evidence of gunshots occurred
both within the Tortoise Natural Area and
critical habitat; remains of tortoises likely to
have been killed by vehicles were in the
Tortoise Natural Area and on private lands.

Crude annual death rates for adults for the
4 yr preceding the survey differed by man-
agement area. The lowest rate was in the
Tortoise Natural Area, with 2.8%/yr, followed
in ascending order by private lands with 6.3%/
yr and critical habitat with 20.4%/yr.

Tortoise Sign on Plots

We observed sign on 55.0% (44/80) of the
Tortoise Natural Area plots, 47.5% (38/80) of
critical habitat plots, and 12.5% (10/80) of
private land plots (Fig. 3). Sign counts were
highest (n 5 190) on the Tortoise Natural
Area plots, followed in descending order by

critical habitat plots (n 5 90) and private land
plots (n 5 20). Scats (n 5 159) were the most
common type of sign observed, followed by
burrows and pallets (n5 77) and shell-skeletal
remains (n 5 47). The Tortoise Natural Area
had ,2 3 the total sign count of critical
habitat and ,9 3 the count of private lands.
Shell-skeletal remains accounted for 25.6% of
on-plot sign in critical habitat, compared with
11.6% at the Tortoise Natural Area and 10.0%
on private lands.

Predators

We observed nine species of potential avian
predators both on and off plots: the Common
Raven (n 5 193), Loggerhead Shrike (Lanius
ludovicianus, n 5 5), Red-tailed Hawk (Buteo
jamaicensis, n 5 4), Golden Eagle (Aquila
chrysaetos, n 5 4), Burrowing Owl (Athene
cunicularia, n 5 2), Greater Roadrunner
(Geococcyx californianus, n 5 1), Northern
Harrier (Circus cyaneus, n 5 1), American
Kestrel (Falco sparverius, n 5 1), and Prairie
Falcon (Falco mexicanus, n 5 1). Common
Ravens composed 91.5% of the observations.
We saw more avian predators on the Tortoise
Natural Area (75 on plots, 13 off plots)
compared with critical habitat (12 on plots,
20 off plots) and private lands (32 on plots, 41
off plots). We found remains of a juvenile
tortoise below the perch of a Common Raven
off plot at the Tortoise Natural Area. Sightings
of Common Ravens were more common on
plots in the Tortoise Natural Area and private
lands than in critical habitat (Table 5; P 5
0.002 and P 5 0.018, respectively).

We detected three species of mammalian
predators by finding concentrated areas of
marking sites, dens, and den complexes on
plots: kit fox (Vulpes macrotis, n 5 22), coyote
(Canis latrans, n 5 15), and badger (Taxidea
taxus, n 5 1); we assigned seven additional
observations to canid sign, because it was
unclear if the scat was from a coyote or kit fox.
Signs of concentrated activity by mammalian
predators (i.e., dens, marking sites) also were
more common on plots within the Tortoise
Natural Area (n 5 25) than on plots within
critical habitat (n 5 11) or private lands (n 5
9). By far the most common sign was scat or
groups of scat deposited by coyotes and kit
foxes (Table 5). We found no remains of
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tortoises in 1222 predator scats or at 26 of the
predator dens. We observed one kit fox on a
plot and one coyote off plot within the
Tortoise Natural Area during the surveys.
Although we noted twice as many scat from

mammalian predators in the Tortoise Natural
Area compared with critical habitat and
private lands (Table 5), the differences in scat
counts between the three management areas
were not significant (P 5 0.15).

FIG. 3.—Locations of Desert Tortoise sign on the 240 1-ha plots, including live tortoises, remains of dead tortoises,
cover sites (burrows and pallets), and scat in three management areas in the western Mojave Desert, eastern Kern
County, California.

TABLE 5.—Total counts for observations of Common Ravens and mammalian predator scats and five anthropogenic
variables in the three types of management areas for Desert Tortoises in the western Mojave Desert, California. Bold
font emphasizes a management area with a variable that is significantly higher than the same variable in one or both of
the other management areas (P , 0.05).

Type of disturbance on plots Total counts from principal sources of anthropogenic impacts (no. plots affected)

(Variable names) Desert Tortoise Research Natural Area Critical habitat Private lands

Common Ravens (Ravens) 88 (40) 32 (24) 73 (36)
Mammalian predator scat (Mammals) 652 (55) 239 (47) 331 (30)
Sheep scat (Sheep) 1 (1) 0 (0) 85,208 (77)
Vehicle tracks (Vehicles) 11 (6) 180 (42) 1407 (73)
Trash, general (Trash) 362 (49) 370 (40) 1324 (73)
Shooting debris: casings, shells, targets (Firearms) 191 (18) 108 (18) 209 (20)
Mining pits, excavations (Mines) 6 (4) 6 (6) 0 (0)
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Human Uses

Counts of historic and recent anthropogen-
ic impacts and amounts of area partially or
completely denuded of vegetation differed by
management area (Table 5). In general, plots
on private lands had higher counts and more
surface area disturbed by human uses than the
other two areas. Total surface area disturbed
was 8507 m2 on the Tortoise Natural Area,
7082 m2 on critical habitat, and 32,530 m2 on
private lands. Evidence of sheep grazing was
almost nonexistent on plots in the Tortoise
Natural Area and critical habitat but signifi-
cantly more prevalent on private land plots (P
, 0.01). Trash was a common occurrence on
plots but counts were highest on private lands
(P 5 0.01), where 91% of plots had trash. On
the Tortoise Natural Area, trash was generally
old and associated with old homesteads and
abandoned mines (broken bottles, rusted
cans, old pieces of metal, wood). In critical
habitat and on private lands, visitors common-
ly deposited trash at camp sites, in areas with
recreation use, along roadsides, and at edges
of urban areas. Counts of debris from shooting
(Firearms), another form of trash, were
similar on all three management areas (P 5
0.67); some were very old. Mining was limited
to six sites each at the Tortoise Natural Area
and critical habitat and was minimal, yet
statistically greater than the absence of mining
on private lands (P 5 0.03). With few
exceptions, mining consisted of small, shallow
pits and bulldozed areas ,400 m2. We
considered one pit, covered with boards, as
hazardous to tortoises.

Vehicle tracks were least common on the
Tortoise Natural Area, although not statisti-
cally different from the critical habitat (P 5
0.10), and significantly more common on
private lands (P , 0.01; Table 5). The amount
of surface area disturbed by vehicle tracks was
lowest (467 m2) on Tortoise Natural Area
plots, higher on critical habitat plots (4109 m2),
and highest on private land plots (10,074 m2).
Counts of areas denuded or partially denuded
of vegetation by vehicles were lowest in the
Tortoise Natural Area and critical habitat (n5
0) and highest on private land plots (n 5 297);
total area disturbed was 18,820 m2 on private
lands. One partially denuded area, probably
nonvehicle in origin, covered 400 m2; 12

similar partially or completed denuded areas
covering 1736 m2 occurred on private land
plots. Dirt road counts, whether graded or
ungraded, were similar on the three manage-
ment areas; total area disturbed was highest
on the Tortoise Natural Area (7640 m2) and
lower on critical habitat and private lands
(2863 m2 and 2320 m2, respectively). The
important difference between the Tortoise
Natural Area and other management areas is
that dirt roads within Tortoise Natural Area
boundaries have received little or no use since
1980. Only landowners with inholdings inside
Tortoise Natural Area boundaries can drive to
their parcels (a rare event). As a result, shrubs
are in the process of colonizing most of these
roads.

Models

We began by evaluating relationships be-
tween tortoise presence and single predictors.
Anthropogenic and predator variables were
generally negatively correlated with Desert
Tortoise presence, except for Mammals,
which was positively correlated; however, the
relationships of these single predictors with
Desert Tortoises were imprecise, and Sheep
was the only predictor with a significant
relationship when we considered only one
predictor (Table 6). Although no other single
predictor had a strong relationship with the
Desert Tortoise, when we included all vari-
ables together in the full model, Sheep and
management area were the only two predic-
tors with a high variance inflation factor (6.9
and 10.7, respectively), which suggests multi-
collinearity between these variables. After we
conducted backward removal model selection,
Sheep remained as a significant predictor,
with a 21% decrease in odds of occurrence of
tortoise sign per twofold increase in Sheep (P
5 0.06), whereas management area showed
differences only with respect to the effects of
Mammals within areas (Table 7; Appendix 1).
The occurrence of tortoise sign also varied by
vegetation association, with box-thorn having
the highest probability of occurrence (0.46),
about double that of Nevada ephedra and
indigo bush (Table 7).

When we modeled the three management
areas separately, we found differences in
mean numbers of tortoise sign, with the
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Tortoise Natural Area having the highest sign
(2.2 per plot), followed by critical habitat
(0.87) and private lands (0.09–0.43, depending
on vegetation association; Table 8; Appendix
1). Desert Tortoises in the Tortoise Natural
Area had no positive or negative associations
with predators, livestock, or other human-
related impacts. In critical habitat, tortoise
sign was negatively associated with Vehicles
(28% decrease per twofold increase in tracks);
in private lands, tortoise sign was negatively
associated with Sheep (14% decrease per
twofold increase in Sheep). However, num-

bers of tortoise sign were also positively
associated with certain anthropogenic im-
pacts, including Firearms in critical habitat
(52% increase per twofold increase in counts
of Firearms) and Trash on private lands (26%
increase per two-fold increase in Trash), and
with Mammals in both critical habitat and
private lands (41% and 46% increase, respec-
tively, per twofold increase in mammalian
predator sign). In private lands, we found
more tortoise sign in the box-thorn vegetation
association than in creosote bush (P 5 0.003);
however, we were unable to test the Nevada

TABLE 7.—Estimated probabilities of the presence of Desert Tortoise sign (live and dead tortoises and other sign) in
eastern Kern County, California, including three management areas: Tortoise Natural Area, critical habitat, and private
lands. Odds are the ratio of probability of presence divided by probability of absence, and change multiplicatively with
incremental changes in predictors of binomial logistic models. These estimates and their chi-square tests were calculated
by the final binomial logistic model of presence and absence of Desert Tortoise sign after backward removal of
nonsignificant variables (P . 0.10) from a full model with all predictors. Significance levels: * 5 P , 0.10, ** 5
P , 0.05. Vegetation associations sharing a superscript capital letter were not significantly different (P . 0.05).

Probability and odds of Desert Tortoise sign, or % change in odds of
Desert Tortoise sign per increment in predictor

Predictor variable df x2 P Estimate (90% interval)

Vegetation association 3 7.18 0.066* 0.46 (0.35 to 0.56)A

0.83 (0.54 to 1.30)
Probability, box-thorn

Odds
0.35 (0.26 to 0.45) AB

0.53 (0.35 to 0.81)
Probability, creosote bush

Odds
0.25 (0.14 to 0.39)B

0.33 (0.17 to 0.65)
Probability, indigo bush

Odds
0.20 (0.10 to 0.36)B

0.25 (0.11 to 0.56)
Probability, Nevada ephedra

Odds
Log(Sheep) 1 3.53 0.06* 221% (23.5 to 236) % change, per 23

increment in Sheep
Management area 2 0.539 0.764
Log(Mammals) 1 0.35 0.554
Management area 3

log(Mammals)
2 6.11 0.047**

TABLE 6.—Estimated coefficients from a binomial logistic model on the presence of Desert Tortoise sign (live and
dead tortoises and other tortoise sign) based on seven predictor variables (five anthropogenic uses and two types of
predator sign). Each coefficient was estimated in isolation by separate models of presence and absence of Desert
Tortoise sign, with only management area and vegetation factors included in all models to control for long-term
categorical effects. Regression coefficients (b) are presented with SE, z-statistic (z), P-values (P), the 90% confidence
interval, and the percent change in the odds of Desert Tortoise sign occurrence for a given change in predictor. * 5
significant at P , 0.10.

Predictor variable

Percent change in odds of Desert Tortoise sign

b SE z P % change 90% interval Predictor change

Log(Ravens) 21.056 0.675 21.56 0.118 227.2 (248 to 2) 23 increment in Ravens
Log(Mammals) 0.196 0.332 0.59 0.556 6.1 (210 to 25) 23 increment in Mammals
Log(Sheep) 20.726 0.397 21.83 0.068* 219.6 (234 to 22) 23 increment in Sheep scat
Log(Vehicles) 20.231 0.431 20.54 0.592 26.7 (225 to 15) 23 increment in Vehicle tracks
Log(Trash) 20.284 0.321 20.88 0.376 28.2 (222 to 8) 23 increment in Trash
Log(Firearms) 20.017 0.432 20.04 0.968 20.5 (220 to 23) 23 increment in Firearms
Mines 20.384 0.533 20.72 0.472 231.9 (272 to 64) 1 additional Mine
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ephedra or the indigo bush vegetation associ-
ations for differences because the plots were
few and no tortoise sign occurred on them
(Tables 3 and 8).

DISCUSSION

The topic of protected areas—their role in
conserving biodiversity, maintaining popula-
tions of rare and endangered species and
habitat integrity, and overall management
effectiveness—has been a common theme in
conservation science during the last decade
(e.g., Leverington et al., 2010; Geldmann et
al., 2013; Le Saout et al., 2013). Our study
explores the effectiveness of three manage-
ment strategies for two protected areas, the
Tortoise Natural Area and adjacent critical
habitat, as well as recently acquired private
lands, in delivering positive conservation
outcomes for the Desert Tortoise by evaluat-
ing the tortoise population, predators and
predation, and habitat condition in the context
of historic land uses and management plans.
Our findings represent a spectrum based on
land-use histories and protective measures.

Desert Tortoise Populations

Between the late 1970s and early 1990s,
densities of all sizes of tortoises declined

precipitously in the western Mojave Desert
(Table 1; Berry et al., 1986a, 1986b; Berry and
Medica, 1995; Brown et al., 1999). At the
Tortoise Natural Area and in Fremont Valley,
population declines of .90% were document-
ed. The causes were numerous (USFWS,
1994a). Vandalism, vehicle kills on and off
roads, and illegal collecting occurred (e.g.,
Berry, 1986; Berry et al., 1986a, 1986b).
Mycoplasmosis contributed to population
declines in the late 1980s and early 1990s
(Jacobson et al., 1991; Brown et al., 1999).
Hyperpredation by the Common Raven,
described ,30 yr ago by Campbell (1983),
has been and continues as a source of
mortality to juvenile and immature tortoises
(Berry et al., 1986a; Boarman, 1993; Boarman
and Berry, 1995; Kristan and Boarman, 2003).
The estimate of population density, 5.5 (5.4–
5.6) subadult and adult tortoises/km2 for the
entire study area during spring of 2011, is
similar to and within the densities reported
by the USFWS using distance sampling, a
technique of estimating densities at a land-
scape scale for critical habitat in the western
Mojave Desert (USFWS, 2010). The USFWS
reported annual density estimates for adult
tortoises ($180 mm carapace length, includes
subadult tortoises) from 2001 through 2007

TABLE 8.—Estimated mean number of Desert Tortoise sign for each management area: Tortoise Natural Area, critical
habitat, and private lands in eastern Kern County, California. These estimates and their chi-square tests were calculated
for each management area separately by the final Poisson model (quasi-Poisson for the Tortoise Natural Area), after
backward removal of nonsignificant variables (P . 0.10) from a full model with all predictors. Significance levels: * 5
P , 0.10, ** 5 P , 0.05, *** 5 P , 0.010. Incr 5 increment; Na 5 not applicable.

Mean Desert Tortoise sign, or % change per increment in predictor

Management area Variable df x2 P Estimate (90% interval)

Tortoise Natural
Area

None 2.2 (1.6 to 2.9) Mean

Critical habitat 0.87 (0.61 to 1.2) Mean
Log(Vehicles) 1 3.91 0.048** 228% (23.9 to 245) % change, per 23 incr in vehicle

tracks
Log(Firearms) 1 5.81 0.016** 52% (17 to 97) % change, per 23 incr in firearms
Log(Mammals) 1 9.34 0.002*** 41% (18 to 69) % change, per 23 incr in predator

sign

Private lands Vegetation
association

3 12.3 0.006*** Na Mean, Nevada ephedra
Na Mean, indigo bush

0.09 (0.04 to 0.20) Mean, creosote bush
0.43 (0.27 to 0.71) Mean, boxthorn

Log(Sheep) 1 3.56 0.059* 214% (23.2 to 224) % change, per 23 incr in sheep
Log(Trash) 1 3.65 0.056* 26% (3.6 to 53) % change, per 23 incr in trash
Log(Mammal) 1 5.27 0.022** 46% (15 to 85) % change, per 23 incr in

mammals
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for the entire western Mojave Desert: mean
figures ranged from 3.8 to 6.1 (3.0–8.5)/km2.
In 2011, in a survey of critical habitat in the
Fremont–Kramer management area, the
USFWS estimated a density of 3.5 adult
tortoises/km2 (USFWS, 2012). Therefore, den-
sities have remained disturbingly low, com-
pared with those reported for periods 26 to
32 yr earlier using mark–recapture studies in
the region, e.g., from 40 to 92 subadult and
adult tortoises/km2 (Berry et al., 1986a, 1986b;
Berry and Medica, 1995).

During our study, densities of live tortoises
were significantly higher inside the Tortoise
Natural Area fence than outside in critical
habitat (,63) or private lands (,43), and
sign counts further corroborate the finding. In
contrast, critical habitat and private lands had
significantly lower densities of adult tortoises
and lower tortoise sign counts by .50%.
Overall, in all three management areas, the
tortoise population was composed primarily of
adults in a relatively even sex ratio. The field
team observed live juvenile and immature
tortoises on plots inside the Tortoise Natural
Area and off plots in critical habitat, indicating
that some individuals in these age classes were
present.

Crude annual death rates for adult tortoises
were lowest in the Tortoise Natural Area
(2.8%/yr), followed by private lands (6.3%/yr)
and critical habitat (20.4%/yr). The high death
rates in critical habitat were of particular
concern: shell-skeletal remains composed
25.6% of on-plot tortoise sign, whereas in
both the Tortoise Natural Area and private
lands, shell-skeletal remains were ,12% of
the total tortoise sign. When causes of death
could be determined, they included vehicles,
gunshot, and predation by ravens and mam-
mals. We have estimated that subadults and
adults in stable populations of this long-lived
species probably had annualized death rates
of adult age classes of ,2%/yr in the past
(Turner et al., 1987).

Subsidized Predators

Counts of Common Ravens and Mammals
were highest in the Tortoise Natural Area,
followed in descending order by private lands
and critical habitat. The modeled relationships
between tortoise abundance and predators

didn’t follow this pattern, however. The
models showed no significant associations
between tortoise abundance and Ravens in
any management area, whereas the results of
modeling effects of Mammals on tortoise
abundance varied by management area. The
most protected area, the Tortoise Natural
Area, had no significant associations, positive
or negative, with predators, in contrast to
critical habitat and private lands, where the
association between tortoise abundance and
Mammals was positive. However, more than
one-third of live tortoises in the study showed
signs of predator attacks by mammals (coy-
otes, kit fox, and dogs), and many tortoise
shell-skeletal remains showed signs of preda-
tion by mammals as well as Common Ravens.
Of particular concern was the moderate to
severe damage to shells of 12 of 34 live
tortoises; predators severely reduced or
chewed off the gular horn in nine cases.
Severe injury to the gular horn is typical of
dog attacks, which are more common within
5 km of settlements than in remote areas
(Andrea Carlson and K.H. Berry, personal
observations). A potential confounding factor
is that dead tortoises, killed by predators, are
included as part of the total tortoise sign used
in the models. Furthermore, both the mam-
malian predators and Common Ravens have
the potential to severely limit recovery of
tortoise populations and potentially to drive
local populations to extinction (Kristan and
Boarman, 2003; Esque et al., 2010).

The explanations for the significant positive
relationships between tortoise abundance and
Mammals in two of the management areas
(critical habitat, private lands) may be com-
plex and involve other, unmeasured factors.
Subsidies and attractants for mammals in the
form of food, trash, and water may be
important. Although standing water does not
occur within the management areas, year-
round food and water are available at one city,
two towns, and two settlements within 4 km of
the study area edge. The study area also is in
proximity to heavily used recreation areas,
each with tens of thousands of visitors per
year: Jawbone Canyon and Dove Springs off-
highway vehicle areas, Red Rock Canyon
State Park, the Spangler Hills off-highway
vehicle area, and the El Paso Mountains
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(Fig. 1). Trash was available in all three
management areas but generally was old in
the Tortoise Natural Area.

The higher numbers of predator observa-
tions in the Tortoise Natural Area may be
related to available prey of wild fauna and
cover, as well as lack of human disturbances
and interference. Studies by Brooks (1995,
1999) support these observations. Brooks
reported a greater abundance and diversity of
nocturnal rodents, biomass of seeds, and
abundance and richness of bird and lizard
species inside the fenced Tortoise Natural Area
boundaries than outside. Other scientists have
reported positive effects of fenced protected
areas on birds and carnivores, e.g., populations
of two species of foxes were higher inside a
fenced protected area than outside (Lenain et
al., 2004). The presence of humans may also be
a factor, with protected areas offering an
escape or greater physical distance from people
(Ikuta and Blumstein, 2003; Gehrt et al., 2009).

Desert Tortoise Habitat and
Anthropogenic Impacts

In the models, tortoise sign was negatively
correlated with two anthropogenic predictor
variables, each in a different management
area: counts of livestock scat on private lands
and vehicle tracks in critical habitat. Scientists
have previously identified these predictor
variables as contributing to deterioration of
habitat and mortality of tortoises (Busack and
Bury, 1974; Berry, 1978; Webb and Stielstra,
1979; Nicholson and Humphreys, 1981;
USFWS, 1994a; Bury and Luckenbach, 2002;
Berry et al., 2008; Keith et al., 2008). At the
time of our survey in 2011, the Tortoise Natural
Area had been protected from sheep grazing
for 31 yr, since 1980, and frommost vehicle use
for 38 yr, since 1973. In contrast, sheep grazing
ended in critical habitat in 1990, the year the
Desert Tortoise was federally listed as threat-
ened (USFWS, 1990). Recreation vehicle use
was also intensive in critical habitat until the
early 1990s, but unauthorized travel off existing
routes has continued for decades. Private
lands, unless fenced, have no protection from
sheep grazing or vehicle use and thus receive
heavy use.

Livestock, particularly sheep, have grazed
western Mojave Desert lands for over a

century (Wentworth, 1948). They have altered
composition of perennial and annual vegeta-
tion by preferentially consuming edible forbs,
perennial grasses, and shrubs (e.g., species of
saltbush, hop-sage, white bur-sage, winter fat,
Anderson and Cooper’s box-thorn). Damage
was most severe in the vicinity of watering
sites, whether through stock tanks (e.g.,
Brooks et al., 2006) or watering trucks. In a
study on effects of grazing on annual and
perennial vegetation, Brooks et al. (2006)
reported significant declines in cover, species
richness, and density of perennial plants with
increasing proximity to watering sites. The
declines in cover were due primarily to
declines of the small to mid-sized shrubs,
e.g., box-thorn, hop-sage, cheesebush, and
Nevada ephedra.

Vehicle use off-highway or off paved roads
for recreation or other purposes similarly
affects perennial vegetation (e.g., Busack and
Bury, 1974; Lathrop, 1983; Bury and Luck-
enbach, 2002; Brooks and Lair, 2009). Where
users concentrate camping and racing activi-
ties and where route and track densities are
high, the result is partial or complete denu-
dation of perennial shrubs, especially the
several species of small shrubs occurring
between the larger creosote bushes.

The long-term degradation and loss of
perennial shrubs by grazing and vehicles prob-
ably account for significantly more plots in the
creosote bush association on private lands and
critical habitat than in the Tortoise Natural Area.
The creosote bush association is the simplest and
least diverse of the four vegetation associations in
our study area, with only two abundant species
compared with 5 to 11 abundant species in the
other vegetation associations. In contrast, tor-
toise sign had the highest probability of occur-
rence in the box-thorn association, regardless of
management area.

Both livestock grazing and vehicle use also
have negative effects on availability of native
annual forbs, important forage for the tortoise,
through consumption, trampling, crushing, and
compaction (Berry, 1978; Jennings, 1997, 2002;
Oftedal, 2002). Grazing and vehicle travel
additionally disturb soils, thereby enhancing
opportunities for alien annual plants to thrive at
the expense of the natives. For example, cover
and richness of native annuals declined with
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increasing proximity to livestock watering sites
(Brooks et al., 2006), and density of dirt roads
was positively correlated with richness of alien
annual species and biomass of the alien forb,
filaree, Erodium cicutarium (Brooks and Ber-
ry, 2006).

Grazing and vehicle use more directly affect
tortoises by damaging or destroying burrows,
reducing canopies of shrubs used for shelter
from predators and temperature extremes,
and injuring or killing tortoises (Berry, 1978;
Nicholson and Humphreys, 1981; Bury and
Luckenbach, 2002). Paved and dirt roads,
designated off-highway vehicle routes, and
tracks also provide access to users who may
shoot tortoises (Berry, 1986).

The significant effects of two other human
activities were limited to private lands (Trash)
and critical habitat (Firearms). The models
showed a positive association between trash
and Desert Tortoise abundance on private
lands. The finding of a positive association
differs from other, similar studies. Keith et al.
(2008) reported that plots with tortoise sign
had lower counts of trash than plots without
tortoise sign, and Berry et al. (2006) noted
that tortoise mortality was correlated with
trash counts. Effects of trash on tortoises may
have both positive and negative elements,
and the relationship may change over time
and location. Trash can be an indicator of
heavy human use and habitat deterioration,
as well as an attractant to subsidized preda-
tors. Trash also may attract tortoises, who
may eat foreign objects out of hunger,
accidental ingestion, or curiosity (Walde et
al., 2007), or, if the object is sufficiently large,
use it as cover. Consumption of trash as a
cause of illness and death is well known to
veterinarians who work with chelonians,
whether tortoises, freshwater turtles, or sea
turtles (Donoghue, 2006; Wyneken et al.,
2006). Some trash, such as partially crushed
cans, collects water during rain events, and
can be a source of drinking water for wild
tortoises. Debris from firearms may have
similar positive and negative aspects. The
positive association of debris from firearms
with abundance of tortoise sign in critical
habitat may have ominous implications:
25.6% of tortoise sign was composed of dead
tortoises in this management area.

One surface-disturbing activity, mining, was
minimal in the study area and held no
significant associations with tortoise abundance
in the models. Historically, mining was an
important land use in the western Mojave
Desert, especially in the Rand Mining District
(eastern edge of our study area) and the nearby
El Paso Mountains from the 1860s to recent
times (Starry, 1974; Vredenburg et al., 1981;
Chaffee and Berry, 2006). Mining has not been
authorized in the Tortoise Natural Area since
the Congressional withdrawal from the 1872
mining laws in 1980, but our surveys showed
that some hazardous sites remain.

Overall, this study confirms that the Tor-
toise Natural Area, with higher densities of
Desert Tortoises, has benefited from the
protective fence and elimination of grazing
and vehicle use. Despite the emergence and
spread of a chronic, infectious disease (myco-
plasmosis) throughout the western Mojave
Desert (Jacobson et al., 1991; Homer et al.,
1998; Brown et al., 1999), adult tortoise
densities at the Tortoise Natural Area were
significantly higher than in critical habitat not
only in our study area but also throughout the
West Mojave Recovery Unit (USFWS, 2010,
2012). The mammalian predators and avian
predators also may have benefited from
protection in the Tortoise Natural Area on
the basis of our counts, as well as results from
previous studies (Brooks, 1995, 1999). In our
study, models of tortoise sign and presence
suggest that relationships with these predator
groups were neither positive nor negative. In
other studies, vertebrate species have received
benefits from fenced protected areas by
reducing human disturbances and limiting
transmission of wildlife-borne diseases (Ikuta
and Blumstein, 2003; Lenain et al., 2004;
Ferguson and Hanks, 2012). In a global
analysis of the effectiveness of protected area
management, Leverington et al. (2010) iden-
tified several factors related to overall success
in maintaining biodiversity: legal establish-
ment, design, legislation, and boundary mark-
ing. One critical question, addressed in the
1970s for the Tortoise Natural Area, was
whether posting of signs alone was a sufficient
and effective method for marking the bound-
ary and eliminating unauthorized recreational
vehicle use and sheep grazing. Because
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posting was ineffective, the Bureau of Land
Management constructed the hog-wire fence
in 1979–1980. Also ineffective was posting of
signs to limit recreational vehicle use to
existing routes and specific areas in the critical
habitat portions of our study area, even after
decades of effort by the Bureau of Land
Management (e.g., Goodlett and Goodlett,
1992; USBLM, 2002, 2006; US District Court,
2009). As a result, the Bureau of Land
Management closed and fenced a portion of
the critical habitat in 2002, and this area
remained closed with the exception of a year
(2008–2009), when the area was reopened.
Because of continued noncompliance by off-
highway vehicle users, the area was again
closed. The many years of sheep grazing and
off-highway vehicle use degraded the habitat
and therefore are likely contributors to the
lower abundance and higher mortality of
tortoises in critical habitat in 2011.

MANAGEMENT APPLICATIONS

Historic and recent human uses affect the
functioning of ecosystems (Foster et al., 2003).
The three management areas provide exam-
ples of how these legacies have become
embedded in the sites and how Desert
Tortoises, in turn, may have been affected.
The legacies are persistent and need to be
considered in framing expectations for recov-
ery of the Desert Tortoise and in planning
habitat restoration. Other important consider-
ations are the types and levels of protection
needed, enforcement of protective measures,
and long-term monitoring.

In 1994, the USFWS outlined several
activities that were incompatible with recov-
ery of the Desert Tortoise and recommended
that these activities be prohibited in recovery
areas (USFWS, 1994a). Examples include all
vehicle activity off designated roads, uncon-
trolled dogs out of vehicles, dumping and
littering, domestic livestock grazing, and
discharge of firearms (except for hunting of
big game or upland game birds at specified
times). The USFWS recommended emergen-
cy closures of dirt roads and routes where
human-caused mortality of tortoises was a
problem, as well as protective fencing and
regular and frequent patrols of law enforce-
ment personnel in areas with unauthorized

vehicle use and vandalism. They made specific
recommendations for the region where our
study occurred, including reducing popula-
tions of Common Ravens to limit predation on
juvenile Desert Tortoises. A few of these
recommendations have been implemented;
others remain to be accomplished. The results
of our studies provide scientific support for
implementing recommendations on livestock
grazing, vehicle use off designated roads, and
canid and raven predation. Areas such as the
Tortoise Natural Area, fenced to prohibit
entry of vehicles and livestock, appear to have
benefited the Desert Tortoise compared with
unfenced areas, if higher tortoise densities
and lower mortality rates are used as mea-
sures. The recent fencing of parts of critical
habitat to reduce unauthorized vehicle use
may have similar benefits for Desert Tortoise
recovery in the future. The high levels of
trauma from canids on live tortoises are likely
to inhibit recovery and demonstrate the need
for better control of dogs and management of
wild canids, at least on a local basis. Dog-proof
fencing is an option to consider. Likewise,
when Desert Tortoise densities are very low,
predation by Common Ravens and mammals
inhibits recovery. Government agencies have
undertaken control of coyotes and Common
Ravens to reduce hyperpredation of Desert
Tortoises in limited areas of the Mojave and
western Sonoran deserts but not at our study
area or in the vicinity (USFWS, 2008a, 2008b).
Other causes of death to tortoises, such as
shooting and vehicle trauma, still remain to be
addressed. The USFWS recovery recommen-
dation on trash and litter has not been
implemented on a landscape scale; volunteers
collect litter in local areas, however.
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APPENDIX I

Coefficients for generalized linear models for Desert ortoise presence—in all three management areas and for
abundance in three separate areas. Colons in the predictor variable represent an interaction effect between two
predictors. Coefficients for presence and private lands models were tested using z-statistics. Coefficients for the Tortoise
Natural Area and critical habitat models were analyzed with quasi-Poisson models and were tested using t-statistics
based on 78 and 76 df respectively. Regression coefficients (b) are presented with SE, z-statistic (z), and P-values (P).
Levels of significance: * P , 0.10, ** P , 0.05, *** P , 0.010.

Response variable Predictor variable b SE z, t P

Presence in three areas Intercept (box thorn and Tortoise Natural
Area)

0.934 0.400 2.33 0.020

Veg. (creosote bush) 20.456 0.365 21.25 0.211 **
Veg. (indigo bush) 20.926 0.465 21.99 0.046 **
Veg. (Nevada ephedra) 21.195 0.544 22.20 0.028 **
Log(Sheep) 20.795 0.411 21.93 0.053 *
Management area (critical habitat) 20.888 0.471 21.88 0.059 *
Management area (private lands) 21.043 1.043 21.00 0.317
Log(Mammals) 20.509 0.442 21.15 0.250
Management area (critical habitat):

log(Mammals)
1.504 0.737 2.04 0.041 **

Management area (private): log(Mammals) 1.644 0.860 1.91 0.056 *
Abundance in

TortoiseNatural Area
Intercept 0.772 0.177 4.36 ,0.001 ***

Abundance in critical
habitat

Intercept 20.396 0.308 21.29 0.202
Log(Vehicles) 21.075 0.572 21.88 0.064 *
Log(Firearms) 1.387 0.526 2.64 0.010 **
Log(Mammals) 1.152 0.361 3.19 0.002 ***

Abundance in private
lands

Intercept (box thorn) 20.491 0.760 20.65 0.518 *
Veg. (creosote bush) 21.567 0.529 22.96 0.003
Veg. (indigo bush) 217.108 3168 20.01 0.996 **
Veg. (Nevada ephedra) 216.789 2282 20.01 0.994
Log(Sheep) 20.516 0.248 22.08 0.037 **
Log(Trash) 0.764 0.393 1.94 0.052 *
Log(Mammals) 1.248 0.485 2.57 0.010 **

Tortoise
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Kern County, California and to this day, we help manage the DTRNA under a cooperative 
agreement with the BLM’s Ridgecrest field office. We have carefully studied the Draft DRECP. 
Our review determined that not only was the DTRNA not considered to have any existing legal 
conservation status, but that of six action alternatives presented, all but one contained 
Development Focus Areas that directly abutted on, overlapped with, or encompassed most of - 
the DTRNA. Each and every concern that we raised regarding development on and around the 
DTRNA was ignored in its entirety. Two scientific surveys conducted in 2011 and 2012 show 
that there is six times the density of tortoises found within the DTRNA as on adjacent critical 
habitat. In addition, if we look solely at the densities of adult breeding tortoises we find that there 
are 3 to 5 times as many at DTRNA as can be found even at USFWS’s critical habitats in 
California. We are requesting permanent legal conservation status for the DTRNA, protecting it 
from  vehicle use, mining, grazing,  leasing for oil and gas, renewable energy, and any other use! 
The DRECP disregards conservation history and conservation status of the DTRNA, 
contradicting existing management plans and 40 years of commitments by federal and state 
agencies. Please help protect the DTRNA. 
_____________________________________________________________________________ 

 
The Fence Experiment at the Desert Tortoise Research Natural Area Interpretive Center: 

An Evaluation after 33 Years  
 

Kristin H. Berry1, Tim Shields2, Julie Yee3, William Perry3:  
U.S. Geological Survey, 1Riverside and 3Dixon, CA; 2Haines, AK 

 
In 1978, Kristin Berry, while working at the U.S. Bureau of Land Management, had the 

opportunity to design and initiate a long-term experiment on the efficacy of protective, 
permeable fencing for the desert tortoise (Gopherus agassizii). The fence was to be constructed 
in 1979 along the boundary of the Desert Tortoise Research Natural Area (DTRNA), western 
Mojave Desert, California. The purpose was to protect tortoises and their habitat from sheep 
grazing and recreational vehicles. The 7.77 km2 plot was centered on the interpretive kiosk, 
outhouse, and parking lot and had two components, 4.53 km2 inside the fence and 3.24 km2 
outside the fence. Between 1979 and 2012, the plot was surveyed for tortoises in spring of 7 
years using mark-recapture techniques; in addition to live tortoises, data were collected on shell-
skeletal remains, other signs of tortoises, perennial vegetation, predators, and evidence of human 
use. In 1979, the baseline year, 590 tortoises were registered; no significant differences in 
density existed inside vs. outside the fence. By 1985 the population had declined in numbers and 
density, with significant differences between inside and outside the fence. Declines continued 
over the years both inside and outside the fence, reaching the lowest point in 2002 with a count 
of 47 total individuals. In 2012, the last survey, total counts were up (N = 73), and densities were 
significantly higher inside than outside the fence (>3 times). Densities outside the fence closely 
approximated estimates developed by the U.S. Fish and Wildlife Service using distance sampling 
in nearby critical habitat. We explore changes in distribution and other demographic attributes of 
the tortoises through the decades, as well as potential factors affecting recovery at the Desert 
Tortoise Research Natural Area. 
_____________________________________________________________________________ 
  



Integrating Gene Transcription-Based Biomarkers
to Understand Desert Tortoise and Ecosystem Health
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Abstract: Tortoises are susceptible to a wide variety of environmental stressors, and the influence of human

disturbances on health and survival of tortoises is difficult to detect. As an addition to current diagnostic

methods for desert tortoises, we have developed the first leukocyte gene transcription biomarker panel for the

desert tortoise (Gopherus agassizii), enhancing the ability to identify specific environmental conditions

potentially linked to declining animal health. Blood leukocyte transcript profiles have the potential to identify

physiologically stressed animals in lieu of clinical signs. For desert tortoises, the gene transcript profile included

a combination of immune or detoxification response genes with the potential to be modified by biological or

physical injury and consequently provide information on the type and magnitude of stressors present in the

animal’s habitat. Blood from 64 wild adult tortoises at three sites in Clark County, NV, and San Bernardino,

CA, and from 19 captive tortoises in Clark County, NV, was collected and evaluated for genes indicative of

physiological status. Statistical analysis using a priori groupings indicated significant differences among groups

for several genes, while multidimensional scaling and cluster analyses of transcription CT values indicated

strong differentiation of a large cluster and multiple outlying individual tortoises or small clusters in multi-

dimensional space. These analyses highlight the effectiveness of the gene panel at detecting environmental

perturbations as well as providing guidance in determining the health of the desert tortoise.

Keywords: Gopherus agassizii, mRNA, immune function, physiological health, reptile

INTRODUCTION

Desert tortoises (Gopherus agassizii) occur throughout the

Mojave Desert and are subjected to a myriad of ecological

and environmental stressors. Increased human development

has led to habitat loss, increased predation, contaminant and

pathogen exposure, and altered wildfire regimes. These

stressors have been suggested as synergistic threats to desert

tortoise populations, attributed frequently to population

declines (Luckenbach 1982; Christopher et al. 2003; Tracy

et al. 2004; Esque et al. 2010; USFWS 2011a). Desert tortoises

are slow to respond to environmental stressors and seldom

display clinical signs of disease, which is typical of other long-

lived reptiles (Christopher et al. 2003). Understanding how

tortoises respond to these environmental stressors is key to

supporting conservation andmanagement of habitat needed

for this threatened species.Correspondence to: Lizabeth Bowen, e-mail: lbowen@usgs.gov
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Tortoises are susceptible to a wide variety of environ-

mental stressors, and the influence of human disturbances

on health and survival of tortoises is difficult to detect. In

addition to current diagnostic methods for desert tortoises

(e.g., Brown et al. 2002; Ritchie 2006), we propose a genetic

biomarker panel, enhancing the ability to identify specific

environmental conditions potentially linked to declining

animal health. Despite the urgent need for ecological

studies on reptile health and physiology, the development

of molecular genetic tools for research in reptiles has been

slow, and most are adaptations from studies in other taxa.

Applying contemporary gene transcript analysis to identify

genomic response to environmental stress or disease has the

potential to transform studies of reptile ecology (Bur-

czynski et al. 2000; Bartosiewicz et al. 2001). Advanced

technologies, based upon and developed from biomedical

models of human physiology and disease, aid researchers

with cutting-edge diagnostic tools for both domestic and

wildlife veterinary applications (Burczynski et al. 2000;

Bartosiewicz et al. 2001; Bowen et al. 2007, 2012; Miles

et al. 2012; Sitt et al. 2008). Gene-based analyses of desert

tortoises afford the opportunity for minimally invasive

assessments of physiologic state in response to intrinsic and

extrinsic factors, not only in individuals or populations, but

potentially at landscape scales (Acevedo-Whitehouse and

Duffus 2009).

Gene transcript analysis may improve the assessment

of desert tortoises by detecting the earliest observable signs

of physiological perturbation, as gene transcripts are typi-

cally evident prior to clinical manifestations to environ-

mental stressors (McLoughlin et al. 2006). Consequently,

application of quantitative gene transcript analysis tech-

nology will likely provide an invaluable addition to current

approaches for monitoring potential physiological impair-

ment (McLoughlin et al. 2006). Herein, we describe the

development of quantitative real-time polymerase chain

reaction (qPCR) assays to measure differential transcript

levels of multiple genes in the desert tortoise. The genes

described are fundamental to immune function (Cray et al.

2009; Zhou et al. 2008, 2011; Li et al. 2011), responses to

pathogens (Kibenge et al. 2005; Zhou et al. 2008), nutri-

tional and thermal stress (Otero et al. 2005; Iwama et al.

1999; Tsan and Gao 2004), shell formation (Chen et al.

2012), xenobiotic metabolism (Walsh et al. 2010; Oesch-

Bartlomowicz and Oesch 2005), and tumorigenesis (Zhou

et al. 2008) (Table 1). Measurement of differential tran-

scription of a selected suite of genes potentially can provide

an early warning of compromised health and related

environmental stressors in free-ranging animals.

METHODS

Study Animals

Health evaluations were conducted on wild desert tortoises

(n = 64, 22F:42M) between May and October 2011 on

Bureau of Land Management public lands at Hidden Valley

and Piute Valley in Clark County, Nevada and at Ft. Irwin

in San Bernardino, CA, USA. Habitat at all sites was

dominated by Mojave desertscrub vegetation (Turner and

Brown 1982) consisting of creosote bush/white bursage

[Larrea tridentata/Ambrosia dumosa] plant association with

many other shrubs, grasses, and annual plants present. We

also evaluated 19 captive adult tortoises (11F:8M) at the

Desert Tortoise Conservation Center in Clark County, NV,

USA. These animals were deemed unhealthy based on vi-

sual examination by specialized veterinarians. Each captive

tortoise presented multiple clinical signs of potential ill-

nesses associated with long-term weight loss and reduced

or under-conditioned body scoring. These tortoises were

identified by veterinarians for euthanasia and as such were

not screened serologically at the time of our sampling for

known bacterial or viral infections. These tortoises were

neither under our care nor management, and we could not

control decisions about their care or disease screening.

Their inclusion in the data set was merely exploratory to

determine how these ill captives compare to the wild

populations.

Tissue Collection

Blood samples (1.0 mL) were collected from each tortoise

via subcarapacial venipuncture (Hernandez-Divers et al.

2002) using a 3.8-cm, 23-gage needle and 3 cc syringe

coated with sodium heparin. An aliquot (0.5 mL) of whole

blood was placed immediately into an RNeasy Animal

ProtectTM collection tube (Qiagen, Valencia, CA) and fro-

zen at -20�C. The remaining blood (0.5 mL) was trans-

ferred to lithium heparin microtainers and stored on ice for

no longer than 4 h. Plasma was separated using centrifu-

gation with a centrifugal force of 13189g. All tissue samples

were stored at –70�C. Aliquots of plasma (0.01 mL) were

screened for antibody presence to Mycoplasma agassizii and

M. testudineum using an enzyme-linked immunoassay

Lizabeth Bowen et al.



(ELISA; Wendland et al. 2007). Plasma samples (n = 24

wild tortoises) were randomly selected and evaluated for

additional clinicopathologic variables such as serum amy-

loid A (SAA; Belgrave et al. 2013), haptoglobin (Cray and

Belgrave 2013), and electrophoresis (using Helena electro-

phoresis system; Cray et al. 2011). Protein electrophoresis

includes fraction values for prealbumin, albumin, a1 glob-

ulins, a2 globulins, b-globulins, c-globulins, albumin to

globulin ratio (A:G), and total protein. Additionally,

sloughed oral epithelial cells were collected using sterile oral

swabs, and screened for Testudinid herpesvirus 2 using

polymerase chain reaction (PCR) (Jacobson et al. 2012).

RNA Extraction

Blood samples were placed directly into RNeasy Protect

Animal Blood Tubes (Qiagen, Valencia, CA) and then

frozen at -20�C until extraction of RNA (Bowen et al.

Table 1. Documented Function of 11 Genes Identified in Free-Ranging Desert Tortoises

Gene Gene function

CaM Calmodulin (CaM) is a small acidic Ca2+-binding protein, with a structure and function that is highly conserved in all

eukaryotes. CaM activates various Ca2+-dependent enzyme reactions, thereby modulating a wide range of cellular events,

including metabolism control, muscle contraction, exocytosis of hormones and neurotransmitters, and cell division and

differentiation (Chen et al. 2012). CaM has also been reported to be a pivotal calcium metabolism regulator in the shell

formation (Li et al. 2004)

AHR The arylhydrocarbon receptor (AHR) responds to classes of environmental toxicants including polycyclic aromatic

hydrocarbons, polyhalogenated hydrocarbons, dibenzofurans, and dioxin (Oesch-Bartlomowicz and Oesch 2005).

Depending upon the ligand, AHR signaling can modulate T-regulatory (TREG) (immune-suppressive) or T-helper type

17 (TH17) (pro-inflammatory) immunologic activity (Quintana et al. 2008; Veldhoen et al. 2008)

Mx1 The Mx1 gene responds to viral infection (Tumpey et al. 2007). Vertebrates have an early strong innate immune response

against viral infection, characterized by the induction and secretion of cytokines that mediate an antiviral state, leading

to the upregulation of the MX-1 gene (Kibenge et al. 2005)

HSP 70 The heat shock protein 70 is produced in response to thermal or other stress (Iwama et al. 1999; Tsan and Gao 2004). In

addition to being expressed in response to a wide array of stressors (including hyperthermia, oxygen radicals, heavy

metals, and ethanol), heat shock proteins act as molecular chaperones (De Maio 1999). For example, heat shock proteins

aid the transport of the AHR/toxin complex in the initiation of detoxification (Tanabe et al. 1994)

SAA Serum Amyloid A (SAA), an acute phase protein, serves as a core part of the innate immunity involving physical and

molecular barriers and responses (Cray et al. 2009). Upon infection and inflammation or tissue damage and stress, SAA

is induced by pro-inflammatory signals, and is a major indicator of bacterial infection, especially at early stage, in reptiles

(Zhou et al. 2008, 2011)

MyD 88 Myeloid differentiation factor 88 (MyD88) is one of the key adaptor proteins to signal transduction that triggers

downstream cascades involved in innate immunity. MyD88 might possess an important role in defense against microbial

infection in Chinese soft-shelled turtles similar to that in mammals (Li et al. 2011)

CD9 CD9 is a molecular facilitator, provides co-stimulation to naı̈ve T lymphocytes, regulates the aggregation of MHC-II

molecules, and triggers antigen presentation. Upregulation of turtle CD9 was shown in response to bacterial infection

(Zhou et al. 2008)

SOD Superoxide dismutase (SOD)—Superoxide dismutases are a class of enzymes that catalyze dismutation of superoxide into

oxygen and hydrogen peroxide and function as important antioxidant defense molecules (Walsh et al. 2010). Oxidative

stress itself can lead to or result from certain inflammatory conditions (Walsh et al. 2010)

ATF Similar to inflammatory responses in mammals, ATF can mediate inflammatory responses in reptiles. The upregulation of

ATF in reptiles indicates involvement in bacterial infection (Zhou et al. 2008)

CL Cathepsin L, an acute phase protein, plays a major role in antigen processing, tumor invasion and metastasis, bone

resorption, and turnover of intracellular and secreted proteins involved in growth regulation (Zhou et al. 2008). Turtle

cathepsin L may be involved in anti-bacterial immune response (Zhou et al. 2008)

LEP Leptin links nutritional status with neuroendocrine and immune functions. Initially thought to be a satiety factor that

regulates body weight by inhibiting food intake and stimulating energy expenditure, leptin is a hormone whose multiple

effects include regulation of endocrine function, reproduction, and immunity (Otero et al. 2005)

Desert Tortoise Gene Transcription



2012). Rapid RNA degradation and induced transcription

of certain genes after blood draws have led to the devel-

opment of methodologies for preserving the RNA tran-

scription profile immediately after blood is drawn. The

RNeasy Protect Animal Blood Tube contains a blend of

RNA stabilizing reagents that protect RNA molecules from

degradation by RNases and prevents further induction of

gene transcription. The RNA from blood in RNeasy Protect

Animal Blood Tubes was isolated according to manufac-

turer’s standard protocols except each sample was initially

split in two to account for the nucleated red blood cells.

The extracted RNA was stored at -80�C until analysis. All

RNA was checked for quality on a nanodrop 2000 and

achieved A260/A280 ratios of approximately 2.0 and A260/

A230 ratios of less than 1.0.

cDNA Synthesis

A standard cDNA synthesis was performed on 2 lg of RNA

template from each animal. Reaction conditions included

4 U reverse transcriptase (Omniscript, Qiagen, Valencia,

CA), 1 lM random hexamers, 0.5 mM each dNTP, and

10 U RNase inhibitor, in RT buffer (Qiagen, Valencia, CA).

Reactions were incubated for 60 min at 37�C, followed by

an enzyme inactivation step of 5 min at 93�C, and then

stored at -20�C until further analysis.

PCR Primers

Degenerate primers were designed based upon multi-spe-

cies alignments (GenBank) as previously described by Bo-

wen et al. (2007). Briefly, degenerate primer pairs were

developed for the desert tortoise and were used on cDNA

from three randomly selected tortoise samples. Degenerate

primer pairs were designed to amplify 11 genes of interest

and one ribosomal housekeeping gene (Bowen et al. 2007).

PCR amplifications using these primers were performed on

20 ng of each cDNA sample in 50 lL volumes containing

20–60 pmol of each primer, 40 mM Tris–KOH (pH 8.3),

15 mM KOAc, 3.5 mM Mg (OAc)2, 3.75 lg/mL bovine

serum albumin (BSA), 0.005% Tween-20, 0.005% Nonidet-

P40, 200 lM each dNTP, and 5U of Advantage� 2 Taq

polymerase (Clontech, Palo Alto, CA). The PCR was per-

formed on an MJ Research PTC-200 thermal cycler (MJ

Research, Watertown, MA) and consisted of 1 cycle at 94�C
for 3 min, and then 40 cycles at 94�C for 30 s, at 60�C for

30 s, and 72�C for 2 min, with a final extension step of

72�C for 10 min. The products of these reactions were

electrophoresed on 1.5% agarose gels and resulting bands

visualized using ethidium bromide staining. Definitive

bands representing PCR products of a predicted base pair

size of the targeted gene were excised from the gel, and

extracted and purified using a commercially available nu-

cleic acid-binding resin (Qiaex II Gel extraction kit, Qia-

gen, Valencia, CA).

Nucleotide sequences of both strands were determined

by dideoxy nucleotide methods using an automated se-

quencer (Model 373; Applied Biosystems, Foster City, CA).

Nucleotide sequences of the PCR products were analyzed

using AlignTM and ContigTM sequence alignment software

programs (Vector NTITM; Informax Inc, North Bethesda,

MD) and compared to known sequences using the NCBI

BLAST program (Altschul et al. 1990), and the IMGT/HLA

database (Robinson et al. 2001). Primer pairs appropriate

for real-time PCR were designed based on the elucidated

desert tortoise sequences for each gene (Table 2).

Real-Time PCR

Real-time PCR systems for the individual, tortoise-specific

housekeeping gene (18S), and genes of interest (Table 1)

were run in separate wells. Briefly, 1 lL of cDNA was added

to a mix containing 12.5 lL of QuantiTect SYBR Green�

Master Mix [5 mM Mg2+] (Qiagen, Valencia, CA), 0.5 lL

each of forward and reverse sequence-specific primers,

0.5 lL of uracil-N-glycosylase (Invitrogen, Carlsbad, CA),

and 10.0 lL of RNase-free water; total reaction mixture was

25 lL. The reaction mixture cDNA samples for each gene

of interest and 18S were loaded into 96-well plates in

duplicate and sealed with optical sealing tape (Applied

Biosystems, Foster City, CA). Reaction mixtures containing

water, but no cDNA, were used as negative controls; thus

approximately three to four individual tortoise samples

were run per plate.

Amplifications were conducted on a 7300 Real-time

Thermal Cycler (Applied Biosystems, Foster City, CA).

Reaction conditions were as follows: 50�C for 2 min, 95�C
for 15 min, 45 cycles of 94�C for 30 s, 60�C for 30 s, 72�C
for 31 s, and an extended elongation phase at 72�C for

10 min. Reaction specificity was monitored by melting

curve analysis using a final data acquisition phase of 60

cycles of 65�C for 30 s and verified by direct sequencing of

randomly selected amplicons (Bowen et al. 2007). Cycle
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threshold (CT) crossing values, the measure of gene tran-

scription for the genes of interest, were normalized to the

18S housekeeping gene.

Clinical Health Assessments

Health evaluations were performed using recommended

clinical procedures (USFWS 2011b; Lamberski et al. 2012).

Evaluations included the animal’s general posture, respira-

tion, and detailed visual inspection of the face (with specific

attention to the eyes, periocular tissue, nares, mouth, tongue,

and oral mucosa), skin, and shell for any clinical or physical

abnormality in association with the animal’s weight,

behavior, activity, and body condition (USFWS 2011b).

Clinical signs associated with physiological changes in desert

tortoises often include periocular or conjunctival swelling or

sunken eyes, mucous and serous ocular and nasal discharge,

occluded eroded or asymmetrical nares, abnormal respira-

tion, and weight loss. Abnormal respiration includes short-

ness of breath, uncomfortable awareness of breathing effort,

and wheezing. For this study, tortoises categorized as having

only ‘‘sunken eyes’’ (often an indicator of dehydration or

emaciation) or ‘‘asymmetrical nares’’ (which may be a

developmental anomaly or indicator of previous respiratory

diseases) were not considered clinically compromised.

The body condition of each tortoise was scored using a

value ranging from 1 to 9 to provide a relative index of the

muscle mass, size, and attitude or behavior (USFWS 2011b;

Lamberski et al. 2012). Body condition scoring (BCS) is

commonly used for domestic animals and wildlife to esti-

mate body condition in animal herds by quantifying the

muscle mass and fat deposits in relation to skeletal features.

In particular, BCS indicators for tortoises include the

amount of muscle tissue and fat deposits around the sag-

ittal crest and limbs, in addition to the relative amount of

muscle and fat tissue around the limbs and inguinal areas

of exposed body tissue. For desert tortoises, BCSs are

generally ranked in three categories: under-conditioned (1–

3), acceptable or good condition (4–6), and over-condi-

tioned (7–9).

Statistical Analyses

We analyzed qPCR data using normalized values (house-

keeping gene threshold crossing subtracted from the gene of

interest threshold crossing); the lower the normalized value,

the more the transcripts present. A change in normalized

value of 2 is approximately equivalent to a fourfold change in

the amount of the transcript. Commonly used parametric

tests to distinguish differential gene transcription among

populations were based partly on the assumption that the

values being compared were sampled from normally dis-

tributed populations. We tested the assumption that tran-

script levels of our genes of interest were log-normally

distributed, in order to use such tests for detection of disease

or environmental stressors (McLoughlin et al. 2006). Geo-

metric means and 95% upper and lower confidence limits

were computed, and Anderson–Darling and Shapiro–Wilk

tests for normality were performed for all genes (NCSS,

Statistical and Power Analysis Software, UT, USA). We used

Table 2. Desert Tortoise-Specific Quantitative Real-Time Polymerase Chain Reaction Primers Used in the Analysis of Free-Ranging

Tortoises

Gene Forward primer Reverse primer Amplicon length (bp)

AHR atgcttaccgaagacagcac ctcctcatcctgctgaatac 119

CAL agacagcgaggaggagatc tcatcatctgtcagcttctca 122

CD9 gccattgaagtagctgttgc gctggctgattcctcttatc 106

MDF88 gtccaagagatgatcagaga catcttcctacaccgtctct 134

MX-1 tggacactaaggttcagagt cacgtggcaccacttctg 128

HSP 70 gccttcacsgacaccgag aggcgcttggcatcgaaga 87

SAA gacatgcgggaagcgaattata gccaggccctctttgg 83

Leptin caccaactaaagattcagcac gtggagtagtcattgatgtgt 145

CL gtcagtgtggatcttgttnggca tcatntccttttgggatgtccac 127

SOD tcaatcctaatggcaaaaacca cagcaatcacattgccaagatc 79

18S actcaacacgggaaacctca aaccagacaaatcgctccac 124

ATF agtgttggcaaaggtgaaggga gcacataacttctactctgactacc 70

See Table 1 for interpretation of gene abbreviations.
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nonparametric statistical analyses because CT measures of

gene transcription provided by qPCR were not normally

distributed for 10 of the 11 genes of interest. First, we used

conventional mean responses per classification group (Piute

Valley, Hidden Valley, Ft. Irwin, and captive-impaired) with

data assessed for statistical significance between classification

ranks using Kruskal–Wallis with Dunns’ Multiple Compar-

ison Tests (NCSS, 2007, Kaysville, Utah). Thenwe conducted

multivariate, multidimensional scaling analysis (MDS) in

conjunction with cluster analysis for statistical and graphical

representation of individual desert tortoises clustered by

similarity in transcription and not by pre-defined groups

such as location (Primer v6 software, Plymouth, UK). Sta-

tistical comparisons of individuals grouped by clusters were

made using SIMPROF (Primer v6), which is a similarity

profile permutation test for significance among a priori,

unstructured clusters of samples. Transcription responses of

sex by sites were compared using ANOSIM (Primer v6), a

nonparametric analog to a 2-way ANOVA. Statistical sig-

nificance was based on P values � 0.05.

RESULTS

Clinical Conditions

Of the 64 free-ranging animals sampled, 11 (17.2%) were

found to have clinically significant anomalies, with 7

(10.9%) having more than one anomaly. Anomalies in-

cluded periocular edema, conjunctival edema and hyper-

emia due to inflammation, recession of periocular tissue,

ocular and nasal discharge (both serous and mucoid), and

occluded and eroded nares with associated reduction in

activity. All wild tortoises had middle ranged BCSs (range

4–6), indicating adequate muscle and fat deposits relative

to skeletal features such as the sagittal crest. ELISA test

results for M. agassizii were 9 of 64 positive (14.0%) and 12

positive for M. testudenium (18.8%). PCR test results for

Testudinid Herpesvirus 2 were negative for all tortoises.

Means and ranges, respectively, of additional labora-

tory analyses for 24 desert tortoises were as follows: total

protein (g/dL): 3.18, 0.2–6.0; A/G: 0.30, 0.16–0.49; preal-

bumin (gpe): 0.09, 0.01–0.19; albumin (g/dL): 0.57, 0.03–

0.95; a1-globulins: 0.48, 0.03–1.22; a2-globulins: 0.55, 0.03–

1.15; b-globulins: 1.20, 0.05–2.82; c-globulins: 0.27, 0.02–

0.50; SAA (mg/L): 23.23, 0.17–77.01. Electrophoresis results

were non-remarkable; however, standard reference ranges

for this species do not exist for most variables.

Gene Transcription Profiling

Desert tortoise-specific qPCR primers for the 11 genes of

interest and housekeeping gene are defined in Table 2. All

genes had unimodal distributions, but only one gene, serum

amyloid A (SAA), had transcript values following a normal

distribution (P = 0.24). Additionally, the 95% confidence

intervals were independent of the mean normalized values,

indicating that the dynamic ranges did not depend upon a

gene’s transcript level, as all primer efficiencies were approx-

imately equal.

Statistical analysis using a priori groupings (i.e., Piute

Valley, Hidden Valley, Ft. Irwin, and captive-impaired)

indicated significant differences among groups for several

genes (Table 3). Three genes were transcribed at signifi-

cantly higher levels in the captive-impaired tortoises than

in other groups (MX1, CD9, and MyD88). Two genes were

transcribed at significantly lower levels in captive-impaired

tortoises than in other groups (ATF and leptin). Significant

differences in gene transcription were also identified among

free-ranging tortoise groups; transcription patterns con-

sistent with a stronger anti-inflammatory and anti-bacterial

response existed in tortoises from Fort Irwin in comparison

with tortoises from Hidden Valley. Transcription patterns

consistent with an increased bacterial response in tortoises

from Piute Valley were evidenced in comparison with

tortoises from Hidden Valley (Table 3).

MDS and cluster analyses of transcription CT values

indicated strong differentiation of a large cluster and mul-

tiple outlying individual tortoises or small clusters in mul-

tidimensional space (Fig. 1). There was little to no indication

of separation or clusters by sites (Fig. 1). In addition, tran-

scription responses did not differ significantly between sexes

(P > 0.69) across all sites or among sites by sex (P > 0.19).

Cluster analysis and SIMPROF identified primarily signifi-

cant differences (P < 0.001–0.024 and one at P < 0.05)

among 18 distinct clusters, 17 of those consisting of 1–9

individual tortoises, and one cluster consisting of 26 indi-

viduals.We used the geometricmeanCT of the largest cluster

as the benchmark to qualitatively compare the remaining

clusters, with a conservative focus on genes in clusters that

were 3 or more CT difference from genes in the benchmark

cluster (Table 4). The 64 free-ranging tortoises had normal

BCS, and only 17.2% had visual signs of clinically significant

anomalies; thus it stands to reason that the largest grouping

would represent animals generally in good health. Examining

transcription by individual genes (Table 1), the datawere not

highly variable. For convenience, we arrange the clusters into
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three groups (A, B, and C) based on similarity of transcript

profile.

Group A: Transcripts in clusters 2 and 3 were <3 CT

difference from those in the benchmark, cluster 1. These

two clusters differed because overall transcription was

slightly higher (0.3–2.4 CT difference) across all genes

compared to the benchmark (Table 4).

Group B and C: Transcription of the other 42 tortoises

separated among 15 clusters was variable, but within group

patterns were evident. Group B (14 tortoises) comprised 7

clusters or individual outliers (4–10 in Table 4) and had 4–

7 genes with 3–11 CT difference from the benchmark.

Transcription patterns between individual tortoises and

among clusters within this group were highly variable. For

example, an individual tortoise identified in Cluster #4

(Table 4) had elevated transcription for all genes evaluated,

whereas the individual tortoise identified in cluster # 5 had

elevated transcription for SAA, HSP70, CD9, SOD, AHR,

MyD88, and CaM, but had downregulated the transcrip-

tion for MX1, ATF, CL, and Leptin.

Table 3. Geometric Mean Normalized (to the 18S Housekeeping Gene in Each Animal) Cycle Threshold (CT) Transcription Values for

Targeted Genes (see Table 1) in Desert Tortoises Sampled at Piute Valley, Hidden Valley, Ft. Irwin and Captive Desert Tortoises

Location

Captive-impaired Piute valley Hidden valley Ft. Irwin

n: 19 17 8 39

SAA 16.58 (15.58, 17.63) 16.14 (15.05, 17.31) 15.98 (12.60, 20.27) 16.76 (15.94, 17.63)

HSP70 11.93 (11.00, 12.94) 12.20 (11.16, 13.34) 12.21 (11.20, 13.31) 12.48 (11.99, 12.99)

MX1 15.58a (14.47, 16.77) 18.35b (17.52, 19.23) 16.06 (12.54, 20.58) 16.82b (15.75, 17.96)

CD9 12.64a (11.97, 13.35) 11.31a (9.39, 13.62) 14.35b (12.85, 16.03) 13.02 (12.10, 14.02)

SOD 9.56 (8.86, 10.31) 9.49 (8.41, 10.70) 10.43 (9.40, 11.58) 10.50 (9.75, 11.31)

AHR 13.95 (12.88, 15.10) 14.54 (13.92, 15.19) 14.55 (11.50, 18.41) 14.17 (13.71, 14.66)

MyDA88 15.43a (14.75, 16.14) 15.56 (14.94, 16.20) 16.91b (15.19, 18.81) 15.61 (15.19, 16.03)

CaM 9.56 (9.18, 9.95) 9.55 (8.78, 10.40) 10.20 (8.85, 11.74) 9.53 (9.00, 10.10)

ATF 11.17a (9.88, 12.62) 10.28 (8.81, 12.00) 12.98a (9.46, 17.82) 8.74b (7.70, 9.91)

CL 16.68 (15.33, 18.16) 15.96 (14.81, 17.21) 19.38a (14.45, 26.00) 15.00b (14.25, 15.79)

Leptin 14.15a (12.90, 15.51) 12.97 (11.71, 14.36) 13.71 (11.31, 16.62) 12.37b (11.71, 13.06)

Note that the smaller the mean value, the higher the level of transcription. Unique letters indicate significant difference. An absence of letters indicates no

significant difference

Sampling Locations
Hidden Valley
Piute Valley
FI NTC
captive

Figure 1. Multivariate, nonparametric, multidi-

mensional scaling of gene transcription profiles

(see Table 1) of free-ranging desert tortoises.

Interpretive cluster analysis and SIMPROF (sim-

ilarity profile permutation test, Primer v6)

indicated significant (P < 0.001–0.007 for 16

clusters and P < 0.05 for one cluster) separation

among all clusters depicted by circles. Shown is

two-dimensional (stress = 0.09), but three-

dimensional (stress = 0.04) representation shows

less overlap of circles among clusters.
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The 28 tortoises in group C separated across 8 clusters

(11–17 in Table 4). Fifteen tortoises had transcription

values of 3 genes that expressed a 3–4 CT difference, and 13

tortoises had just 1–2 significantly different genes but most

of these were 5–6 CT different from the benchmark. The 15

tortoises also had elevated transcription of MX1, AHR, and

ATF (6 tortoises), elevated CD9, SOD, and ATF (2 tor-

toises), and elevated SAA, MX1, but low (6 CT value dif-

ference) CL (3 tortoises), or elevated HSP70 and low

transcription of ATF, CL, and leptin (4 tortoises). The

other 13 tortoises clustered by elevated MX1 and CD9 (2

tortoises), ATF and leptin (3), SAA and MX1 (7), or only

elevated leptin (1).

Transcription of MX1 was elevated (i.e., 3–11 CT value

difference from the benchmark) in more (8 out of 18)

clusters than any other gene. Transcription of SAA was

elevated in 6 clusters (and low in another cluster) and was

most closely associated with elevated CT of MX1 in those 6

clusters. Transcription of ATF was high in 6 clusters and

low in 3 other clusters. Transcriptions of the genes CD9

and SOD were elevated in 4 clusters, with CD9 elevated in

an additional cluster. The gene AHR was elevated in 4

clusters, and the remaining genes (HSP70, CaM, CL, leptin,

MyD88) were elevated in 3 or fewer clusters with no

apparent association of increased (or decreased) tran-

scription with other genes.

Clinical health matrices analyzed by clusters did not

correlate with gene transcription profiles. The 19 captive

adult tortoises deemed unhealthy generally did not cluster

by gene transcription pattern when considering all genes

combined. However, two-thirds of these animals were

associated with clusters other than the benchmark or the 2

clusters with pattern similar to the benchmark. Propor-

tionately, fewer (11%) were associated with the bench-

mark than any other cluster where found (17–71%)

(Table 4).

Table 4. Geometric Mean CT Values for Each Cluster

Cluster n saa HSP70 MX1 CD9 SOD AHR MDF88 CaM ATF CL Leptin

Group A 41

1 (dataset standard) 26 18.02 12.82 18.87 13.89 10.80 15.08 15.95 10.29 10.88 15.55 13.69

2 9 17.51 11.96 17.43 11.97 9.21 13.78 14.90 8.61 8.68 14.39 12.70

3 6 15.71 12.68 16.50 12.69 9.88 13.75 15.20 9.60 10.53 15.49 12.33

Group B 14

4 1 15.75 9.40 13.09 7.02 6.79 11.42 13.44 6.52 3.69 12.08 11.27

5 1 14.18 8.00 20.59 5.36 6.14 13.27 13.46 6.92 12.41 16.86 14.71

6 1 9.06 11.03 8.18 24.00 24.00 10.06 19.06 19.06 15.61 18.88 11.17

7 1 20.70 15.40 20.87 16.59 13.78 14.56 16.00 10.02 2.61 10.60 5.85

8 5 14.31 11.34 15.53 10.93 7.99 13.24 14.12 7.63 7.65 13.27 11.37

9 3 22.24 17.36 21.97 18.87 16.67 17.68 18.67 10.93 11.40 18.17 13.37

10 2 10.38 10.82 10.31 14.85 11.46 10.58 19.08 11.27 18.19 28.69 12.23

Group C 28

11 6 16.16 12.60 14.85 12.92 9.58 12.02 14.99 9.14 7.75 14.99 13.05

12 2 15.91 11.36 19.96 9.56 7.80 14.41 14.94 8.46 6.66 13.73 13.11

13 3 14.96 12.41 14.51 11.47 9.99 15.26 16.54 9.89 13.21 21.58 14.70

14 4 17.08 9.50 18.21 11.76 7.81 17.95 18.17 10.86 21.31 23.90 22.05

15 2 15.38 11.50 12.94 7.87 8.51 12.63 14.50 8.09 3.98 13.77 11.97

16 3 16.06 12.40 17.09 12.55 9.78 13.76 14.94 9.79 7.70 15.30 8.61

17 7 14.87 11.98 13.38 12.27 10.12 13.96 14.84 8.92 11.11 16.17 12.83

18 1 19.87 15.67 18.20 14.80 13.41 16.33 17.54 12.24 9.18 16.70 10.01

Statistical analyses of transcription CT values indicated strong differentiation of a large cluster and multiple smaller clusters in multidimensional space

(Fig. 1). Cluster analysis and SIMPROF identified primarily significant difference (P < 0.001–0.024 and one at P < 0.05) among 18 distinct clusters, 17 of

those consisting of 1–9 individual tortoises, and the largest cluster consisting of 26 individuals. We used the geometric mean CT values of the largest cluster

(Cluster 1) as a benchmark or dataset standard to qualitatively compare the remaining clusters, with focus on genes that had 3 or more CT value difference

from genes in this cluster.
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DISCUSSION

We describe the first leukocyte gene transcript data for

desert tortoises. Acquisition of a blood leukocyte transcript

profile has the potential to identify stressed or diseased

animals prior to the onset of clinical signs (Bowen et al.

2012; Stott and McBain 2012). This gene transcript profile

included a combination of immune response or physio-

logical defense-associated genes with the potential to be

modified by biological or physical injury and consequently

provide information on the type and magnitude of stressor

present in the animal’s environment. Variable transcript

patterns may be indicative of the presence of environmental

or immunological stressors. Our findings suggest increased

biotic or abiotic stimuli in these tortoises’ environments

that triggered increased immune or cellular detoxification

responses. The pattern across genes and among geographic

groups of animals indicates that some of these environ-

mental effects were location specific. These patterns prob-

ably reflect site-specific environmental perturbations.

Additionally, gene transcript profiles support clinical

diagnoses for captive tortoises.

Significant transcript profile differences existed among

a priori groupings (i.e., Piute Valley, Hidden Valley, Ft.

Irwin, and captive-impaired). This is likely reflective of

different environmental conditions in these locations. The

three genes transcribed at significantly higher levels in the

captive-impaired tortoises than in other groups (MX1,

CD9, and MyD88) may be indicative of response to viral,

bacterial, and microbial infection, respectively. These ani-

mals were held in captivity and were selected for euthanasia

due to their poor clinical conditions. The increased tran-

scription of these three genes could simply be associated

with animals in poor condition or it could potentially be

associated with microbial spread in captive conditions. The

two genes transcribed at significantly lower levels in cap-

tive-impaired tortoises than in other groups (ATF and

leptin) are indicative of an anti-inflammatory response and

poor nutrition, respectively. Significant differences in gene

transcription were also identified among free-ranging tor-

toise groups, indicating differential environmental pres-

sures present in each area.

A key requirement for translation of gene transcript

biomarker technology to clinical applications is the estab-

lishment of a normal or ‘‘reference’’ range of values, dis-

tinguishing between natural variation in gene transcript

levels among healthy subjects and changes among those

with compromised health (McLoughlin et al. 2006). In

desert tortoises, determining a normal baseline for clinically

healthy tortoises proved challenging. The transcript results

taken as a whole weakly correlated with standard clinical

assessments of health and may be more sensitive indicators

of physiological perturbations (McLoughlin et al. 2006).

Standard clinical assessments of health, limited pathogen

diagnostics, and generalized definitions and terminology

associated with both may be inadequate to accurately re-

flect the health status of such wildlife species (Christopher

et al. 2003). Due to the reduced metabolic state and activity

level of poikilothermic organisms, clinical signs of health or

disease conditions may be slow to emerge (Lykakis and Cox

1968; Christopher et al. 2003) even when transcriptional

responses have begun.

The earliest detectable signs of physiologic imbalance

are altered levels of gene transcripts, and those are often

associated with immune function (McLoughlin et al. 2006).

Measurements of the functional immune states as eluci-

dated by gene transcription could potentially add valuable

information to current health assessment matrices. To

analyze our transcript results, we used the largest cluster of

tortoises identified by transcript analysis, a subset of those

deemed clinically healthy, as our benchmark with which to

compare other tortoises varying transcript patterns and

clinical health conditions.

Of particular note, in order of prevalence, transcription

of MX1, SAA, ATF, and to a lesser extent CD9, SOD, and

AHR was elevated in 4 or more clusters of tortoises. The

association of MX1 with SAA, and also ATF and SOD has

been linked with bacterial or viral infections in other spe-

cies (Wiens and Vallejo 2010; Zou et al. 2013). These

findings correlate well with observations of potential

pathogen-related health issues in desert tortoises across

their range (Jacobson et al. 1995; Sandmeier et al. 2013).

Elevated AHR has been linked to organic contamination,

and though not as prevalent as the pathogen indicator

genes, this finding was noteworthy in typically remote

natural areas. One possible explanation is that Ft. Irwin and

the surrounding areas are largely military bases with active

artillery and bombing ranges. Our findings of elevated

transcription did not signify that these tortoises were

experiencing ill health and could be more indicative of a

properly functioning immune response rather than an

immune-compromised system. However, the potential for

elevated environmental stressors in the habitats of these

tortoises requires investigation. Costs associated with
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mounting an immune or detoxification response create a

delicate balance between a protective immune phenotype

(transcription pattern in this case) and a potential misal-

location of resources. Trade-offs among components of the

vertebrate immune defenses themselves are common and

occur when one portion of an organism’s immune system

is upregulated while another portion is downregulated

(Pedersen and Babayan 2011). Failure to acknowledge or

measure these trade-offs may lead to erroneous conclu-

sions.

There is a dearth of knowledge regarding protective

transcription phenotypes of non-model organisms. Iden-

tification of the ideal protective immune phenotype can

only be measured through long-term sampling or experi-

mental manipulations (Pedersen and Babayan 2011). Thus,

continued development of gene transcription research is

essential for the development of future diagnostic capabil-

ities and improved understanding of environmental effects

on sensitive wildlife species such as the desert tortoise. To

date, a full clinical, morphological, and transcript workup

on tortoises has not been permitted as this species is pro-

tected under the Endangered Species Act; however, infor-

mation gleaned from known healthy and unhealthy

tortoises would help create a baseline from which to

understand transcriptional responses.

Fourteen known wild tortoises were identified in this

study that appeared most indicative of environmental

stressors that taxed their immune or detoxification systems.

Health assessments of these and also other animals in the

study would further refine identification of conditions that

may link directly to elevated transcription of multiple but

specific genes. Study focused on the habitats of these ani-

mals to determine factors that could stimulate transcription

would also be useful. Finally, our study was by no means a

comprehensive evaluation of gene transcription as a useful

tool for assessing desert tortoises’ state of health. Future

studies are necessary to identify gene responses specific to

known injurious stimuli, and to increase the efficacy of the

diagnostic capability by inclusion of additional immune or

detoxification genes.
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The use of translocations – the human-mediated, inten-
tional movement of living organisms from one area to

another as a wildlife management tool – has risen exponen-
tially over the past few decades (Seddon et al. 2007;
IUCN/SSC 2013). Indeed, numbers of translocations are
predicted to increase even more rapidly if assisted coloniza-
tion is adopted as a tool for climate-change mitigation
(Hoegh-Guldberg et al. 2008; IUCN/SSC 2013). Although
the field of reintroduction biology is moving steadily forward

through the application of scientific principles (Seddon et al.
2007), many wildlife translocations have evaded academic
scrutiny and have not been subject to a common set of
widely accepted standards. These translocations attempt to
reduce animal mortality caused by human activities (eg
development), by relocating individuals away from project
sites. This motive for relocating animals is quite different
from need-based strategies to augment or restore animal
populations through conservation-driven translocations.
While the motives may differ, the techniques used and
scrutiny applied should be similar (IUCN/SSC 2013).
Henceforth, we refer to translocations initiated to reduce
animal deaths as a result of development activities as “miti-
gation-driven translocations” (Panel 1). Many countries
have regulatory frameworks that cover such translocations.
Legal requirements, driven in part by public perception and
pressure, also provide the primary funding mechanism for
such activities, requiring that developers relocate protected
species from affected land. This raises the question of
whether such animals are simply being spared a socially
unacceptable death via bulldozer only to perish out of view
at a release site (eg “phased destruction”; Jackson et al.
1983), or whether the translocations are a useful tool, wisely
applied to minimize the effects of humans’ actions on imper-
iled wildlife. We contend that mitigation-driven transloca-
tions, while well-financed, are often inappropriately exe-
cuted, poorly documented, and unquestioningly used
without regard to larger, more strategic conservation goals.

� Scope of the issue

Mitigation-driven translocations have risen sharply over
the past 10–15 years (Miller et al. 2014), perhaps more so
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In a nutshell:
• The number of mitigation translocations – the movement of

animals out of the path of development projects – appears to be
increasing rapidly and likely far exceeds the number of conser-
vation-driven translocations

• Mitigation-driven translocations all too often fail to follow
accepted scientific best practices and are poorly documented,
providing few opportunities to apply lessons learned and to
improve the conservation efficacy of similar projects in the
future

• A new approach to mitigation-driven translocations rejects
“tit-for-tat” translocations as a way to mediate impacts at a
development site and instead substitutes a more strategic allo-
cation of resources in a scientifically responsible and conserva-
tion-relevant fashion
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than conservation-based releases, and are often gener-
ously funded. It is currently impossible to ascertain the
level of investment in these activities, but the global eco-
logical consultancy market has an estimated value of
between US$1.6 billion and US$4.8 billion (Hill and
Arnold 2012). Although translocations may represent
only a small proportion of consultancy services, the
amount spent on mitigation-driven translocations easily
dwarfs that allocated to conservation-focused transloca-
tion programs carried out by government and nonprofit
groups. In Australia, an estimated AU$14.14 million
(US$11.85 million) has been spent on mitigation-based
translocations for a single species of frog (green and
golden bell frog Litoria aurea) over the past 15 years, as
compared with an estimated AU$3.29 million (US$2.76
million) devoted to conservation-based translocations for
all other amphibian species combined during the same
time period. In the UK, the cost of mitigating develop-
ment-related impacts on great crested newts (Triturus
cristatus) approaches £100 000–£200 000 (US$157 000–

US$314 000) per project, an order of magni-
tude higher than the expenditure on other con-
servation actions for the same species (Lewis
2012). In the US, one solar energy project
expected to spend US$22 million on activities
related to the translocation of Mojave desert
tortoises (Gopherus agassizii) from the develop-
ment site (Desmond 2012); fortunately, a mon-
itoring plan was included in this project’s
approval process. In Brazil, purportedly vast
monetary sums are dedicated to relocating
animals from the sites of large hydroelectric
projects; such actions are legally required but
essentially undocumented (Teixeira et al. 2007).

The numbers of animals moved from project
sites can be astounding. In one particular case,
almost 24 000 reptiles (290 adders [Vipera
berus], 400 grass snakes [Natrix natrix], 17 000
common lizards [Zootoca vivipara], and 6000

slow worms [Anguis fragilis]) as well as 300 water voles
(Arvicola amphibius) and over 350 great crested newts (T
cristatus) were relocated for a port development project in
the UK (Leggett 2011; Williams 2011). In Australia,
almost 20 000 tadpoles and more than 350 post-metamor-
phic green and golden bell frogs were translocated to five
locations as part of a single mitigation-based translocation
program (McFadden et al. 2008); there are many other
examples at similar or greater scales taking place. Since
1989, more than 70 000 individual gopher tortoises
(Gopherus polyphemus), which are the focus of hundreds
of mitigation-driven projects in the southeastern US,
have been permitted for translocation in the state of
Florida alone (Florida Fish and Wildlife Conservation
Commission, unpublished data). The Florida Fish and
Wildlife Conservation Commission, one of the few gov-
ernment agencies worldwide that is tracking wildlife
translocations, has seen a marked increase in transloca-
tion permits issued for gopher tortoises during the past 5
years (Figure 1). 

Figure 1. Gopher tortoise (Gopherus polyphemus) translocation permits
issued in the US state of Florida (1989–2011). Data from Florida Fish and
Wildlife Conservation Commission, courtesy of S Power and J Berish.

Panel 1. What is a mitigation-driven translocation? 

We use the term “mitigation-driven” to characterize translocations that are implemented in response to legislation or governmental
regulation, with the intent of reducing a development project’s effects on animals or plants inhabiting the site. These translocations are
therefore, by nature, reactions to immediate anthropogenic threats to species under governmental protection, such as those listed
under the US Endangered Species Act. The regulatory intent is clearly to mitigate the population-level effects of the loss of individu-
als of the protected species and their habitat. However, we argue that the language and enforcement of these regulations often do not
address this intended outcome effectively. The word mitigation is often used to describe an attempt to offset or balance out the
unavoidable negative effects of a project by performing positive actions elsewhere; yet that is only one aspect of mitigation.
Internationally, the Business and Biodiversity Offsets Programme recognizes a “mitigation hierarchy” that includes avoidance, mini-
mization, rehabilitation/restoration, and offset (http://bbop.forest-trends.org/pages/mitigation_hierarchy). This hierarchy is mirrored in
similar terms in environmental assessment mitigation and offset policies around the world. Regulation in the US defines mitigation as
being inclusive of minimizing project impacts (US Code of Federal Regulations, Title 40, Chapter V, Part 1508, Section 1508.20,
“Mitigation”). Under these regulations, translocations primarily serve as minimization (presumed reductions in the number of deaths
that will occur as a direct result of the project). Without additional regulatory requirements to monitor the fate of translocated indi-
viduals, to design studies that improve translocation strategies for future attempts, and to ensure that relocated individuals contribute
to the establishment of viable populations at the receiving site, the regulatory intent of mitigating population-level detrimental effects
is little more than wishful thinking. 
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� Global lack of documentation

The outcomes of mitigation-driven translo-
cations are often poorly documented.
Despite the large numbers of animals
translocated from the pathway of develop-
ment, little attention is paid to whether the
numbers removed represent a substantial
proportion of the animals actually present
at the site, or whether the translocated indi-
viduals survive to establish or augment a
viable population at the release site. These
issues can be particularly problematic for
species that are hard to detect. In the UK,
for example, one study involving a cryptic
species of lizard (the slow worm A fragilis)
showed that the removal of more than 100
individuals did not substantially deplete the
population (Platenberg and Griffiths 1999).
Claims that considerable numbers of ani-
mals can be removed from sites over the
course of a few days or weeks seem unten-
able in many cases, and may reflect issues
with detectability rather than actual
numerical declines.

A wider understanding of mitigation-driven transloca-
tions is currently hindered by limited access to data. Even
in wealthy nations such as Australia, the UK, and the US,
record-keeping for mitigation-driven translocations is
almost always inadequate, inaccessible, or nearly non-
existent. In Australia, state-based governance of develop-
ment proposals discourages the creation of a national reg-
istry of approved developments and their conditions of
consent (to development). State-based registries keep
records of only the largest approved developments, and
there is no example in Australia of a systematic registry
that records the details of translocations that occur in a
mitigation context. In the UK, the quantity and accessi-
bility of records depends on the protection afforded to the
species. For highly protected species, there is a legal
requirement to submit a report to the relevant govern-
ment agency. However, enforcement of this requirement
has been limited; one-half of the case studies on file lack
any type of report (Edgar et al. 2005; Lewis 2012). When
reports are submitted, less than 10% contain informative
population monitoring data (Lewis 2012). Although the
US Fish and Wildlife Service (USFWS) issues permits for
mitigation-based translocations of species protected under
the US Endangered Species Act, there is no comprehen-
sive system to track results. Furthermore, very few US
state-based agencies monitor this issue, and in the rare
cases when such translocations are tracked, it is often for
only one or two key species (eg the Florida Fish and
Wildlife Conservation Commission monitoring of gopher
tortoise translocations).

Determining the effectiveness of mitigation-based
translocations is often complicated by the absence of gov-

ernmental tracking and monitoring. Moreover, the fail-
ure of developed nations to implement best practices for
documenting translocations means that there are no
model systems to emulate. The United Arab Emirates, for
example, is currently experiencing extremely rapid devel-
opment and is requiring translocations of flora and fauna
for mitigation (Gardner and Howarth 2009), but the
country’s natural resource managers lack templates to fol-
low. The utility of good record-keeping systems lies not
only in documenting whether translocations are working
properly, but also in evaluating the conditions and
methodologies under which success is optimized. For
instance, detailed record-keeping on black rhinoceros
(Diceros bicornis; Figure 2) translocations by the South
African governmental agencies administering a conserva-
tion-driven translocation program enabled a large, retro-
spective meta-analysis that identified key ecological and
management factors predicting success (Linklater et al.
2011, 2012). 

� Poor implementation

The success rate of scientifically responsible transloca-
tions, outside the mitigation context, is approximately
26–46% (Griffith et al. 1989; Linnell et al. 1997;
Germano and Bishop 2009), depending on the definition
of success and the taxonomic group involved. Data for
mitigation-based translocations may not exist or are diffi-
cult to obtain, either because post-release monitoring was
not required or because the data are “buried” in largely
inaccessible reports to regulatory agencies (but see
Platenberg and Griffiths 1999; Esque et al. 2010). Yet in
some cases conservation practitioners have been able to

Figure 2. Black rhinoceros (Diceros bicornis) populations have benefited
greatly from metapopulation management through translocation. Excellent
record-keeping by government biologists and private partners has enabled the
resulting data to be analyzed and applied for management.
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access such data, thereby providing insights into possible
success rates for this underreported class of translocations. 

On the west coast of New Zealand, thousands of endan-
gered carnivorous land snails were translocated at a cost of
over NZ$2 million (US$1.56 million) in order to make
way for an opencast coal mine (TerraNature 2006). While
monitoring occurred during the first 18 months, the death
rate of tracked snails was 30%; population models sug-
gested that such high mortality rates would cause popula-
tion collapses for this long-lived and slow-to-breed species
(Morris 2010). In California, populations of several species
of kangaroo rats (Dipodomys spp), involving thousands of
individuals, have been relocated through mitigation-dri-
ven translocations, but until recently, most of these efforts
were unsuccessful, with no individuals surviving after 1 year
post-release (Shier and Swaisgood 2012). By contrast,
a scientifically based translocation program, sensitive to
the ecological and behavioral requirements of the species,
has yielded high survival and reproductive rates and the
establishment of five new populations (Shier and
Swaisgood 2012). This study raised an issue that was not
immediately evident to wildlife managers: namely that
translocating members of solitary, aggressive species along-
side familiar neighbors affects establishment and post-
release fitness. Without clear empirical evidence from
carefully designed experiments, this knowledge would not
have found its way into management strategies for the
species. Other examples of poor translocation outcomes

abound, albeit without scientific conservation-driven
counterparts for comparison (Panel 2).

A parallel approach to mitigation-driven translocations
may be found in the welfare-motivated relocations of nui-
sance wildlife, which also benefit little from the latest sci-
entific innovations in conservation-driven transloca-
tions. Although rarely documented, what studies are
available typically exhibit poor success rates (Massei et al.
2010), with mortality rates as high as 97% for gray squir-
rels (Sciurus carolinensis; Adams et al. 2004). By contrast,
Frair et al. (2007) took an experimental approach to
translocating North American elk (Cervus elaphus) from
areas with high levels of human–animal conflict and
releasing them into areas where the elk would have con-
servation value, thereby avoiding the need for lethal con-
trol. In a carefully designed experiment conducted in
partnership with regional governmental agencies in
Canada, these authors demonstrated empirically that,
somewhat unexpectedly, releasing elk into high-quality
foraging areas was associated with lower survival due to
increased predation. This study again underscores the
important role of experimentation in translocation biol-
ogy. Mitigation-driven translocations represent an excel-
lent opportunity to test hypotheses and, over time, devise
optimal protocols based on clear empirical evidence.
Unfortunately, this opportunity for improving knowledge
is rarely taken. 

The flaws in mitigation-driven translocations cannot

Panel 2. Case studies of mitigation-driven translocations 

Mitigation-driven translocations are affecting a wide range of taxonomic groups worldwide (Figure 3).  Although most cases lack ade-
quate monitoring and reporting, the large and growing number of development projects should require scientists, managers, and pol-
icy makers to assess the use of this tool and its impacts on the wildlife it is meant to protect.

(a) Burrowing owls (Athene cunicularia) are routinely subjected to “passive relocation” in North America, where the birds are
evicted from their burrows as a form of mitigation to remove them from harm’s way before the land clearing begins. Although con-
sultants are often paid lucrative fees to perform the relocation, post-release monitoring is rarely considered. It is therefore not
known whether eviction ultimately leads to the same fate as being killed on site, or what effects the relocated owls might have on the
social dynamics of individuals already residing at the site where they settle. 

(b) In the UK, the great crested newt (Triturus cristatus) is frequently found at development sites, resulting in the licensing of hun-
dreds of mitigation projects each year.  Although millions of pounds sterling are spent on great crested newt mitigation in the UK, it
is unclear whether the actions undertaken have been effective (Lewis 2012). 

(c) Due to coal mining on public lands on New Zealand’s west coast, over 6500 individuals of two species of large endemic and
endangered land snails (Powelliphanta spp) have been translocated over the past 10 years (Morris 2010). Several of the translocated
populations have already failed. More than 800 of these snails died while temporarily taken into captivity (TerraNature 2006). 

(d) In the US, several mitigation-driven translocations of the endangered Stephens’ kangaroo rat (Dipodomys stephensi) resulted in
100% mortality, while a science-based translocation program developed by testing behavioral and ecological hypotheses succeeded in
establishing several reproducing populations (Shier and Swaisgood 2012)

Figure 3. Examples of species affected by mitigation translocations: (a) burrowing owl (Athene cunicularia); (b) great crested newt
(Triturus cristatus); (c) land snails (Powelliphanta); (d) Stephens’ kangaroo rat (Dipodomys stephensi).

(a) (b) (c) (d)
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be assigned solely to poor scientific preparation, as
these initiatives are subject to constraints that are
absent in conservation-driven translocations. For
instance, the timing of the required actions is often dri-
ven by the developer’s schedule, rather than by a sound
ecological assessment of the length of time necessary to
remove a population and re-establish it elsewhere. This
is particularly problematic for habitat-limited but wide-
spread species, where lack of suitable unoccupied sites
within the species’ range led to releases into occupied
habitat with unknown consequences for the resident
and receiving populations.

� A misguided conservation strategy

While government agencies largely fail to document miti-
gation-driven translocations, the scientific community has
likewise failed to raise this as a concern. Indeed, such activ-
ities are essentially ignored by the scientific community
(though see Richard-Hansen et al. 2000; Edgar et al. 2005;
Kyek et al. 2007; Esque et al. 2010; IUCN/SSC 2013). In a
textbook on reintroduction biology, Seddon et al. (2012)
outlined reasons for translocations; although several types
of wildlife translocations – including conservation-driven
efforts – were described in detail, there was little mention of
mitigation-driven translocations. Meanwhile, the relative
success of scientific conservation-driven translocations is
being used to justify the use of mitigation-driven transloca-
tions globally.

Mitigation translocations often represent a misguided
conservation strategy. In 1983, scientists warned that
while translocating red-cockaded woodpeckers (Picoides
borealis) from development sites in the southeastern US
might be possible, it should not be considered as a simple
or appropriate mitigation strategy (Jackson et al. 1983).
Three decades later, the same concerns and considerations
are still relevant, but are ignored by the majority of the
conservation community and the involved regulatory
agencies. Mitigation-driven translocations are, by our def-
inition, supply driven, meaning that they are initiated in
response to a supply of animals that must be removed from
harm’s way. Conservation translocations are demand dri-
ven, being implemented to establish viable populations in
suitable unoccupied or under-occupied habitat with the
aim of conserving the species. By contrast, the majority of
mitigation-driven translocations serve no conservation
purpose, despite regulatory intent. The current “tit-for-
tat” approach – requiring direct alleviation of impacts
specifically linked to the animals and plants at the
affected site – virtually ensures a piecemeal, ad hoc
approach to species conservation. Other goals for species
recovery may then go unaddressed and unfunded, and the
project may be unjustifiable as a conservation tool even if
the translocated individuals survive. Indeed, transloca-
tions may do more harm than good if release sites are not
carefully chosen. If animals are released into areas already
near their ecological carrying capacity, then the survival

of released animals may come at the cost of higher mortal-
ity among members of the resident population, potentially
exacerbated by social disruption or disease transmission
(Aiello et al. 2014). If survival and establishment are low,
as we suspect is the case for many species, then transloca-
tion will have negligible conservation value, despite a
suitable release site having been selected.

We contend that there is a large gap between the regu-
latory intent of mitigation-driven translocations and
their implementation: moving individual animals away
from a development site without addressing the bigger
conservation picture. Part of the problem is conceptual:
how does one define and assign metrics to “success” in
such projects (Miller et al. 2014)? Establishment of a
viable population from the relocated founders is not usu-
ally the primary goal of mitigation-driven releases,
although it is the implied regulatory or legislative intent
(Panel 1). However, there have been many failures to
meet even the less lofty aim of ensuring survival of ani-
mals in the short term. Regrettably, most current regula-
tory regimes aim to protect individuals but fail to con-
serve populations, and therefore do neither. 

Endangered species conservation has long been under-
funded; only US$176 million was allocated to endangered
species in the USFWS’s 2012 budget (Corn 2012). More
conservation dollars are not likely to be forthcoming, and
it is imperative to use what little there is more wisely.
Mitigation-driven translocations, funded by developers
rather than taxpayers, should conform to best-practice
standards for conservation science. It should be the
responsibility of the developers, their consultants, and the
regulatory agencies to demonstrate the effectiveness of
translocation as a tool to achieve conservation outcomes
that are consistent with the regulatory intent. This
process should be transparent, with clear goals for each
translocation and data made freely available for public
scrutiny. If current regulations and practices do not uphold
these standards, they should be revised. When transloca-
tion as a tool is ill-suited to offsetting the impacts of a
planned development on a protected species, then the
regulatory framework should be flexible enough to allow
other, more strategic approaches, regardless of whether
they entail the loss of some individuals. Under these cir-
cumstances, better use of development mitigation dollars
can be realized if applied to achieve range-wide strategic
conservation priorities for the affected species.
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The Effects of Homing and Movement
Behaviors on Translocation: Desert Tortoises
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ABSTRACT Translocation of threatened or vulnerable species is a tool increasingly used for conservation
and management. However, in some species, homing and movement behaviors may undermine the success of
translocation efforts. For the federally protected Agassiz’s desert tortoise (Gopherus agassizii), translocation is
a strategy used to manage declining populations, yet homing behavior in this species is poorly understood. To
explore homing behavior and movement patterns after translocation, we radio tracked 80 tortoises during a
2-phase experimental translocation. Phase 1 included 40 tortoises that were translocated, then monitored for
a period of 37 days (21 Sep–28 Oct 2009), and phase 2 included a different group of 40 tortoises that were
translocated and then monitored for 186 days (13 Apr–20 Oct 2010). In both phases, we assigned tortoises
randomly to 1 of 3 treatment groups: translocated (displaced 2, 5, or 8 km from their source location),
handling control, or control. After translocation, 20% of the translocated tortoises were able to navigate to
their source location, and translocation distance had an effect on their ability to navigate home. We found
44% of tortoises in the 2-km translocated group returned home; 1 tortoise in the 5-km group, and no tortoises
in the 8-km translocated group returned. The time required to reach home ranged from 5 to 37 days for the
2-km group, and 34 days for the 5-km group. We deemed tortoises to have homed successfully if they
returned to their source location within 37 days of translocation as this reflected the duration of phase 1 and
allowed for a balanced comparison between the 2 phases. We found that translocated tortoises moved at least
1.5 times more overall than the control groups, with some individuals moving>10 km from the translocation
site. These patterns persisted even after accounting for seasonal and sex differences in distance traveled. By
identifying homing behaviors and quantifying post-translocation movement patterns, this experiment
addressed a key data gap in tortoise behavior that may limit the efficacy of tortoise translocation efforts. Our
results point to the need to account for behavioral responses of tortoises to minimize risk to translocated
individuals and maximize the success of translocation projects. � 2014 The Wildlife Society.

KEY WORDS desert tortoise, Fort Irwin, Gopherus agassizii, homing, Mojave Desert, National Training Center,
reintroduction, translocation.

Wildlife and resource managers are frequently tasked with
maintaining or promoting population growth in species of
conservation concern based on best available information. In
some cases, success of a proposed management action may be
limited by current knowledge of the behavioral character-
istics and ecology of an organism. As a result, incorporating
and accounting for behavioral responses to management
strategies have been suggested as a key component to
improving the success of management and conservation
actions (Buchholz 2007, Caro 2007). Understanding

behavioral responses such as movement patterns, changes
in habitat use, or altered thermoregulatory behaviors, to
specific management actions has served to improve and refine
management strategies and protocols (Martins et al. 2012,
Nussear et al. 2012, Abele et al. 2013, Heer et al. 2013).
Reintroductions and translocations, the human-mitigated

movement of organisms from one area to release in another
(International Union for Conservation of Nature 2013), are
conservation management tools that provide a unique
opportunity to explore these behavioral responses. Although
accounting for behavior has been recognized as an important
element to successful wildlife management, many reintro-
duction and translocation projects have occurred without
understanding or consideration for behavioral responses,
potentially limiting the success of translocation efforts (Letty
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et al. 2007, Sheean et al. 2012), where success may be
measured by survivorship (Troy et al. 2013), breeding success
(King et al. 2013), integration into an existing population
(Scillitani et al. 2012), or restoration of key ecological
functions (Griffiths et al. 2010). For example, a study of
northern water snakes (Nerodia sipedon sipedon) found
thermoregulatory behaviors were impaired in translocated
individuals, leading to management recommendations that
included matching pre- and post-translocation habitat
conditions, releasing individuals into enclosures, and
enriching environmental conditions for captive snakes prior
to translocation (Roe et al. 2010).
Translocation, which is used to establish, re-establish,

augment, or mitigate populations in decline, has yielded
varied results across a broad range of taxa. Translocations
have been used with fishes (Sheller et al. 2006, Vincenzi et al.
2012), birds (Reynolds et al. 2012, White et al. 2012),
mammals (Van Houtan et al. 2009, Scillitani et al. 2012,
Shier and Swaisgood 2012), and herpetofauna (Nelson et al.
2002, Nussear et al. 2012). For reptiles and amphibians,
translocations have had limited success for some species, with
survival rates of translocated animals ranging from 14% to
42% (Griffith et al. 1989, Dodd and Seigel 1991, Fischer and
Lindenmayer 2000, Germano and Bishop 2009). For
example, a translocation study of Gila monsters (Heloderma
suspectum) found individuals translocated less than 1 km
returned to their point of capture, and those translocated
greater than 1 km demonstrated high rates of movement
with increased risk of predation, thermoregulatory costs, and
mortality (Sullivan et al. 2004). Similarly, studies of timber
rattlesnakes (Crotalus horridus; Reinert and Rupert 1999) and
eastern box turtles (Terrapene carolina; Hester et al. 2008)
both found decreased survival and increased movement post-
translocation relative to individuals in the resident popula-
tion.
A recent review of 91 herpetofauna translocations

reported the leading causes of translocation failure (defined
as failure to establish a self-sustaining population) were
homing behavior, the ability to return to the place of origin,
and large movements away from translocation sites
(Germano and Bishop 2009). Although the mechanisms
underlying these responses are poorly understood, there are
a number of putative proximate factors, including stress,
disease, displacement by conspecifics, avoidance of pred-
ators, habitat preference, or homing (Bertolero et al. 2007,
Field et al. 2007, Teixeira et al. 2007). Ultimately these
increased movements may lead to an increase in mortality
(Sullivan et al. 2004, Field et al. 2007, Berry et al. 2009),
increased predation risk (Bertolero et al. 2007, Esque
et al. 2010), or increased exposure to disease (Wendland
et al. 2010). Furthermore, post-translocation movement
responses overlay existing patterns that often vary by sex
(Tuberville et al. 2005, Harless et al. 2009, Nussear et al.
2012), season (Zimmerman et al. 1994, Eubanks et al.
2003), or weather and climate conditions (Duda et al. 1999,
Zylstra et al. 2013). Although the success rates of
herpetofaunal translocations have improved in recent years,
a general lack of knowledge concerning the factors

responsible for unsuccessful translocations still remains
(Germano and Bishop 2009).
Increasing land use pressure is one of the primary drivers of

translocations of desert species, including the desert tortoise
(Gopherus agassizii). Ranging across the southwest United
States and northwest Mexico, the desert tortoise is a species
in decline despite conservation efforts (U.S. Government
Accountability Office 2002, USFWS 2011). The Sonoran
population (G. morafkai) was recently separated from the
federally protected Mojave population, found northwest of
the Colorado River (Murphy et al. 2011). Listed as
threatened in 1990 (USFWS 1990), habitat loss (Doak
et al. 1994, Heaton et al. 2008, Darst et al. 2013), disease
(Brown et al. 1994, Homer et al. 1998), and predation
(Bjurlin and Bissonette 2004, Boarman et al. 2006, Berry
et al. 2013), have worked synergistically to erode existing
populations across the entire range of both species. The
revised recovery plan for the Mojave population of the desert
tortoise acknowledges a large number of threats to this
species, and in an effort to help recover and manage tortoise
populations, translocation has been identified as a key
management strategy in response to habitat loss and changes
in land-use (USFWS 2011).
Recent land-use changes in the Mojave Desert have

included renewable energy developments proposed at an
unprecedented rate (Lovich and Ennen 2011), with United
States Bureau of Land Management (BLM) processing
approximately 70 solar development applications covering
over 2,200 km2 of public lands in California, Nevada, and
Arizona, as of March 2014 (BLM 2014). Another land use
pressure comes from expansion of military training grounds.
The Marine Corps Air Ground Combat Center near
Twentynine Palms, California, has approved an expansion of
over 600 km2 and is anticipated to affect over 600 adult
tortoises (Department of the Navy 2013). A 2008 land
expansion of the National Training Center, Fort Irwin
(NTC; Public Law 107–314 2002) near Barstow, California,
annexed 545 km2 of adjacent lands, supporting an estimated
2,000 desert tortoises (Heaton et al. 2008). In an effort to
protect this population, more than 500 tortoises were
translocated from the NTCs southern expansion area to
nearby translocation sites in April 2008.
Using the NTC as a case study, we developed an experi-

mental approach to understand the prevalence of homing and
movement behavior on desert tortoise translocation and to
explore whether desert tortoises exhibit homing behavior or
other behavioral responses to translocation. Desert tortoises
have demonstrated a high degree of site fidelity (O’Connor
et al. 1994, Harless et al. 2009) and are hypothesized to have
homing abilities (Berry 1974, Field et al. 2007), suggesting
some degree of spatial awareness, but neither the mechanism
nor the extent of these behaviors have been studied. Our
study explores the variables that may influence homing
behavior and the impact that homing and related behaviors
may have on tortoise survival post-translocation. This
translocation experiment highlights the factors that might
limit translocation success in this and other reptile species of
conservation concern.
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STUDY AREA

We conducted this study on approximately 90 km2 of the
western expansion area on the NTC, a 2,500-km2 army
training facility (Fig. 1). This expansion area is bounded to
the north and east by active training areas of the NTC and
the Naval Air Weapons Station, China Lake, and to the
south and west by land primarily managed by the BLM. The
study site was historically used by both the military
(California-Arizona Maneuver Area, established in 1944)
and the public until 2001 when the land was transferred to
the NTC. The area is representative of natural Mojave
creosote scrub desert habitat with minimal development and
anthropogenic disturbance.

METHODS

Homing and Movement
To locate and mark tortoises on the landscape, we conducted
extensive tortoise surveys at 10-m spacing on the western
expansion area commencing in April 2008. As part of the
survey, tortoises were weighed, measured for midline
carapace length (MCL), fitted with a radio transmitter
(Holohil Systems Limited, Carp, Ontario, Canada; Boar-
man et al. 1998), and given a preliminary health assessment.
A separate research team further assessed the tortoises
through a comprehensive field examination for clinical signs
of health and diseases (Berry and Christopher 2001). Blood
samples were submitted to the University of Florida for
enzyme-linked immunosorbent assay (ELISA) testing to
identify the infectious pathogens Mycoplasma agassizii and

M. testudineum (K. Berry, United States Geological Survey,
personal communication; Wendland et al. 2007, Jacobson
and Berry 2012). We used a subset of 80 tortoises (40 males
and 40 females) from this initial survey over 2 experimental
phases under United States Fish and Wildlife Service
research permit TE 218901. Phase 1 was conducted for
37 days, from 21 September to 28 October 2009, and phase 2
was conducted for 186 days, from 13 April to 20
October 2010; both phases included 40 tortoises each, and
we translocated tortoises only once. Phase 1 was limited to
37 days because the study was designed to return tortoises to
their capture location prior to winter brumation, which
usually occurs by the end of October (Nussear et al. 2007).
Selected tortoises were adults, (MCL >209mm), and tested
negative for exposure to M. agassizii and M. testudineum,
with 4 exceptions that were of unknown disease status (K.
Berry, personal communication).We randomly placed the 80
individuals into 3 treatment groups (translocated, handling
control, and control) in the following male/female ratios:
phase 1: translocated (12/11), handling control (4/5), control
(5/3); and phase 2: translocated (12/12), handling control (4/
4), control (4/4).
The tortoises in the translocated treatment were located

using radio telemetry, weighed, measured, given a rapid
assessment for recent trauma or signs of disease, soaked in
water for 20minutes to hydrate them, placed in a secure box
in a vehicle, and transported to their release site 2 km, 5 km,
or 8 km away from their capture location upon initiation of
the experiment. Upon release, we placed tortoises in the
shade of a creosote shrub and observed them from a distance

Figure 1. Map of theWestern Expansion Area on the National Training Center, Fort Irwin near Barstow, California, USA.We radio-tracked 47 translocated
and 33 control desert tortoises over 2 phases, 21 September–28October 2009, and 13 April–20 October 2010. Tortoise initial capture locations for translocated
(black circles for phase 1, grey circles for phase 2) and control (black triangles for phase 1 and grey triangles for phase 2) animals are indicated on the map.
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of approximately 10m, for 20minutes.We chose release sites
randomly within areas of suitable habitat, and both the
capture and release areas were in creosote scrub habitat. We
did not place tortoises within 50m of previously known
tortoises or active tortoise burrows. We chose this range of
experimental distances based on the topography of the study
area which was constrained by mountains, dry lake beds,
fence line boundaries, and paved roadways. These transloca-
tion distances included sites that were in or near their home
range (2 km), and sites outside of the tortoises’ home ranges
(8 km). In this region, desert tortoise home ranges average
16 ha for females and 44 ha for males (Harless et al. 2009).
To ensure translocated tortoises were likely to be moved out
of their core activity areas, we calculated the maximum linear
distance (in meters) across a minimum convex polygon
(MCP) activity range of 54 resident tortoises that had been
monitored for 13–29 months immediately prior to the
commencement of our experiment by a separate research
group. This maximum linear distance ranged 309.2–
2,368.7m for females, and 400.5–1,724.9 for males. We
calculated MCP and distances using Hawth’s tools (Beyer
2004) in ArcGIS 9.3 (ESRI, Redlands, CA; Appendix A).
The handling group served to control for the effect of

handling the tortoises during translocation and had 2
treatments: 8 tortoises were handled by researchers at their
burrow for less than 1 hour (weighed, measured, and given a
health assessment), and 9 tortoises were handled for up to
3 hours (weighed, measured, given a health assessment,
soaked in water for 20minutes, placed in a vehicle and
transported), then returned to their initial capture site. These
handling times reflected our estimated minimum and
maximum times for processing a tortoise during this
experiment. Control group tortoises had a radio transmitter
attached at least 6 months prior to the commencement of the
experiment and otherwise, were not handled at all. We
eventually combined handling control and control groups for
all analyses (see Results).
We radiotracked tortoises in all treatment groups 2–7 times

per week, using hand-held radio receivers (R-1000
Communication Specialist Inc., Orange, CA) and a Yagi-
Uda directional hand-held antenna (AFAntronics, Cham-
paign, IL). We had no interruptions in our tracking efforts
due to equipment failure. At each tracking event, we
recorded geographic location (Universal Transverse Merca-
tor, UTM) with Garmin GPSMap76Cx and Garmin
GPSMap76CSx units (Garmin Inc., Olathe, KS), which
were calibrated daily and had an estimated error of 3–6m.
We used ambient temperature data collected from the
weather station at the Barstow-Daggett airport, located
approximately 45 km from our study site (Weather Under-
ground 2011). We categorized the temperatures into 3
blocks: block 1� 208C, 208C< block 2< 328C, and block
3� 328C where reduced tortoise activity levels roughly
corresponded with lower temperatures in block 1 and higher
temperatures in block 3. Upon conclusion of the 2
experimental phases (28 Oct 2009 and 20 Oct 2010), we
returned all translocated tortoises to their capture location,
and monitored them for a week to ensure their well-being.

All tortoises were in good condition upon conclusion of our
experiment, and these animals continued to be monitored
monthly at a minimum by a separate research group.

Statistical Analysis
We evaluated movement behavior using 4 metrics: 1) the
ability of tortoises to find their way home, where home was
any location within 500m of their original capture location;
2) directionality, assessing if the animal traveled in the
direction of their capture location and how direct their path
was; 3) the total distance traveled, calculated as the sum of
the straight line distances between radio tracking point
locations over time; and 4) net displacement, calculated as
the straight-line distance between the tortoises’ initial release
point and the capture location on day 37 for both
experimental periods. To allow for balanced comparisons,
we conducted analyses for homing ability, directionality,
total distance traveled, and net displacement between the
first 37 days of both experimental phases (21 Sept–28 Oct
2009 and 13 April–20May 2010) using SYSTAT (SYSTAT
Software Inc. San Jose, CA). We conducted an additional
analysis of total distance traveled on the full phase 2 data set
to capture movement patterns across different temperatures,
and over time.
To assess ability to home, we used Pearson’s chi-square and

Cochrane’s test of linear trend for ordered data to determine
if translocated distance affected the number of tortoises that
returned to their original location. We explored directional-
ity using 2 metrics of circular statistics: angular dispersion (r),
a measure of how direct the movement path was, and average
directionality (u), the mean angle of travel (Zar 1999). We
standardized the mean angle of travel to 0 for all tortoises so
it was not influenced by the relative position of the release
versus the capture location. Tortoises moving in the opposite
direction of home with no angular concentration would have
u and r values of 180 and 0 respectively, whereas those
exhibiting perfect homing ability would have u and r values
of 0 and 1.0.We used Pearson’s correlation to determine how
average u and rwere related to one another. We used analysis
of covariance (ANCOVA) to analyze average u, where the
factors were experimental phase (1 or 2) and distance (2, 5, or
8 km), and the covariate was average r. We used a 2-sample
t-test to investigate differences in u and r between tortoises
that arrived home and those that did not.
We used general linear models (GLM) to determine

whether there were differences of total distance traveled
(square root transformed) or net displacement (log trans-
formed) within the first 37 days after translocation between
the translocated and control groups for both phases.We used
the independent variables experimental treatment and sex,
and we found no significant interaction between them. To
further analyze the phase 2 data set, we used a generalized
linear mixed model (GLMM) to test total distance traveled
(square root transformed) for differences among treatment,
sex, and temperature blocks using the PROC GLMMIX
command with a variance component structure (SAS
Institute Inc. Cary, NC). Our full model included the fixed
effects of treatment, sex, temperature block, with all
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interactions, and the random effects of tortoise identification
number and week, to account for repeated measures of
individual animals over time. To test differences across
significant fixed effects, we used post-hoc least squares mean
Tukey-Kramer pairwise comparisons. We applied a Pearson
chi-square to further investigate categorical differences in
net-displacement (as being greater or less than 1 km)
between translocated and control groups.We set significance
levels to a< 0.05.

RESULTS

We found no difference in total distance traveled or net
displacement between the 2 handling control regimes (dis-
tance: F1, 15> 1.337 P> 0.266; displacement: F1, 15> 0.541
P> 0.474)orbetweenourhandling control andcontrol groups
(F1, 31> 1.404 P> 0.245); therefore, we combined these 2
treatments for all analyses, and categorized themall as controls.

Homing Movements
We found a statistically significant number of tortoises
navigated home among our 3 distance groups. In total, 9 out of
47 tortoises returned home, 5 in phase 1 (n¼ 23; 2 km: 4/10;
5 km: 1/7; 8 km: 0/6) and4 in phase 2 (n¼ 24; 2 km: 4/8; 5 km:
0/8;8 km:0/8).Eightof thesewere in the2-kmdistancegroup,
and 1 was in the 5-km distance group (phase 1: x2¼ 3.76,
P¼ 0.052; phase 2:x2¼ 7.2,P¼ 0.007). The time required to
reach home ranged from 5–37 days for the 2-km distance, and
34days for the5-kmdistance group.Althoughnot categorized
ashoming in this analysis, inphase2wehad1 female tortoise in
the 8-km distance group navigate to within 670m of her
previously known location, 20 days post-translocation. No
tortoises returned home after day 37, despite phase 2
continuing for 186 days, and we observed no mortality
throughout the duration of both experimental phases.

Directionality and Angular Dispersion in Movement
We found a negative correlation between average direction-
ality (u) and average angular dispersion (r), where low u was
associated with a high r value (r¼ �0.434, P¼ 0.002). We
found u was predicted by distance (F2, 42¼ 8.526,
P¼ 0.001), experimental phase (F1, 42¼ 5.416, P¼ 0.025),
and r (F1, 42¼ 10.970, P¼ 0.002), where translocated
tortoises that arrived home traveled in both the correct
direction of home, and with less angular dispersion (e.g., in
straighter paths). We found translocated tortoises that
homed had a lower u and higher r values than translocated
tortoises that did not (r: t11.708¼� 3.497, P¼ 0.005, u:
t12.675¼ 4.345, P¼ 0.001; Figs. 2, 3).

Total Distance Moved
Wefoundaneffect of both treatment (phase 1:F3, 35¼ 21.946,
P< 0.001; phase 2:F3, 35¼ 3.782,P¼ 0.019) and sex (phase 1:
F1, 35¼ 9.416, P< 0.004; phase 2:F1, 35¼ 11.255, P¼ 0.002)
in both experimental phases where translocated tortoises
moved more than controls, and male tortoises moved more
than female tortoises with no interaction between treatment
and sex. Tukey’s post hoc test showed different means across
treatmentgroups (P< 0.05)where inphase1, the2-km,5-km,
and 8-kmdistance treatments allmovedmore than the control
treatment, and in phase 2, only 5-km and 8-km distance

treatmentsmovedmore than the control group (means of total
distance traveled, phase 1: 2 km¼ 3,192m, 5 km¼ 7,589m,
8 km¼ 5,436m, control¼ 1,361m; phase 2: 2 km¼ 6,920m,
5 km¼ 12,750m, 8 km¼ 11,293m, control¼ 6,994m). Our
analysis of the phase 2 data using a GLMM found an effect of
temperature block, sex, and the 2-way interactions of
temperature block by sex, and temperature block by treatment,
where males moved farther than females regardless of
temperature block (block 1: t64¼ 5.26, P< 0.001; block 2:
t64¼ 6.38, P< 0.001; block 3: t64¼ 3.62, P¼ 0.008), and
translocated tortoises moved more than control tortoises only
at the mid-range ambient temperatures (block 2: t64¼ 6.20,
P< 0.001; Fig. 4).

Net Displacement
We found a difference in net displacement among groups,
with the translocated groups displacing longer distances than
the control groups in both phase 1 (F3, 35¼ 9.242, P< 0.001)
and phase 2 (F3, 35¼ 6.624, P¼ 0.001; Fig. 5). We found no
difference between sexes (P> 0.05) in either phase. We
further analyzed the net displacement data to consider
whether there were categorical differences in net displace-
ment distance between tortoises that moved and the
tortoises that did not move. We found a difference in
both phase 1 (x2

3 ¼ 13.737, P< 0.003) and phase 2
(x2

3 ¼ 21.845, P< 0.001) where the translocated treatment
had proportionally more tortoises that moved greater than
1 km.

DISCUSSION

Translocation has been identified as a key, and often
preferred, management strategy for desert tortoises in
response to habitat loss and changes in land-use (USFWS
2011). However, choosing appropriate translocation sites for
desert tortoises is challenging, and must take into account
population densities, disease status of both recipient and
donor populations, present and future anthropogenic
influences, predator densities, and habitat structure. Assum-
ing that the goal is to keep translocated individuals away
from their home range of origin, our data suggest that
moving tortoises a short distance,<2 km, is unlikely to result
in successful translocation. Relocating tortoises short
distances may have advantages, such as keeping tortoises
in or near their home range or within a similar habitat type,
and increasing the probability of maintaining social and
genetic ties with neighboring tortoises (Berry 1986).
However, based on our results, this strategy may increase
the likelihood of a tortoise returning home and thus
undermine this management strategy unless an effective
barrier fence is in place. Furthermore, homing tortoises are
more likely to encounter fence line boundaries built to
exclude tortoises from their site of origin during some
translocation efforts (D. Hinderle, San Diego State
University, personal observation). Tortoise exclusion fencing
may increase vulnerability to predation, mortality, or thermal
stress, and such physical obstacles have been shown to limit
dispersal, impede gene flow, and/or increase mortality in
other taxa (Aresco 2005a, b; Clark et al. 2010).
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In an effort to minimize successful homing, an alternative
may be to move tortoises more than 2 km from their source
location during translocation efforts. Although longer
distance translocations may reduce the likelihood of
individuals returning to their source location, we found
some evidence that homing may occur with translocation
distances >2 km; 1 tortoise returned home from 5 km away,
and another, who was moved 8 km away, navigated to
within 670m of home. Our results also point to another
cost of long distance translocations; the data suggest that
increased total movement and net displacement may
correspond to increased translocation distance, although
this trend was not statistically significant. In areas where
tortoises are translocated >5 km from their original site,
increased movements and net displacement could dramati-
cally heighten vulnerability to predation, mortality, disease,
and aggressive conspecific interactions (Berry et al. 2009,
Germano and Bishop 2009), and may increase the
likelihood of encountering an anthropogenic landscape,
including fence lines, roads, or developed areas (Sullivan
et al. 2004).
Regardless of the distance moved, we found that all

translocated tortoises moved longer distances and had greater
net displacement than the control group within the first
5 weeks of translocation, and increased movements persisted
over time in more than 80% of the translocated tortoises
(32/38 translocated tortoises, excluding those that navigated
to their capture location). This measureable behavioral
response to translocation may challenge translocation efforts
irrespective of whether a tortoise exhibits homing. Such
increased movements may influence ability to breed
successfully (Tuberville et al. 2011), affect survivorship
(Tuberville et al. 2008) or have physiological consequences
(Moulherat et al. 2014).

Our study also indicates that males and females exhibit
different responses to translocation, consistent with other
translocation research (Field et al. 2007, Nussear et al. 2012).
Although we found the ability to navigate home was the
same for males and females, given the importance of females
to population growth (Doak et al. 1994), female homing may
have a disproportionate impact on the population if this
behavior were to increase mortality in females, although this
was not observed during the short duration of this study. In
terms of total movement, males moved more than females in
all treatment groups, a finding consistent with males having
larger home ranges (O’Connor et al. 1994, Harless et al.
2009). In the phase 2 experimental period, males consistently
moved more than females across all temperature blocks,
but this was most pronounced at temperatures between
20–328C, which was also the temperature range where
translocated tortoises moved more than control animals. Our
data indicates this effect of sex across all temperatures is
primarily driven by the increased movement of males from
August through October, and is consistent with peak
spermatogenesis and mating (Rostal et al. 1994, Lance and
Rostal 2002). Such increased movement may cause males to
disperse into areas of disease or heavy anthropogenic use at a
higher rate than females, and suggests that the success of
translocation efforts may vary seasonally. However, even
with characteristic seasonal variability, translocated animals
moved more than the control groups, indicating transloca-
tion may elicit atypical movement in this species irrespective
of season. There also appeared to be a critical distance
between 2 km and 5 km where tortoises were no longer able
to locate home, and repeating this experiment with a suite of
translocation distances between 1 km and 5 km would help
identify these critical distances and aid to inform future
translocations.

Figure 2. Directionality (u) and angular dispersion (r) of desert tortoises in 3 translocation distance groups occurring at the National Training Center, Fort
Irwin near Barstow, California, USA, in 2009 and 2010. Tortoises able to navigate home had higher r values and lower u values than tortoises not able to
navigate home. Tortoises moving in the opposite direction of home with no angular concentration would have u and r values of 180 and 0, respectively. Tortoises
exhibiting perfect homing ability would have u and r values of 0 and 1.0, respectively. Quadrants generally correspond with different movement patterns, where
tortoises in quadrant (a) traveled in the wrong direction and were not concentrated in their movement bearings; (b) moved in the wrong direction toward a
concentrated bearing; (c) exhibited some directionality; and (d) demonstrated homing, with both directionality and minimal angular dispersion. Solid symbols
indicate tortoises that arrived home (defined as within 500m of their capture location within 37 days of experimental translocation). Open symbols indicate
tortoises that did not return home. Phase 1 occurred from 21 September to 28 October 2009, and phase 2 occurred from 13 April to 20 October 2010.
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As with all in situ experiments, uncontrolled factors may
have influenced our results. In this study, neither behavioral,
nor genetic data were available to account for how existing
social structure may have affected the behavior of trans-
located tortoises. Translocations are known to disrupt social
structures (Bertolero et al. 2007, Haydon et al. 2008) and
translocation distance possibly served as a proxy for social
structure. Individuals translocated greater than 2 km away
may have exhibited increased movement in response to
different and unfamiliar conspecifics rather than the new
environment. Tortoises in this experiment may have been
particularly habituated to human activity and presence, as all
tortoises had been previously handled. Although we did not
detect obvious differences between the control and handling
treatment groups, we cannot discount potential effects of
human activity and presence.We also were unable to account

for or measure the impact of translocation on the resident
tortoises in the translocated sites. As with translocated
individuals, resident tortoises at recipient sites may be
indirectly affected by translocation and experience higher
rates of disease transmission or increased likelihood of
conspecific aggression, both of which may have negative
effects on survival (Haydon et al. 2008, Wendland et al.
2010).
Translocation is becoming a common instrument for

conservation, mitigation, management, and restoration in
many ecosystems and across many taxa (Seddon et al. 2007,
Teixeira et al. 2007, Germano and Bishop 2009). The
synergistic effects of disease (Brown et al. 1994, Christopher
et al. 2003), habitat loss (Boarman and Sazaki 2006),
predation (Esque et al. 2010) and the likely effect of climate
change (Weltzin et al. 2003, Seager et al. 2007, Lovich et al.

Figure 3. Examples of orientation of 2 translocated desert tortoises during an experiment on National Training Center, Fort Irwin, California, USA in 2009; 1
that returned home in 18 days, and another that did not. Both were female tortoises in the 2-km distance group in phase 1 of the experiment. Movement
bearings are indicated on the outside of the circle, and angular dispersion (r) values are indicated by the open concentric rings. Solid circles represent desert
tortoise movement bearings from release site to final location; direction and length of black arrow indicates mean angle of travel and angular dispersion (r),
respectively; and grey arrow indicates homeward direction. The tortoise that returned home had a mean angle of travel of 2668, similar to the homeward
direction of 2708, and minimal angular dispersion (r¼ 0.49). The tortoise that did not return home had a homeward direction of 1808, a mean angle of travel of
78, and angular dispersion of r¼ 0.08.

Figure 4. Mean distance (meters, square root-transformed) traveled by tortoises during a homing experiment in Fort Irwin, California. We experimentally
translocated desert tortoises from their capture location and monitored their movements and ability to travel home. Phase 1 began 21 September 2009 (left
panel) and lasted 37 days (n¼ 35), and phase 2 began 13 April 2010 (right panel) and lasted 186 days (n¼ 36). The average weekly ambient temperature (8C)
shown in the grey profile, was obtained from the weather station at the Barstow-Daggett airport, located approximately 45 km from the study site. Temperatures
blocks 1 and 3 roughly correspond with reduced tortoise activity. Tortoises in the phase 1 and phase 2 experiments were different individuals, and this graph only
includes individuals who did not return home.
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2014) have substantially influenced desert tortoises and the
population continues to decline despite over 2 decades of
federal protection. Translocations are employed to meet a
range of management goals, including population re-
establishment (Macmillan 1995), moderating habitat-use
conflicts (Sullivan et al. 2004), and mitigating pending
threats (Guyot and Clobert 1997, Heaton et al. 2008), as in
the case of the Fort Irwin Expansion project. A better
understanding of the long-term consequences of these, and
other behavioral responses to translocation and the impact
these responses may have on individual survival rates of
translocated individuals is essential to improve the likelihood
of success of this strategy for the desert tortoise and other
reptiles at risk of extirpation.

MANAGEMENT IMPLICATIONS

Curtailing impacts that would require the translocation of
desert tortoises is critical to conserve desert tortoises and
their habitat. If translocation is required, our study indicates
its success may be impeded by homing behavior and large
movements after translocation assuming the goal is for
tortoises to remain within the recipient site. Results from this
experiment provide strong evidence that some desert
tortoises in the NTC region exhibit homing behavior,
and, if translocated, they are more likely to return home
when their recipient site is less than 2 km away from their
original home range. We found all tortoises that were able to
get home, did so within 37 days, and that their trajectories
towards home were generally straighter than those that did
not get home. We also found increased movements persisted
over time and therefore recipient sites should be large enough
to support a translocated population with movement patterns
and net displacement distances which, based on our findings,

may be substantial. We recommend that tortoises should be
monitored more closely during the first weeks or months
post-translocation for homing behaviors and potentially
fence-walking, should their original home range be excluded
by a physical barrier.
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APPENDIX A. Demographic and activity area calculations for desert tortoises on the western expansion area.Tortoise unique identifying number (ID), sex,
midline carapace length (MCL), number of months radio tracked, area (m2), perimeter (m) and maximum linear distance (m) across the minimum convex
polygon (MCP) of 54 desert tortoises on the western expansion area in 2009 and 2010. We calculated the minimum convex polygon from all monthly
locations to establish activity areas of resident tortoises on the western expansion area and completed analysis using Hawth’s tools in ArcGIS 9.3.

Tortoise ID Sex MCL (mm) Months tracked MCP area (m2) Maximum distance (m)

1 Female 210 20 44,526.2 309.2
2 Male 266 24 543,258.7 400.5
3 Male 236 22 16,686.0 432.0
4 Female 232 23 52,734.7 475.1
5 Female 235 22 60,552.9 482.1
6 Female 246 19 64,377.9 490.7
7 Male 226 22 114,202.8 504.4
8 Female 221 21 97,278.6 512.6
9 Male 268 24 69,354.2 524.9
10 Male 223 18 76,582.9 526.4
11 Female 229 25 138,696.1 548.2
12 Female 234 23 81,397.4 564.3
13 Female 215 22 80,116.6 579.4
14 Female 251 23 65,634.1 610.8
15 Male 270 20 151,278.7 617.9
16 Female 252 20 116,554.4 627.5
17 Male 270 16 70,347.0 646.2
18 Female 240 16 142,849.3 654.0
19 Female 242 20 94,510.0 658.1
20 Female 232 22 149,995.0 661.9
21 Male 288 20 221,063.6 668.6
22 Male 285 13 151,959.6 688.3
23 Male 225 15 85,623.5 693.6
24 Male 264 20 149,990.8 694.9
25 Male 242 20 231,530.1 704.7
26 Female 253 22 165,283.9 737.1
27 Male 276 21 77,498.7 743.6
28 Male 260 20 277,941.8 758.0
29 Male 288 21 271,448.3 768.4
30 Male 278 22 40,037.7 775.2
31 Male 260 21 110,918.7 782.1
32 Male 277 21 132,092.2 810.2
33 Female 237 17 114,594.1 834.7
34 Female 227 21 119,056.2 846.9
35 Male 272 20 235,180.6 853.6
36 Male 259 20 171,232.7 861.1
37 Male 260 22 282,741.2 890.7
38 Male 281 20 98,583.9 925.0
39 Male 211 22 278,810.0 969.0
40 Male 276 21 451,632.3 1,032.3
41 Male 254 29 276,322.7 1,040.7
42 Female 244 21 146,881.1 1,053.3
43 Male 271 16 238,365.7 1,066.7
44 Female 213 19 88,202.0 1,083.6
45 Female 226 24 109,268.6 1,188.6
46 Male 258 20 227,815.0 1,240.7
47 Female 242 23 415,687.9 1,278.5
48 Female 239 22 134,395.1 1,449.3
49 Female 219 17 295,719.8 1,515.5
50 Female 254 23 735,967.3 1,542.7
51 Female 219 15 464,834.5 1,611.9
52 Male 276 15 195,589.5 1,648.8
53 Male 267 17 1398,071.4 1,724.9
54 Female 214 17 1583,987.0 2,368.7
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a b s t r a c t

Roads are recognized as important contributors to wildlife population declines and are thought to pose
greatest risk to vagile species with large home ranges and long generation times. We examined variation
in the relative abundance and demographic structure of Agassiz’s desert tortoise (Gopherus agassizii) near
roads that varied in traffic volume. We found that the abundance of tortoise sign (scat, tracks, pallets, bur-
rows, and live and dead individuals) varied with traffic volume and distance from the road depending on
traffic volume. The relative abundance of tortoise sign was greatest along roads with low traffic volume
(<1 vehicle/day) compared to roads with intermediate (30–60 vehicles/day) and high (320–1100 vehi-
cles/day) traffic volumes. Additionally, tortoise sign had lower relative abundances at least 200 m from
roads with the highest traffic volumes. We found that the frequency of live tortoise encounters decreased
with increasing traffic volumes. Tortoise size also correlated significantly with traffic volume, such that
tortoises near the highest traffic volume road were smallest. Finally, along the highest traffic road we
found greater proportions of juvenile tortoises than along either of the other traffic volume roads. Our
results indicate that roads may decrease tortoise populations via several possible mechanisms, including
cumulative mortality from vehicle collisions and reduced population growth rates from the loss of larger
reproductive animals. Here, we provide evidence that a reptile with a slow life history is susceptible to
road presence and that the effect increases with traffic volume.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Roads are ubiquitous and pose a significant threat to biodiver-
sity globally (Benitez-Lopez et al., 2010; Eigenbrod et al., 2008;
Fahrig and Rytwinski, 2009; Jacobs and Houlahan, 2012). They af-
fect wildlife through numerous mechanisms that can include mor-
tality from vehicle collisions, and loss, fragmentation, and
alteration of habitat (Marsh et al., 2008; Trombulak and Frissell,
2000). The types and magnitude of the effects may vary depending
on the behaviors of the species (Andrews et al., 2005). For example,
species that frequently use or cross roads are likely to be affected
directly by increased mortality from vehicle collisions. Alterna-
tively, species that avoid crossing roads may be more susceptible
to indirect mechanisms, such as habitat fragmentation, as a conse-
quence of road avoidance, and alteration of nearby physical condi-
tions. Though roads comprise only 1% of surface area, an estimated

19% of the total land within the United States is ecologically af-
fected by roads due to indirect effects that extend 100–800 m be-
yond the physical footprint of the road (Forman, 2000). The
ecologically affected areas along roads, otherwise known as
‘‘road-effect zones’’, are those in which a change in wildlife abun-
dance, demography, or behavior is observed. Given the extensive
area affected by roads and the numerous mechanisms through
which roads can affect local populations, there is a clear need to
develop predictive measures for the contribution of roads to popu-
lation declines and to develop effective mitigation strategies.

Currently, roads are expected to pose the greatest risk to species
that are highly vagile, have large home ranges, large body mass,
low reproductive rates, and long generation times (Carr and Fahrig,
2001; Gibbs and Shriver, 2002; Karraker and Gibbs, 2011; Rytwin-
ski and Fahrig, 2011, 2012). Road effects may be particularly dam-
aging to species with low reproductive rates and long generation
times because such species have a low intrinsic ability to recover
from population declines (Gibbs and Shriver, 2002; Rytwinski
and Fahrig, 2012). Although the above patterns have been seen
in many mammals (Rytwinski and Fahrig, 2011), there are few

0006-3207/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biocon.2013.04.009

⇑ Corresponding author. Tel.: +1 530 746 8448; fax: +1 530 752 4154.
E-mail addresses: mgnafus@ucdavis.edu (M.G. Nafus), tubervil@uga.edu (T.D.

Tuberville), buhlmann@uga.edu (K.A. Buhlmann), btodd@ucdavis.edu (B.D. Todd).

Biological Conservation 162 (2013) 100–106

Contents lists available at SciVerse ScienceDirect

Biological Conservation

journal homepage: www.elsevier .com/locate /b iocon



studies supporting their application to other vertebrates. In fact,
studies of amphibians have found the opposite pattern, identify-
ing small, early maturing species as those more susceptible to
road mortality (Rytwinski and Fahrig, 2012). Ultimately,
however, species with life history traits tied to low lifetime
reproductive rates do appear to be at the greatest risk for
road-related declines.

Studies on reptiles are too scarce to develop quantitative pre-
dictions of life history traits associated with sensitivity to roads
(Rytwinski and Fahrig, 2012). Behavioral traits in reptiles, such
as road-side basking for thermoregulation (Sullivan, 1981), and
human behavior, such as intentionally crushing reptiles encoun-
tered on roads (Ashley, 2007), may increase risk in reptiles rela-
tive to mammals. Although there are limited studies,
documented effects of roads on reptiles include high mortality,
altered demographic structure near roads, and increased risk of
local extirpation, particularly in long-lived species (Gibbs and
Shriver, 2002; Gibbs and Steen, 2005; Row et al., 2007; Taylor
and Goldingay, 2010). Most turtle species have life history char-
acteristics consistent with the predictions of high risk in mam-
mals: late sexual maturity, low reproductive rates, and long
generation times. If population-level effects apply mostly to spe-
cies with ‘‘slow’’ life histories, turtles and tortoises are expected
to be particularly vulnerable to impacts from roads. Additionally,
demographic studies in turtles indicate that small increases in
annual mortality of as little as 1–3% can result in population de-
clines (Congdon et al., 1993, 1994; Doroff and Keith, 1990;
Heppell, 1998). Simulated movement patterns composed of
short- and longer-distance movements for terrestrial turtles indi-
cate that roads increase annual mortality rates to over 5% (Gibbs
and Shriver, 2002), a rate higher than that estimated to result in
population declines. Given that turtles and tortoises are among
the most threatened taxonomic groups globally (Buhlmann
et al., 2009), quantifying and reducing the effects of roads on
their populations represents an important contribution to biodi-
versity preservation.

Road effects may be especially important in structuring popula-
tions of Agassiz’s desert tortoise (Gopherus agassizii). Agassiz’s des-
ert tortoise is a federally- and state-protected species, native
primarily to the Mojave Desert, USA, and roads have been identi-
fied as a major threat to their persistence (USFWS, 2008). Desert
tortoises have large home ranges (Harless et al., 2009), can require
up to 20 years to reach sexual maturity (Mueller et al., 1998), and
only produce an average of 4.5 eggs per clutch (Turner et al., 1986).
Their slow life histories suggest that desert tortoise populations
should be sensitive to the negative impacts of roads, especially in-
creased mortality. Previous studies indicate that tortoises in the
Mojave and Sonoran Deserts are negatively affected by the pres-
ence of roads and occur at lower densities near heavily traveled
roads (Boarman and Sazaki, 2006; Nicholson, 1979; Von Sec-
kendorff and Marlow, 2002). However, tortoises are also noted to
be attracted to gravel roads, as demonstrated by their increased
presence near these roads (Grandmaison et al., 2010). The different
effects of gravel roads versus highways may be a consequence of
traffic volume. Here, we examine the impact of roads and traffic
volume on desert tortoises with three main objectives. Our first
objective was to determine whether traffic volume correlated with
the abundance of tortoise sign (scat, pallets, burrows, tracks, and
live or dead individuals) along roads. Next, to determine whether
the road-effect zone extends farther from roads as a result of in-
creased traffic volume, we examined roads that varied in vehicle
use. Finally, we examined the demographic structure of tortoises
found near roads of differing traffic volume. Collectively, we sought
to demonstrate the comparative influence of traffic volume on
nearby tortoise populations.

2. Methods

2.1. Relative abundance of tortoises and tortoise sign

We conducted our study in Mojave National Preserve, a
650,000 ha protected area managed by the National Park Service
and located in the eastern Mojave Desert, California, USA
(34�530N, 115�430W). We surveyed four areas of the preserve
known to have tortoises: Ivanpah Valley, Fenner Valley, Clypepper
Valley, and Kelso. We grouped roads into three general categories
depending on the traffic volume: paved with high traffic volume
(HIGH), paved with intermediate traffic volume (MED), and paved
or dirt roads with low traffic volumes (LOWs) (see Table 1 for more
information).

In 2012, we surveyed nine roads across the four locations in the
preserve during 5–29 June. Three roads were assigned to each of
three road categories (HIGH, MED, and LOW) based on traffic vol-
ume data (Table 1). We were limited by the number of suitable
roads available. We measured road-effect zones along each of the
roads by surveying for tortoise sign at various distances from the
road. We selected the survey distances based on previous work
by Boarman and Sazaki (2006) and based on preliminary data we
collected during a pilot study in 2011. The work by Boarman and
Sazaki (2006) in the western Mojave Desert indicated no change
in the abundance of tortoise sign between 800 and 1600 m from
the road but a significant increase in sign between 0 and 400 m.
Thus, we did not include a 1600 m distance and instead increased
the sampling resolution of our study closer to the road. Therefore,
to measure the road-effect zone, we documented tortoise sign at
distances of 0, 50, 100, 200, 400, and 800 m from the road. At each
distance we walked two 1600 m transects parallel to the road, sep-
arated by 20 m. We recorded all tortoise sign (scat, tracks, pallets,
burrows, and live and dead tortoises) visible in a 10 m wide tran-
sect (i.e., 5 m on either side of the observer) and surveyed only
one transect site per road. A 5 m sight distance from the observer
is a standard used during line distance sampling for desert tor-
toises (Boarman and Sazaki, 2006; Zylstra et al., 2010), which max-
imizes detection of the animals and minimizes variation among
habitat types, vegetation, or observers. Distances greater than
5 m from the observer may lead to differential detection among
areas, which we sought to avoid. The total tortoise sign recorded
during the two parallel transects at each survey distance was
summed. We corrected for bias by treating adjacent associated
signs (e.g., a tortoise inside a burrow, tracks behind a tortoise) as
a single encounter, as described by Boarman and Sazaki (2006).

To determine whether road category differentially affected the
relative abundance of tortoise sign between categories and at the
various distances, the total tortoise signs were square root trans-
formed and analyzed using R 2.11.1 (Institute for Statistics and
Mathematics, Wien, Austria) at an a = 0.10 level. We were willing
to accept higher Type I error due to our low sample sizes (n = 3)
and with the understanding that the cost of a false negative has
greater negative implications for species management than the
cost of a false positive. We used analysis of covariance (ANCOVA)
with tortoise sign as the dependent variable and distance from
the road as the independent predictor with road name and road
category included as covariates. Post hoc pairwise comparisons
among means were completed using Tukey’s honestly significant
difference (HSD) test to compare the total relative abundance of
tortoise sign and road category. We used Holm’s least significant
difference (LSD) test to look at the effect of each distance from
the road on relative tortoise sign abundance for each road category.
Because burrows represent areas where tortoises have chosen to
settle, they may be more indicative of suitable habitat than other
types of tortoise sign. Thus, we separated burrows from other
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tortoise signs and repeated the analyses used for total tortoise sign
to test for the effects of road category and distance on the relative
abundance of burrows.

We compared the number of live to dead tortoises encountered
during all road transects among road categories throughout Mojav-
e National Preserve. In order to do so we used a Chi-square test of
independence to test for departures from random between road
category and the number of live and dead tortoises.

From 14–24 October 2011, we measured the distance (m) from
the road to the first burrow located for three roads, one in each
road category (HIGH, MED, and LOW), in Ivanpah Valley. We se-
lected five haphazard points along each of the three roads and
walked perpendicularly away from the road until we located a bur-
row. We analyzed the effect of road category on square root trans-
formed distance to first observed burrow using a one-way analysis
of variance with a = 0.10.

2.2. Habitat

In Ivanpah Valley from 01 April – 20 July 2011, we collected
habitat data on three roads, each of which was categorized into
the HIGH, MED, and LOW road category. We collected habitat data
at distances of 0, 200, 400, 600, 800, 1000, 1200, 1400, and 1600 m
at five randomly selected points along each road. At each sampling
point we measured perennial shrub volume (height and width
[cm]), distance to nearest three shrubs (m), and number of small
mammal burrows (important refugia for juvenile tortoises) under
the nearest three shrubs. We used ANCOVAs to examine the effect
of distance with road category included as a covariate on the
dependent factors perennial shrub volume (cm3), distance to the
nearest three shrubs (m), or the number of small mammal burrows
with a = 0.10. Perennial shrub volume was log transformed prior to
analyses.

2.3. Tortoise demography

To determine whether tortoises varied in size among road cat-
egories, we measured all tortoises that we encountered in Ivanpah
Valley from 01 April – 25 October 2011. Our 2011 Ivanpah Valley
road transects overlapped spatially with areas where we con-
ducted additional field research. Thus, all tortoises encountered
in Ivanpah Valley during road transects and any other ongoing field
work in 2011 were included in demographic comparisons. We lo-
cated tortoises visually and handled them when shaded air tem-
peratures were below 35 �C. For each animal encountered, we
recorded location (UTM, NAD83) using a Global Positioning Unit
(Garmin eTrex Venture HC [±3 m]), mid-line carapace length
(MCL; distance from the nuchal scute to the pygal scute [mm]),
mass (g), and sex when possible based on external secondary sex-
ual characteristics. Desert tortoises begin showing secondary sex-

ual characteristics around 180–190 mm MCL (Turner et al.,
1987). Individuals below 180 mm MCL were recorded as sexually
immature juveniles. We permanently marked each individual by
notching unique combinations of marginal scutes with a triangular
file (Cagle, 1939). We released all tortoises at the point of capture
immediately following handling, which was limited to 30 min. We
also measured MCL and recorded sex for all intact shells of dead
animals that were encountered. We marked each shell with a per-
manent marker to ensure they were not double counted. We fol-
lowed procedures approved by the Institutional Animal Care and
Use Committee through the University of California, Davis (IACUC
# 15997) and the University of Georgia (A2010 04-059-Y3-A0) dur-
ing our handling of all animals. Our study was done in accordance
with permits provided by US Fish and Wildlife Service (Permit #
TE-17838A), California Department of Fish and Game (Permit #
SC-11072), and Mojave National Preserve (Permit # MOJA-2011-
SCI-0023).

We assigned live and dead tortoises encountered during all field
activities in Ivanpah Valley during 2011 to a road category using
the location selection tool in ArcEditor 9.31.1 (ESRI, California,
USA). We assigned individuals within a 500 m buffer of the HIGH
road to HIGH; individuals within a 500 m buffer of the MED road
to MED, excepting those already assigned to HIGH; and individuals
within a 500 m buffer of the LOW road to LOW, excepting any pre-
viously assigned to either HIGH or MED. Individuals that were not
encompassed by HIGH, MED, or LOW buffers were assigned to a
new category of NONE. For tortoises that were encountered multi-
ple times, we used only the first encounter for analysis. After cat-
egory assignment, we tested MCL data for normality and found
the assumptions of normality and homogeneity of variance were
violated. Thus, we used the non-parametric Kruskal–Wallis rank
sum test to examine the relationship between road category and
tortoise MCL. To reduce potential bias from sex- or stage-specific
(e.g. adult or juvenile) mortalities near a given road, we included
sex and stage as covariates, as both can affect MCL. We completed
a post hoc comparison test on the results from the Kruskal–Wallis
rank sum test using the ‘‘pgirmess’’ package in R with a = 0.10.

We summed all tortoise encounters in Ivanpah Valley in 2011
by road category (i.e., HIGH, MED, LOW, or NONE) and used Chi-
square tests to examine the ratio of adult to juvenile tortoises
and male to female tortoises among the various road categories.

3. Results

3.1. Relative abundance of tortoises and tortoise sign

The average abundance of the total tortoise sign recorded for all
six transect distances in 2012 was 253.7 ± 98.2 (mean ± 1 SE, n = 3)
for LOW roads, 195.3 ± 80.8 (n = 3) for MED roads, and 149.0 ± 23.6
(n = 3) for HIGH roads. We found a significant effect of road

Table 1
Roads in Mojave National Preserve along which transects were conducted in 2011 and 2012. Category is road category based on number of vehicles per day. Type refers to
whether the road was paved with asphalt or a dirt road. Lane number refers to the road width (number of lanes) present.

Road name Location Transect coordinates (UTM, NAD83) Category Vehicles per day Type Lane number Posted speed limit (mph)

Goffs Rd. Fenner Valley 0675305, 3864702 HIGH 1089a Paved 2 55
Cima Rd. Kelso 0632705, 3886389 HIGH 346a Paved 2 55
Morning Star Mine Rd. Ivanpah Valley 0643597, 3913717 HIGH 325a Paved 2 55
Essex Rd Clypepper Valley 0646939, 3858103 MED 59a Paved 2 55
Ivanpah Rd. Ivanpah Valley 0650922, 3915068 MED 47a Paved 2 55
Lanfair Rd. Fenner Valley 0675683, 3867932 MED 35a Paved 2 55
None Kelso 0618555, 3861175 LOW <1b Dirt 2 Not posted
None Ivanpah Valley 0645971, 3911505 LOW <1b Paved 1 Not posted
None Fenner Valley 0672552, 3869031 LOW <1b Dirt 1 Not posted

a Data source: <http://www.sbcounty.gov/dpw/trafficadt/>, (accessed 10.03.12).
b Estimated from personal observations during data collection.
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category on relative abundance of tortoise sign (road category ef-
fect: F2,36 = 8.7, p < 0.001) and of distance on the relative abun-
dance of tortoise sign (distance effect: F1,36 = 9.8, p = 0.003;
Fig. 1). We did not find any significant interaction between road
category and distance (interaction effect: F2,36 = 2.3, p = 0.11). Tu-
key’s HSD revealed LOW roads had significantly greater abun-
dances of total tortoise sign than either MED (p = 0.07) or HIGH
(p < 0.001) road categories. Holm’s LSD tests showed no significant
differences between relative abundance of tortoise sign at any of
the distances for the LOW and MED roads. However, relative abun-
dance of tortoise sign along HIGH roads increased significantly at
400 m (p = 0.04) and at 800 m (p = 0.08) compared with 0 m.

In 2012 we encountered a total of 56.0 ± 9.0 burrows on LOW
traffic roads, 36.0 ± 5.5 on MED, and 32.3 ± 7.6 on HIGH roads.
We found a significant effect of road category (road category effect:
F2,36 = 5.1, p = 0.01), distance (distance effect: F1,36 = 23.8,
p < 0.001), and an interaction of distance and road category (inter-
action effect: F2,36 = 2.6, p = 0.09) on the relative abundance of bur-
rows (Fig. 2). Tukey’s HSD revealed LOW roads had significantly
greater abundances of burrows than either MED (p = 0.06) or HIGH
(p = 0.01) road categories. Holm’s LSD tests showed no significant
differences between relative abundance of burrows at any of the
distances for the LOW and MED roads. Relative abundance of bur-
rows along HIGH roads increased significantly at 400 (p = 0.01) and
800 m (p = 0.01) compared with 0 m. Distance to the first burrow
also correlated positively with traffic volume, such that the first
burrow encountered was farthest from HIGH roads and closest to
LOW roads (F2,12 = 6.7, p = 0.01; Fig. 3).

The number of live and dead tortoises encountered among the
different road categories was nonrandomly distributed (v2 = 6.01,
df = 2, n = 69, p = 0.05; Fig. 4). The number of dead tortoises
encountered increased with increasing traffic volume, whereas
the number of live tortoises decreased.

3.2. Habitat

We found no effect of distance from road (F1,122 = 1.2, p = 0.28),
road category (F2,122 = 1.8, p = 0.17), or their interaction
(F2,122 = 0.35, p = 0.70) on perennial shrub volume. Similarly, we
found no effect of distance from road (F2,122 = 0.16, p = 0.69), road
category (F2,122 = 1.1, p = 0.32), or an interaction (F2,122 = 1.6,
p = 0.20) on distance to the nearest three shrubs. Finally, we found
no effect of distance from road (F1,122 = 0.01, p = 0.93), road cate-
gory (F2,122 = 2.1, p = 0.13), or an interaction (F2,122 = 0.13,
p = 0.88) on the number of small mammal burrows.

3.3. Tortoise demography

In 2011, we encountered 94 live tortoises (32 female, 47 male,
15 juvenile) and an additional 38 intact shells of dead animals
(13 female, 13 male, 12 juvenile) in Ivanpah Valley during all field
work. Search times in the different areas were not documented so
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Fig. 2. Abundance of burrows at each distance sampled for the high traffic volume
(HIGH), intermediate traffic volume (MED), and low traffic volume (LOW) road
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we cannot compare abundance of individuals by road category
with this dataset. The mean MCLs for tortoises in each road cate-
gory were 213 ± 7 mm for NONE, 235 ± 9 mm for LOW,
230 ± 10 mm for MED, and 146 ± 21 mm for HIGH. Mean MCL of
tortoises differed significantly among road categories (H = 22.2,
df = 3, n = 132, p < 0.001). Tortoises in the vicinity of HIGH roads
were significantly smaller than tortoises near the LOW, MED, and
NONE road categories, whereas tortoises near the LOW road were
significantly larger than tortoises that were not associated with
any road (Fig. 5).

The distribution of adults to juveniles differed significantly from
random among road categories (v2 = 8.64, df = 3, n = 132, p = 0.05).
The proportion of juvenile tortoises found within 500 m from the
HIGH road was greater than the proportion found near MED,
LOW, or NONE road categories (Fig. 6). Males and females were
encountered with similar frequency among all road categories
(v2 = 0.37, df = 3, n = 105, p > 0.1; Fig. 6).

4. Discussion

The results of our study demonstrate that roads of varying traf-
fic volumes differentially affect the relative abundance of tortoise
sign, the width of the road-effect zone, and the demography of des-
ert tortoises in Mojave National Preserve. The relative abundance
of tortoise sign and burrows were significantly greater along
‘‘low’’ traffic volume roads (<1 vehicle per day) than either ‘‘inter-
mediate’’ (30–60 vehicles per day) or ‘‘high’’ (320–1100 vehicles
per day) traffic volume roads. We also found significantly lower
relative abundances of total tortoise sign and burrows at the 400
and 800 m distances for high traffic volume roads. The lack of sig-
nificant differences in measured habitat characteristics with dis-
tance from the road or between road categories suggests that
changes in the relative abundance of tortoise sign were related to
direct effects of traffic volume, via mortality or avoidance by the
animals, and not to indirect effects such as changes in habitat
resulting from road presence. However, we did not measure annual
vegetation abundance near roads, though roads may have a greater
effect on annual vegetation than perennial vegetation. A previous
study found that the abundance of tortoise sign was lower at least
400 m from the roadside along a single heavily used highway,
although traffic data are not available for that site (Boarman and
Sazaki, 2006). Thus, our observations are consistent with previous
findings that the relative abundance of tortoise sign is lower near
roads, but provide new information about the interaction between
traffic volume, demography, and relative abundance.

Abundance or density of tortoise sign may generally reflect the
abundance of individuals or their relative use of habitats (McCoy
and Mushinsky, 2007; Mushinsky et al., 1994). Density or abun-
dance of individuals is thus often considered a reflective measure
of habitat quality (Andersen et al., 2000; Van Horne, 1983). Our
methods did not allow us to determine whether the lower relative
abundance of tortoise sign was a result of increased mortality,
behavioral avoidance of roadways, or both. However, both in-
creased mortality in an area and behavioral avoidance of that area
can result in reduced use by a population. Consequently, we sug-
gest that lower relative abundances of tortoise sign and burrows
near roads with traffic volumes as low as 300 vehicles per day re-
sult in decreased quality or loss of adjacent habitat for desert
tortoises.

Demography of populations near roads may also be differen-
tially affected depending on vehicle use (Taylor and Goldingay,
2010). In Ivanpah Valley, using additional data that we had avail-
able, we found that the demographic structure of tortoises along
the high traffic road differed from those found along the low, inter-
mediate, and no road categories. Although male desert tortoises,
being more vagile and having larger home ranges (Franks et al.,
2011; Harless et al., 2009), might be more susceptible to roads than
females, we did not find that sex ratios differed among the road
categories. However, we encountered only three male and three fe-
male tortoises near our high traffic volume road, so we caution
against forming strong inferences on effects on the sexes from this
dataset. Larger sample sizes may yield more information about the
relative effects of traffic volume on male versus female tortoises.
We did find that tortoises located near the high traffic road were
at least 30% smaller on average than tortoises associated with low-
er traffic volumes or no roads. These results are similar to a study
of road impacts on freshwater turtles, which found that areas with
lower densities of roads had turtles of larger sizes (Patrick and
Gibbs, 2010). In our study, the mean size of tortoises associated
with the highest traffic volume road was below the typical size
of sexual maturity in either sex.

A reduction in the average size of individuals along the high
traffic road may result in lower population growth rates, even if
individuals do reach sizes great enough for sexual maturity. Body
size in many reptiles, including the desert tortoise, correlates
strongly with fecundity (Congdon et al., 1987; Ford and Seigel,
1989; Mueller et al., 1998; Winck and Rocha, 2012). Though tor-
toises in different populations or geographic regions may exhibit
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responses that vary from those we observed, our results are similar
to previous predictions for terrestrial turtles. Gibbs and Shriver
(2002) found that traffic volumes of >100 vehicles per lane per
day would be sufficient to result in population declines of terres-
trial turtle species. In this paper, we provide evidence that traffic
volumes of 300 vehicles per day may be sufficient to decrease
the abundance of individuals through direct mortality and indi-
rectly by removing larger reproductive animals that contribute
more to population growth (Doak et al., 1994).

In addition to the smaller sizes of adult tortoises, there were
also a greater proportion of juvenile tortoises near the high traffic
volume road than along any of the other road categories. There are
several potential explanations as to why we observed more juve-
niles in this area. One likely explanation is that juveniles are less
susceptible to road mortality due to smaller home ranges and low-
er rates of movement than adults (Harless et al., 2009; Hazard and
Morafka, 2002; O’Connor et al., 1994). Thus, juveniles may less fre-
quently encounter and be killed on roads. Alternatively, areas near
high traffic volume roads may be attractive to dispersing juveniles
due to lower densities of tortoises and associated reductions in
intraspecific resource competition. Additionally, tortoises near
the high traffic volume road may have shorter lives from greater
mortality. The lower number of live animal encounters and the
greater number of observed mortalities near our highest traffic
road category provides supporting evidence. The longer an individ-
ual lives near a road or the greater the frequency of passing vehi-
cles, the more likely an individual is over time to encounter a
vehicle with potentially fatal consequences, thus leading to the loss
of older animals. The presence of greater relative proportions of
juveniles in habitat near high traffic volume roads may ultimately
indicate that habitat near roads used by as few as 300 vehicles per
day represents sink habitat for desert tortoises.

We found no significant negative effects on tortoises near low
and intermediate traffic volume roads as measured by road-effect
zone, tortoise size, or demographic composition. However, we
did observe that intermediate traffic volume roads had lower
over-all relative abundance of tortoise sign compared to low traffic
volume roads. We further observed that our intermediate traffic
volume roads had mean values that were frequently between the
low and high traffic volume roads, suggesting that even our inter-
mediate traffic roads may affect nearby tortoises. Availability of
roads within the preserve limited our sample size, which may have
limited our ability to statistically detect the more subtle effects of
intermediate traffic volume roads. Interestingly, tortoises encoun-
tered along the low traffic volume road were larger on average
than were tortoises found >500 m from any road. One possible
explanation is that roads may physically alter habitat in a way that
can be beneficial when mortality is not also increased from tor-
toise-vehicle collisions. For example, roads increase water run-
off, a factor that may increase drinking opportunities in water-lim-
ited deserts and which may also increase biomass of road-side an-
nual vegetation. Increased water and forage availability can
increase growth rates and survival of the desert tortoise (Nagy
and Medica, 1986; Peterson, 1996). However, even if roads have
the potential to positively alter habitat characteristics, the in-
creased disturbance or mortality that occurs with as few as
300 vehicles per day likely negates such changes. Furthermore,
the interaction between low traffic roads and local habitat quality
is likely species-specific. For instance, previous studies have indi-
cated that black bears avoid gravel roads (Reynolds-Hogland and
Mitchell, 2007). Although none of the metrics we measured had
statistically observable negative associations between our lowest
traffic road and desert tortoises, other metrics, tortoise popula-
tions, or species may demonstrate negative responses.

Our results should be considered a conservative estimate of
road-effect zones for desert tortoises. The traffic volumes studied

in this paper, even for our ‘‘high’’ traffic volume roads, were rela-
tively low (Grilo et al., 2009). Our highest traffic volume roads were
lower than volumes on highways and interstates, which are fre-
quently targeted or recommended for wildlife mitigation measures
(Bissonette and Rosa, 2012; Ford et al., 2011; Gonzalez-Gallina
et al., 2013). Within Mojave National Preserve, a designated wil-
derness area, the traffic volumes are lower than those in much of
the desert tortoise’s range due to the absence of commercial traffic,
highways, and interstates. Thus, our results likely under-represent
road-effect zones that tortoises experience in many other parts of
their distribution, as well as emphasize the importance of studying
the effects of even relatively low traffic roads. The noticeable ef-
fects of the relatively low traffic volumes studied here highlight
the need to estimate the species’ capacity to absorb additive mor-
tality associated with a variety of traffic volumes and the contribu-
tion of these differing roads to population declines.

Though the installation of barrier fencing is a prescribed mitiga-
tion tool for reducing road mortality and road impacts on many
species including the desert tortoise (USFWS, 2008), the use of
fencing is not without controversy. Fences can transform a semi-
permeable barrier into an impermeable one. As a result, fencing
may fragment populations, prevent recolonization of depauperate
but otherwise suitable habitat, and subsequently increase extinc-
tion risk. Given the prospect of changing climate in coming dec-
ades, fencing as a mitigation tool may drastically reduce
likelihood of species persistence by limiting the ability of popula-
tions to follow shifts in the location of suitable habitat. Conse-
quently, fences are predicted to have greater negative effects on
population persistence than roads when road mortality is suffi-
ciently low (Jaeger and Fahrig, 2004). The development of predic-
tive measures to estimate traffic threat to nearby populations,
population responses to fencing, fencing effectiveness, and willing-
ness of individuals to use culverts are thus important future topics.
Our results suggest that additional preventative measures (such as
fencing) against road mortality along roads with as few as
300 vehicles per day may be beneficial at least in preventing initial
population declines.

Our findings provide additional evidence that a vagile reptile
species with a large home range and long generation time (Franks
et al., 2011; Mueller et al., 1998) is susceptible to road presence,
and that increasing traffic volume exacerbates associated effects.
For many species, particularly those already experiencing declines,
the impact of roads is of growing concern. Protected areas, such as
national parks, can represent important buffers against extinction.
Often, protected areas are treated as secure from anthropogenic
impacts and human encroachment. However, even in otherwise
protected areas, roads can present important threats to wildlife
populations (Roger et al., 2012). Furthermore, over half of surveyed
US national parks have expressed concern for the adverse effects of
roads on endangered species within their borders, but most parks
have little data documenting road effects on wildlife (Ament et al.,
2008). In spite of this, many agencies responsible for managing
wildlife populations may lack the resources necessary to acquire
these data for the majority of species encompassed. Thus, knowl-
edge of life history characteristics or patterns that correlate with
sensitivity to road presence is an increasingly valuable conserva-
tion tool. Such a tool would allow wildlife or land managers to eas-
ily identify species or habitat zones that require road mitigation
efforts to prevent declines in local abundances of target species,
even in protected areas where they are often presumed secure.
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occupancy surveys for Sonoran desert tortoise on the Arizona Buckeye Army National Guard 
Training Area. Surveys were conducted on 120, randomly selected, 3 hectare plots. Each plot 
was surveyed five times from mid-July to mid-October.  A total of four individuals were detected 
on eight occasions, suggesting that the site hosts a relatively low density population of tortoises. 
In 2014, we again conducted occupancy surveys at the site, but chose a cluster method for plot 
selection. We generated 71 new plots using observations of scat, carcasses, and live SDTs from 
2013. As in the previous year, we surveyed each plot five times from mid-July to Mid- Oct. In 
2014, however, both the number of individuals detected and total detections increased by 50%. 
Because occupancy surveys can be costly both monetarily and temporally, we feel that focusing 
effort around known occupied plots in areas of low density are better able to inform management 
decisions.  
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The field of landscape genetics provides a powerful toolkit for understanding how 
organisms move across complex environments, and the discipline has been applied with great 
success to desert tortoise populations. However, inferences from previous work have been 
limited by the number of available genetic markers and the number and extent of landscape 
features available for analysis. To address these issues, we consolidated tortoise samples from 
across their range within California and southern Nevada, generated a DNA dataset consisting of 
full genomes of 270 tortoises, assembled a set of 83 high-resolution geospatial layers, and 
analyzed the way in which the geography and environment of the desert tortoise have determined 
modern patterns of relatedness and genetic diversity across the landscape. Rangewide, Principal 
Component Analysis (PCA) revealed two major clusters of tortoises split by PC1 that lie north 
and south of the mountains defining the Ivanpah valley, while PC2 further subdivided the 
southern group on either side of the low-lying Cadiz valley. These first two axes primarily 
recapitulated geographic patterns, and explained 8.3% of the variation in the data. Subtle patterns 
of movement and admixture between these regions were also evident in the data. Twenty of a set 
of 24 landscape rasters that are maximally uncorrelated are statistically associated with genetic 
divergence among tortoises after geographic distance is taken into account, suggesting that they 
explain a great deal of the remaining genetic variation in the data set.  Although this work is still 
underway, preliminary analyses indicate that precipitation and temperature variables are the most 
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highly correlated with genetic divergence, with smaller, but still significant effects of vegetation, 
and slope. Our next goals are to build genomically explicit models with different hypothetical 
placements of alternative energy installations to quantify the future effects of such placements on 
population viability models over the next century. 
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Local adaptation is widespread across plant taxa and may influence the responses of 
species to climate change and the effectiveness of their use in ecological restoration. Natural 
populations are characterized by fine-scale physiological or 41olyphemus41l adaptations that 
drive intraspecific variability in demographic responses to altered environmental conditions. 
Restoration techniques that expose plant materials to novel environments (e.g., broadcast 
seeding) should account for adaptive genetic variability, which may influence seedling 
establishment and longer-term fitness. Landscape genomic approaches aim to identify 
environmental drivers of adaptive genetic variability and map spatial patterns of gene / 
environment associations — information that can guide habitat restoration (e.g., seed sourcing) 
and improve predictions of species’ responses to climate change. There is a clear need for 
landscape genomic studies of Mojave Desert plant taxa that comprise habitat for the desert 
tortoise (Gopherus agassizii) because both climate change and novel disturbance regimes are 
expected to impact vegetation throughout this region. We conducted a landscape genomic 
analysis for an important restoration and forage plant species, Sphaeralcea ambigua, by 
analyzing the variation at 153 amplified fragment length polymorphism (AFLP) loci from 47 
Mojave Desert populations. Adaptive allele frequencies were most strongly correlated with 
summer maximum temperature and indices for vegetation water stress and surface temperature. 
Variation in adaptive allele frequencies along precipitation and temperature gradients was non-
linear, potentially indicating physiological thresholds separating ecotypes. However, a linear 
relationship between adaptive alleles and temperature seasonality may reflect continuous 
differences in 41olyphemus41l optima. Two approaches for mapping the predicted patterns of 
turnover in adaptive allele frequencies are compared. Techniques developed in this study offer a 
robust approach for deriving spatially-explicit models of adaptive genetic variability in non-
model species and providing restoration specialists the guidance needed for collection and use of 
Mojave Desert plant materials.  

  
 

  


