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FOREWORD

Understanding the factors determining the distribution and movements of animals around the landscape is a major
objective for scientists, conservationists and natural resource managers alike. It is only through developing this
knowledge that animal populations will be managed to meet conservation, sporting or natural heritage objectives.
Scientists have long battled with the logistics of gathering information on the movement and distribution of
individuals and populations, often relying on tedious visual observation or VHF technology to gather data. Having
spent some time tracking Chilean huemul (Hippocamelus bisulcus), an endangered deer native to the Andes of Chile,
using conventional VHF radio tracking, I can vouch for the limitations of the data, from e.g. disturbing the animal
and only being able to track during the day because of the difficulty of the terrain. The advent of the development
of Global Positioning Satellite (GPS) technology has offered the opportunity to overcome a number of these
limitations. However, whilst there has been a growing interest in the use of GPS amongst biologists, there has only
been limited uptake to date. In part this reflects the expense of the units and the weight of the battery supply which,
until recently, has prohibited the use of collars except for large animals. However, it also reflects the lack of
information available to biologists as to what equipment is available and the experiences of others in its use. 

We, at the Macaulay Institute, are interested in the ecological determinants of habitat use by wild and domestic
species, in order to predict the economic and environmental consequences of adopting different animal management
strategies. In the mid-1990s we took the decision to invest in GPS collars to help with a project to measure the impact
of visitor access on the movement patterns of red deer in the Highlands of Scotland. Having deployed the collars, we
ran into a number of teething problems which, we now know, other researchers were also experiencing. We felt very
isolated at the time and from that isolation grew the incentive to establish a network of GPS users who could share
experience and information about the latest developments etc. The conference on Tracking Animals with GPS, held
at The Macaulay Institute in Aberdeen, Scotland, on the 12th and 13th of March 2001, was one of our contributions
to the development of that network and the flow of information. In the workshop we wished not only to hear what
biologists have been doing with GPS, but also to hear what they wanted from the technology in the future. We
invited a few of the major manufacturers of GPS collars for wildlife tracking to attend the conference so that they
could hear first hand what biologists want from the technology and also to tell the researchers what technology is in
development.

The conference was extremely well attended and offered a forum of lively debate, which should continue on the GPS
Forum e-mail: gps@mluri.sari.ac.uk.  Hopefully, this conference will not be a one off, but will be the first in a series.
I expect that in future workshops we will see a move away from discussions on the limitations of the technology
towards discussions of the academic and practical value of the information produced by GPS technology.

Iain J Gordon 
10 July 2001
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TRACKING ANIMALS WITH GPS:THE FIRST 10 YEARS

Arthur R. Rodgers

Ontario Ministry of Natural Resources, Centre for Northern Forest Ecosystem Research, Thunder Bay, Ontario,
Canada P7B 5E1

INTRODUCTION

The growth of environmental awareness and public concern for wildlife that began in the 1980s has continued into
the 21st century. Large-scale alterations of the landscape such as hydroelectric development, or the cumulative effects
of timber extraction over many years, have continued the demand for high-quality studies of impacts on wildlife and
their habitats. Many resource agencies have shifted their management approach to a landscape scale to address issues
such as conservation of biodiversity and habitat fragmentation. To overcome some of the limitations of existing
technology and provide the detailed information required by studies undertaken to address environmental concerns
and evaluate new policies, telemetry systems based on the Global Positioning System (GPS) were developed in the
1990s.

Since commercial development of GPS-based telemetry systems for tracking animals began in 1991, a variety of
configurations have been designed for use by researchers in different situations. In addition, numerous improvements
have been made to the size and performance of GPS systems and their cost has been dramatically reduced. The
enormous quantities of data generated by these systems clearly present a challenge to data management and analytical
procedures. Given the variety of configurations and features of current GPS systems, researchers must carefully plan
and select an appropriate system to address particular biological issues. In this paper I will provide a historical
overview of the development of GPS-based telemetry systems and the operating features of the various configurations
currently available to researchers. I will also describe the improvements in cost, size and performance that have been
achieved in the first 10 years since their initial development. I will attempt to identify the key issues that researchers
must consider in selecting an appropriate system to meet their research objectives. Lastly, I will consider the
implications for data management and analysis resulting from the quality and quantity of data attainable from GPS-
based telemetry systems.

EARLY DEVELOPMENT

In 1988 the Ontario Ministry of Natural Resources (OMNR) introduced Timber Management Guidelines for the
Provision of Moose Habitat as part of a 20-year programme to increase the provincial moose (Alces alces) population
from 80,000 to 160,000 animals by the year 2000 (OMNR 1988). The guidelines assist forest and wildlife managers
in maintaining or creating, through timber harvesting, the diversity of age classes and species of vegetation that
provide habitat suitable for moose. The guidelines include specific recommendations concerning the size and
distribution of harvested areas, as well as protecting key features required by moose. In general, application of the
guidelines in the Boreal Forest Region of Ontario will maintain the distance to cover for moose at about 200 m.
Specific life history requisites of moose such as aquatic feeding areas, mineral licks and calving sites, are additionally
protected by a 120-m reserve.

To examine the effectiveness of the guidelines and provide increased understanding of timber management effects on
moose populations, the OMNR established the Moose Guidelines Evaluation Project (MGEP) in 1989. The main
objective of MGEP is to compare habitat use and condition of moose in forest areas where timber has been harvested
according to the guidelines and areas harvested by other forestry practices. Initial plans recommended monthly aerial
tracking of at least 30 moose fitted with conventional VHF radio collars in each harvest type for 5 years on a study
area 100 x 100 km in size (Rodgers et al. 1995). To obtain the degree of accuracy needed to evaluate some of the
specific guideline recommendations, 20 of the 60 collared moose would be intensively monitored by ground tracking
to obtain their locations 100-150 times each year. The OMNR recognized early in the project that procuring
sufficient radio tracking data would be very difficult and costly. There was a clear need for innovation and evaluation
of alternative approaches.

An assessment of potential telemetry systems available in the late 1980s was undertaken to identify the most
appropriate technology to meet MGEP requirements. Conventional VHF-based telemetry systems were compared
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with VHF Omni-directional Ranging (VOR) and Doppler systems, LORAN-C and inverse LORAN systems, spread
spectrum approaches and various satellite systems, including GPS. Of these, a tracking system based on the
NAVSTAR GPS was identified as the most efficient and cost-effective way to meet the needs of MGEP. GPS-based
telemetry systems have the potential to collect large amounts of high quality location data (i.e., errors ≤10 m) with
great precision (i.e., low variance), 24-hours per day and under all weather conditions, overcoming important
limitations of conventional VHF-based telemetry (Rodgers et al. 1996). Data are readily imported to a geographic
information system (GIS) and have the advantage of maintaining the same spatial resolution as habitat mapping data
derived from satellite imagery (e.g., the 30-m resolution of Landsat-5 TM data). Since data are recorded
automatically, human operator errors are minimized and fewer aircraft over-flights are required to obtain animal
locations, dramatically reducing overall costs.

In 1992, the OMNR, several Canadian hydroelectric utilities and the Canadian Electrical Association contracted
Lotek Engineering Inc. (Newmarket, Ontario, Canada) to design and develop a wildlife telemetry system based on
GPS (Rodgers and Anson 1994). In co-operation with Hydro Québec and the Québec government, prototype animal
units were placed on wild caribou (Rangifer tarandus) for the first time at the La Grande reservoir in northern Québec
during March 1993. These initial field tests provided valuable information on several operational issues that were
refined in subsequent production units. In February 1994 the first commercial GPS collars were again deployed on
caribou in northern Québec, and for the first time on moose in the MGEP study area in northwestern Ontario
(Rodgers et al. 1995, 1996, 1997). Field trials were also undertaken in a tree nursery to determine the performance
of animal units under controlled canopy conditions (Rempel et al. 1995). Results of these early tests verified the
potential of GPS-based telemetry systems to meet the needs of detailed habitat-resource utilization studies of wildlife
and led to further refinements in production units. In February 1995, GPS collars were deployed on 60 adult female
moose in the MGEP study area in northwestern Ontario.

CURRENT SYSTEMS

GPS units attached to animals store data such as geographic coordinates, or GPS measurements, i.e. "pseudoranges"
and satellite identification numbers from which coordinates can be calculated following "differential correction",
dates and times of location estimates and optional sensor information, until they can be retrieved. Three data retrieval
options were considered during the development of the first GPS units in the early 1990s: (1) store data on board
until the unit can be remotely released by a radio-activated "break-away" mechanism or recovered by recapture of the
animal; (2) transmit stored data for retrieval by secondary low earth orbit (LEO) satellite link; or (3) transmit stored
data through a local, user-controlled communication link (Rodgers and Anson 1994; Rodgers et al. 1996, 1998). All
of these configurations are now available for use by researchers in different situations.

Local Communication Link

The first GPS-based telemetry system developed by Lotek Engineering used a local point-to-point communication
link for data retrieval (Rodgers and Anson 1994; Rodgers et al. 1995, 1996). This option was selected primarily
because it provides 2-way communication, allowing retrieval of data and diagnostic information (e.g., battery
condition, memory use, etc.), as well as rescheduling of the duty cycle (e.g., changing the number of fixes
attempted/day, changing the ratio of day to night fixes, etc.) at the user's convenience. The system consists of remote
GPS units carried by study animals and a "command" unit controlled through a laptop computer operating from a
vehicle or aircraft. UHF radio modems in both the animal units and the command unit provide the communication
link within a range of 15 km (ground-to-air). The modem receiver in each animal unit is turned on at specified
intervals of a unique schedule, in anticipation of a signal from the command unit. When a signal is detected, the
animal unit sends a response in its unique time slot and a communication link may be established. Precise timing of
events is possible because the animal and command units have identical GPS receivers that provide an absolute time
reference obtained from the GPS satellites. Once a communication link has been established, the animal unit
transmits its last recorded position, providing a general reference point for navigation during the communication
session. The laptop computer controls the transmission of data and diagnostic information. After all of the
information has been received and stored by the computer, the random access memory of the animal unit can be
cleared and the communication link can be closed.

In addition to a GPS receiver, animal collars are equipped with a standard VHF radio beacon that can be used to
locate animals with conventional direction-finding techniques (Rodgers and Anson 1994; Rodgers et al. 1995, 1996).
With an operating range of 15 km (ground-to-air), the VHF beacon provides further navigation support during
communication sessions. If the collar's main operating system fails due to battery exhaustion or some other cause, an
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independent emergency power source for the VHF beacon allows it to serve as an emergency locator for about 90
days. A dual-axis motion sensor and a wide-range temperature transducer are also incorporated into animal units.
Thus, data stored by each unit include geographic coordinates, date and time of each fix attempt, GPS fix type (i.e.,
2- or 3-dimensional) and associated horizontal dilution of precision (an indicator of fix quality), as well as sensor
information. The first units had a data storage capacity of 3,640 records but did not store GPS measurements
necessary for differential correction of position estimates (i.e., pseudoranges and satellite identification numbers). A
second version of these animal units, capable of storing the information necessary for differential correction, was
developed later and has a data storage capacity of 1,680 records.

The operating life of GPS collars is determined primarily by the duty cycle and the size of the battery pack used.
However, the first units developed possess a variety of additional power management strategies to extend operating
life. For example, the modem and VHF beacon can be programmed to turn off during periods when communication
sessions are unlikely (e.g., at night). Clearing the animal unit's memory after data have been transferred and stored
removes redundancy in subsequent communication sessions and increases life expectancy. Scheduling GPS fixes ≤ 4
hours apart, whether required or not, alleviates the need for the receiver to acquire new satellite ephemeris data (i.e.,
an "almanac"), which can take up to 12 minutes and consume substantial energy. Employing strategies such as these,
the first GPS animal units were fitted with a 400 g lithium battery pack that was expected to provide 1 year of
operation at 8 fix attempts per day (i.e., every 3 hours) with VHF beacon and modem functions available 16
hours/day (Rodgers et al. 1995, 1996). A larger, 700g battery pack, expected to provide 2 years of operation was also
available. Based on early field trials (Rodgers et al. 1995, 1998), the life expectancies of these units was downgraded
and the small battery pack is now expected to provide 268 days of service at 6 fixes/day (i.e., every 4 hours), while
the large battery pack may provide 575 days with the same fix schedule. The total weight of these GPS animal units,
which were originally designed for caribou and moose, is 1.8 kg with the small battery pack and 2.2 kg with the large
battery pack.

The next GPS-based telemetry system was developed by TVP Positioning AB (Lindesberg, Sweden) and also
provided a local communication link to retrieve data stored on animal units. In this system animal units continuously
broadcast stored data through individual pulse-coded VHF signals to a receiver and data logger during preset time
periods. Thus, the VHF transmitter functions as both a direction-finding beacon and a radio link for data transfer.
The data transmission range when operating on the ground is about 1-5 km and increases to 15-25 km when
operated from an aircraft. Stored data include geographic coordinates, dates and times of location estimates, sensor
information (activity and temperature), and battery status. Since communication is unidirectional, the GPS fix
schedule and VHF transmission periods must be programmed before units are attached to animals and cannot be
changed without recovery of individual units. Likewise, stored data cannot be cleared from the memory of animal
units after they have been transferred. Consequently, rather than specifying an operational life based on time, these
units are rated to provide different numbers of records based on battery capacity. The GPS fix schedule and VHF
transmission periods then determine how long a unit will function in the field. Depending on battery size, animal
units are available in a wide range of sizes from 475 g (plus the weight of the collar material), capable of recording
2,000 geographic coordinates (i.e., non-differential data), to 1.8 kg (plus the weight of the collar material), capable
of recording 15,000 geographic coordinates.

Satellite Link

In the mid-1990s Telonics Inc. (Mesa, Arizona, USA) developed a system that transfers GPS data via the Service
ARGOS satellite system (Rodgers et al. 1997, 1998; Arthur and Schwartz 1999; Schwartz and Arthur 1999; Bennett
et al. 2001; Biggs et al. 2001). Collars attached to animals include a standard platform transmitter terminal (PTT)
and a GPS receiver, as well as a VHF beacon. Geographic coordinates with associated dates and times are stored and
incorporated into the ARGOS data stream transmitted from the PTT to satellites operated by the U.S. National
Oceanic and Atmospheric Administration (NOAA) and then to Service ARGOS ground stations in Landover (USA)
or Toulouse (France). Although GPS location data are provided by the system, ARGOS positioning remains available
and can serve as a backup. Since communication is unidirectional, the GPS fix schedule, VHF beacon, and PTT
uplink periods must be programmed before units are attached to animals and cannot be changed without recovery
of individual units. As well, because the longest message that can be transferred by the ARGOS system is 32 bytes,
GPS data required for differential correction cannot be transmitted and only 5-7 geographic coordinates can be sent
in each ARGOS message. However, GPS data required for differential corrections are actually stored on board the
animal unit and can be used when the unit is recovered. In fact, animal units can store up to 5,300 differentially
correctable records. Since the PTT continuously transmits the most recent 5-7 geographic coordinates when turned
on, multiple uplinks of the same information can be obtained, ensuring data integrity. On the other hand, since the
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oldest GPS location stored for transmission is replaced with each new position estimate, some data may not be
immediately available if the PTT fails to successfully transmit recently stored data before they are overwritten. Once
again, these data are actually stored in the animal unit and can be downloaded when the unit is recovered. So this
limitation may only be important to studies requiring up-to-date, "real time" location estimates. This concern can
also be addressed by using an ARGOS uplink receiver operated locally from a vehicle or aircraft, or configured for
automated remote data logging, to intercept transmissions (within 1 km) from PTTs (Bennett et al. 2001). In this
case the system has the same limitations as others that use a local communication link for data retrieval.

The operating life of combined GPS-ARGOS devices is largely determined by the GPS fix rate and the size of the
battery pack used, similar to other GPS animal units, but it also depends on the PTT uplink schedule. For example,
a large GPS-ARGOS unit having a total weight of 2.2 kg, allowed 90 sec to attempt 1 GPS location/day, and with
a 6 hour ARGOS uplink (900 msec every 200 sec) every 5 days (i.e., 6 hours on, 114 hours off ), has an expected
operating life of 1,315 days. At 5 GPS location attempts/day and a 6-hour ARGOS uplink each day, the expected
operating life decreases to 327 days. All else being equal, a smaller GPS-ARGOS unit having a total weight of 1.7
kg, attempting 1 GPS location/day with a 6 hour ARGOS uplink every 5 days, has an expected operating life of 584
days. At 5 GPS location attempts/day and a 6-hour ARGOS uplink each day, the expected operating life of the
smaller unit decreases to 145 days.

Store-On-Board

The last GPS-based telemetry system to be developed is conceptually the simplest. Differentially correctable GPS
data, or geographic coordinates, along with dates and times of location estimates and optional sensor information are
stored on board units attached to animals until the device is remotely released by a radio-activated "break-away"
mechanism, or recovered by recapture of the animal (Merrill et al. 1998, Arthur and Schwartz 1999, Schwartz and
Arthur 1999, Bowman et al. 2000). These units are now available in a variety of configurations from several different
manufacturers of telemetry equipment. The primary reason for their development was to reduce the size of GPS units
deployed on animals. By removing data transmission components such as UHF modems or PTTs, the weight of
earlier animal units was reduced by almost 50%, from the 1.7 - 2.2 kg devices used with elk (Cervus elaphus), bears,
caribou, and moose, down to 750 - 950 g units that can be used on wolves (Canis lupus) and white-tailed deer
(Odocoileus virginianus). More recently, TVP Positioning AB has introduced a line of GPS units weighing 70 - 900
g, suitable for deployment on large birds and small to medium-sized mammals. Similar to other telemetry devices,
the total package weight of store-on-board GPS units is determined primarily by the size of the battery pack, which
in turn affects the expected operating life. Store-on-board GPS units have large data storage capacities ranging from
2,800 - 5,300 differentially correctable GPS records up to 13,900 non-differential geographic coordinates, depending
on the manufacturer. Hence, even though the operating life of store-on-board units might be specified as, for
example, 743 days at 6 GPS fix attempts/day, seldom, if ever, will the entire data storage capacity of a particular
device be used. Therefore, store-on-board units are better rated on the basis of the numbers of expected GPS fix
attempts for a given battery capacity rather than specifying an operational life based on time. When rated this way,
the smallest (70 g) store-on-board GPS units are capable of 200 - 425 GPS fix attempts, while the largest (750 - 950
g) units are capable of 4,000 - 9,000 GPS fix attempts. Subsequently, the GPS fix schedule and VHF beacon
availability will determine how long a store-on-board GPS unit will actually function in the field.

The VHF beacon availability and GPS fix schedule of store-on-board units must be programmed before devices are
attached to animals and cannot be changed without recovery of individual units. The primary role of the VHF
beacon is to aid recovery of units and to serve as an emergency locator if a unit's main operating system fails, due to
battery exhaustion or some other cause. Since store-on-board units do not have a communication link while in the
field, most devices have several VHF beacon modes that indicate the status of individual units. This might consist of
a simple mortality mode, much like other telemetry devices, that decreases the VHF pulse rate after a specified time
delay if an animal does not move. However, much more sophisticated schemes are available in some units that might,
for example, indicate that the last GPS fix attempt was successful by emitting a particular sequence of single and
double "beeps" (Merrill et al. 1998).

To reduce the risk of injury and stress to study animals, as well as lowering capture costs, telemetry manufacturers
have equipped store-on-board GPS units with remote release mechanisms. Depending on the manufacturer, these
release mechanisms may add 20 - 170 g to the total weight of GPS units. In most cases, the mechanism can be
programmed to activate on a specific time and date within 2 - 3 years of initial deployment. Alternatively, some
mechanisms can also be programmed to drop off automatically as the main system battery nears exhaustion (Merrill
et al. 1998). In some devices the mechanism is radio-activated and the release can be triggered from distances of up
to 1-2 km (Merrill et al. 1998, Bowman et al. 2000). Typically, the VHF beacon pulse rate of store-on-board GPS
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units with these mechanisms changes following release (e.g., similar to a mortality mode it may decrease) and may
continue transmitting for several months to facilitate recovery of the device.

SYSTEM IMPROVEMENTS

Cost

Concerns about the price of using GPS telemetry systems continue (Moen et al. 1996, Arthur and Schwartz 1999,
Otis and White 1999), yet a growing number of studies suggest they can be cost effective (Rodgers et al. 1996, 1997;
Merrill et al. 1998; Schwartz and Arthur 1999; Bennett et al. 2001; Biggs et al. 2001). The development of store-
on-board GPS units has not only dramatically reduced the size of GPS units but has also resulted in more than a
50% reduction in the cost of using this new technology. Whereas the first commercially available GPS units with a
local communication link were priced at about US$5,000 and current GPS-ARGOS devices cost about US$4,000
(Arthur and Schwartz 1999), store-on-board units are currently available for less than US$2,500. This is less than
the price of a large animal PTT (Merrill et al. 1998, Schwartz and Arthur 1999) and does not have the additional
costs of data handling that must be paid to Service ARGOS. Similar to other microelectronics, prices are likely to
decline further as cheaper components become available, competition increases among manufacturers of telemetry
equipment, and initial investments in the development and production of GPS devices are recovered.

Accuracy and Precision

The accuracy of GPS locations is determined primarily by the synchronization of clocks in the receiver and the
satellites that continuously broadcast spread-spectrum radio signals. For reasons of national security, the U. S.
Department of Defense has the ability to degrade the accuracy of civilian GPS receivers by incorporating
unpredictable satellite clock and ephemeris (i.e., orbital information) errors into transmissions. This "selective
availability" policy can limit the accuracy of horizontal position estimates to within 100 m of their true location 95%
of the time (Wells 1986, Rempel et al. 1995). Selective availability is readily overcome, however, by placing a
reference GPS receiver (often called a "base station") at a surveyed location and recording deviations from the known
coordinates of the site (Rempel et al. 1995, Moen et al. 1997). Correction factors can then be computed and applied
to fixes obtained from GPS units carried by individuals within 300 km of the base station. This process, referred to
as "differential correction", can reduce location errors to ≤ 10 m (Moen et al. 1997, Rempel and Rodgers 1997).

The U. S. Department of Defense discontinued its selective availability policy on May 2, 2000 (Lawler 2000). As a
result, most civilian GPS receivers should be capable of estimating horizontal positions within 20 m of their true
location 95% of the time (Wells 1986). Differential correction of GPS data may, therefore, no longer be necessary
for many GPS applications. However, because differential correction can also remove other sources of error, such as
unintentional satellite orbit and clock errors as well as ionospheric and tropospheric errors, it may still improve the
precision of location estimates. With selective availability "turned off", the accuracy of differentially corrected GPS
data is ≤ 10 m, 95% of the time, and mean errors of ≤ 5 m are possible (Janeau et al., this volume). Whether or not
this level of precision is required, will depend on the objectives of specific research projects and it may still be
necessary to maintain the same spatial resolution as habitat mapping data derived from current satellite imagery (i.e.,
the 8-m resolution of Radarsat-1 data or 15-m resolution of Landsat-7 TM data). Eventually, all users should be able
to obtain 1 - 3 m accuracy, or better, when the U. S. Department of Defense adds a second satellite broadcast
frequency in 2003 that will compensate for ionospheric errors and a third frequency in 2006 that will provide even
greater accuracy (Lawler 2000). Potential users of GPS-based telemetry systems should also be aware, however, that
even though the U. S. Department of Defense has discontinued its selective availability policy on a global scale, they
have retained the ability to selectively disrupt GPS signals on a regional basis when national security is threatened.
Thus, researchers in some parts of the world may be advised to collect data amenable to differential correction, even
if they do not need the greater precision, in the event that selective availability is re-instituted in their study region.

Observational Bias

A potentially significant source of error for habitat use-availability studies using GPS-based telemetry systems is the
possibility that GPS fix attempts might be more or less successful in some habitats than others, depending on the
characteristics of the forest canopy (Rempel et al. 1995, Moen et al. 1997, Johnson et al. 1998, Rettie and
McLoughlin 1999). The possibility of such observational bias does not seem to have been given serious consideration
until GPS-based telemetry systems were developed (Johnson et al. 1998). Yet other telemetry systems, such as
ARGOS PTTs, have a similar potential for observational bias because transmitted radio signals would also have
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difficulty reaching receivers through forest canopy or might be affected by terrain, resulting in animals going
undetected in some habitats (North and Reynolds 1996). Even conventional tracking of VHF radio signals might be
biased, since this can usually be done only during daylight hours and under appropriate weather conditions (Beyer
and Haufler 1994, Rodgers et al. 1996, Arthur and Schwartz 1999, Schwartz and Arthur 1999). VHF telemetry
might also bias results if persistent harassment of study animals caused them to change their normal movement or
behaviour patterns (White and Garrott 1990, Schwartz and Arthur 1999). In fact, it could be argued that GPS-based
telemetry systems have less potential for observational bias than conventional VHF methods because GPS fix
attempts can be made 24 hours/day and under all weather conditions without direct disturbance of study animals
(Arthur and Schwartz 1999, Schwartz and Arthur 1999). In addition, the likelihood of obtaining at least a few fixes
in seldom used habitats is much greater with GPS systems because fix attempts are made far more frequently
(typically ≤ 4 hours apart) than with other systems (sometimes once/day but usually 1-2 times/week). Nonetheless,
observational bias is a potentially serious source of error that must be given due consideration in all habitat use-
availability studies.

Field trials of the first GPS units, under controlled canopy conditions, demonstrated observation success rates of 97%
in the open and ranged from 10 to 92% in pure stands of various boreal forest tree species (Rempel et al. 1995).
Moen et al. (1996) obtained similar results (95% in the open and 60-70% under canopy) in a separate study. Rempel
et al. (1995) attributed differences in observation rates among forest types to differences in canopy closure and, more
specifically, the density of thick, woody material that can interfere with signal transmission. The observation rates of
second generation GPS units improved to 100% in the open and ranged from 71 to 97% in the same forest stands
(Rempel and Rodgers 1997). In the MGEP study area, observation rates of units on free-ranging moose improved
marginally from an average of 66% (Rodgers et al. 1995) to 69% (Rodgers et al. 1998) with the second generation
of the device. Dussault et al. (1999) found almost identical observation rates (68.9%) using the same version of GPS
collars on free-ranging moose in Québec, and Edenius (1997) recorded slightly higher rates (75%) in Sweden.
Devices with different GPS receivers, such as GPS-ARGOS units deployed on elk (69%; Biggs et al. 2001), or store-
on-board units on bears (67%; Schwartz and Arthur 1999), wolves, and white-tailed deer (70%; Merrill et al. 1998)
have recorded very similar mean observation rates. The observation rates of the GPS units on moose in the MGEP
study diminished from 69 to 62% over their first 3 years of deployment, then dramatically increased to 75% in their
fourth year with yet another enhanced GPS receiver. Most recently, GPS units on moose recorded average
observation rates of 98% during their first 7 months of deployment in 2000. Improvements in the observation
success rates of GPS units over the last 10 years are the result of better search algorithms in GPS receivers, that allow
them to acquire satellite signals more rapidly than earlier versions, thereby increasing the likelihood of a successful
fix attempt within an allotted time. Observation bias may never be entirely eliminated from GPS-based telemetry
systems, but it certainly appears that this source of error can be minimized and could be less significant than with
other telemetry systems.

IMPLICATIONS FOR RESEARCH AND ANALYSIS

The variety of GPS system configurations now available to researchers makes it possible to apply the technology to
most resource selection studies of mammals and some large birds. As always, size of animal units and cost are the key
issues that researchers must consider in selecting an appropriate system to meet their research objectives. However,
attention must also be given to the operating life, accuracy of locations, and sampling intensity offered by different
systems. Whereas those studying birds or small and medium-sized mammals may be restricted by size to store-on-
board GPS units, researchers working with large mammals may select from all available configurations. If large
mammal data are required in "real time", then GPS-ARGOS units may be the best choice. If data are required less
frequently or users need the flexibility to alter duty cycles during the course of a study, then GPS units with a local
communication link may be appropriate. If researchers can wait for their data until study animals are recaptured,
then store-on-board GPS units may be suitable. Whichever configuration is selected, researchers must recognize that
GPS-based telemetry is not a panacea and the technology employed in a particular study must be matched against
objectives.

Although GPS systems have been commercially available for more than 7 years and significant improvements in
performance have been made, the technology must still be considered relatively "new". As such, researchers must be
prepared to accept the consequences of premature system failures. They must plan accordingly and make allowances
for the possible effects of reduced sample sizes in their experimental design. Potential users of GPS systems must resist
the lure of the technology because it is currently "in vogue" or "prestigious" when study objectives can be met more
efficiently with proven systems (Ballard et al. 1995). If the accuracy or sampling intensity of a GPS system is not
required to meet study objectives, then less expensive and more reliable methods should be used. If a GPS system is
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selected, then researchers must also be prepared to undertake the higher costs associated with this new technology
and resist the temptation to reduce replication or sampling intensity to save money. Too often, economic concerns
rather than firm scientific and statistical principles determine the quality of wildlife studies, and consequently their
value (Rodgers et al. 1996). Researchers must strive to develop a robust experimental design to meet their research
objectives and they must commit themselves to seeing it through. Once that is achieved, they can select a suitable
telemetry system and begin to estimate costs.

During the planning of a study researchers must identify the analytical and statistical procedures they will use to
understand and interpret their data. GPS-based telemetry systems have the capacity to record enormous amounts of
highly accurate animal location data, that could present a serious challenge to data management and analysis. Until
recently, most computer software programs commonly used to analyze animal location data could accept a maximum
of 500 position estimates, and only a few could handle 3,000 sets of points (Larkin and Halkin 1994, Lawson and
Rodgers 1997). These limits are readily exceeded by GPS systems that may record several thousand locations per
animal per year (Rodgers et al. 1996). Some of these earlier programmes have now been upgraded to deal with larger
data sets and to interface with GIS software which is designed to handle large amounts of geographic location data.
There have also been a few new analysis programs developed entirely within a GIS framework (Hooge and
Eichenlaub 1997, Rodgers and Carr 1998). However, little has been done to explore the potential application of
powerful temporal and spatial statistical algorithms, now available in most GIS software, to analyses of animal
location data. Advances in computer technology have lowered costs, reduced processing time, improved user
interfaces, and provided better statistical and analytical algorithms, all of which makes it attractive for researchers to
make greater use of a GIS to interpret their data and develop new analytical methods (e.g., Ostro et al. 1999, Rettie
and McLoughlin 1999).

Ten years ago both White and Garrott (1990) and Kenward (1992) outlined the features that should be incorporated
into a data analysis system for animal location data. A fully functional system has yet to be developed. In part,
progress has been stalled because researchers cannot agree on which analytical methods are most appropriate and
because new methods are being developed at an increasing rate in response to new technology. Unfortunately, this
has produced such a wide variety of analytical techniques and computer software that comparisons among, and even
within, research studies may be invalid or misleading (Lawson and Rodgers 1997). Wildlife researchers still need to
develop a comprehensive data analysis system for animal location data.

GPS systems may allow researchers to improve their discrimination of habitats used and not used by animals, because
they provide highly accurate position estimates that have the same or better spatial resolution as habitat mapping
data, such as that derived from satellite imagery (Rempel et al. 1995, Rempel and Rodgers 1997). As a result, there
is less chance of incorrectly assigning animal locations to habitat categories when these data are plotted on a habitat
map in a GIS. However, GPS data also have inherent sources of error. Most of the time these errors may be small
relative to habitat patch size but there is still potential for GPS errors to overlap more than one habitat category. One
possible solution is to place circular buffers around point locations with a radius greater than or equal to the known
(e.g., from GPS units placed at surveyed points in different habitat types) or expected GPS errors (e.g., 10 m for
differentially corrected data or 20 m for non-differential data). The composition of habitats within buffers can then
be used to determine selection. This approach is consistent with many of the methods previously used in habitat-
selection analyses (Aebischer et al. 1993, Manly et al. 1993, Arthur et al. 1996), as well as the latest techniques based
on discrete choice models (Cooper and Millspaugh 1999). Through examination of changes in habitat composition,
circular buffers of varying size may also be used to determine the spatial scale at which individuals select habitats,
thereby providing essential information for resource management (Lehmkuhl and Raphael 1993, Thome et al. 1999).

In recent years, several authors have suggested that estimation with confidence intervals might be a more appropriate
method of comparing use-availability data than statistical tests of hypotheses (Steidl et al. 1997, Cherry 1998,
Johnson 1999). Due to the large sample sizes that can be obtained with GPS-based telemetry systems, the standard
errors associated with these confidence intervals may be minimized, thereby providing better estimates and
facilitating such comparisons of use-availability data. Ultimately, the quality and quantity of data that can be
obtained with GPS systems may allow researchers to place more emphasis on the biological rather than statistical
significance of their location data and perhaps more testing of scientific as opposed to statistical hypotheses (Cherry
1998, Gerard et al. 1998, Johnson 1999).

Although GPS-based telemetry systems can acquire large amounts of location data, their capabilities cannot solve the
problem of replication requirements in statistical analyses. Since most studies are concerned with making inferences
about populations of animals, increasing the number of location estimates for individuals does not solve replication
problems. In most hypothesis testing of resource selection the appropriate sampling unit is the animal, not the
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individual locations (Otis and White 1999). As a result, the number of individual animals tracked has more effect
on inferences that may be drawn from a particular telemetry study than the number of locations obtained per animal.
In fact, collecting too many locations for individuals may cause problems because autocorrelation (i.e., locations
taken too closely in time for them to be statistically independent) can lead to negatively biased estimates of home
range size (Swihart and Slade 1985). On the other hand, several studies suggest that the number of location estimates
obtained per animal may be more important than their independence (Reynolds and Laundre 1990, Minta 1992,
McNay et al. 1994, Swihart and Slade 1997, Otis and White 1999, Seaman et al. 1999). Concerns about
autocorrelation might also be mitigated if researchers collect a representative sample of locations during a specific
time frame and limit their inferences accordingly (Otis and White 1999).

CONCLUSIONS

Most of the problems experienced during the development of GPS-based telemetry systems in their first 10 years
were also encountered during the development of earlier telemetry systems, such as ARGOS PTTs. Nonetheless, GPS
systems have evolved rapidly to address concerns about their size, cost, and performance. With respect to size, GPS
units attached to animals have been reduced to as little as 70 g through the development of store-on-board units that
use "EPROMs and chipsets", rather than commercially available GPS boards, to determine locations. Weight
reductions of the largest GPS units are also likely, as telemetry manufacturers incorporate the latest commercially
available GPS boards with less than half the voltage requirements of existing devices. This could reduce the size of
the power supply, and hence GPS units, by at least 50%. On the other hand, the number of GPS position estimates
obtained or the operating life of present GPS units could be almost doubled. Along with reductions in size, the cost
of GPS systems has also declined by more than 50% and further decreases are likely. The accuracy and precision of
location estimates has improved 10-fold since the first GPS-based telemetry systems were introduced and even greater
accuracy may be achieved in the next few years. New systems may be developed to transfer GPS data using current
strategies, but the next generation of GPS systems will probably make use of local cellular phone networks for data
transmission. In spite of all the progress that has been made, and future developments, researchers must keep in mind
that technology such as GPS is simply a tool and cannot substitute for good science. Used judiciously, GPS-based
telemetry systems have the potential to set new standards in future resource utilization studies of wildlife.
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ABSTRACT

Global positioning systems (GPS) are likely to revolutionize animal telemetry studies. GPS collars allow biologists to
collect systematically scheduled data when VHF telemetry data is difficult or impossible to collect. Past studies have
shown that the success of GPS telemetry is greater when animals are standing, or in open habitats. To make effective
use of GPS telemetry, biologists need to understand its advantages and disadvantages. Our objectives are to compare
data from GPS and VHF telemetry, present data on the use of activity sensors for estimating behavior and show that
unsuccessful GPS fix attempts can provide insights into the biology of elk. We placed two GPS telemetry collars,
capable of remote transmission of data to a command unit, and 44 VHF telemetry collars on adult female (cow) elk
(Cervus elaphus). The GPS collars were programmed to take three fixes, three days each week. These GPS collars did
not operate properly. In February 2000, we placed four store-on-board GPS collars from a different manufacturer on
cow elk. These collars were programmed to collect 6 - 12 locations each day, with drop-off mechanisms set for
December 1, 2000. The average success in acquiring fixes was 88%, with 70% 3D locations. Each GPS collar
collected more locations of elk than were obtained by three technicians working >2 yr using VHF telemetry. Tilt-
switch activity sensors suggested that elk were feeding in 40% of locations. The data indicated that feeding and
bedding occurred in all habitats. As expected, elk appeared to spend more time feeding than bedded in grasslands
during both daytime and night-time hours. Disparity between the number of feeding and bedding locations in
grasslands was less during night-time. Unsuccessful GPS fix attempts occurred more often when elk were bedded (P
< 0.01) and more often during daytime than night-time or the crepuscular periods (P < 0.01). Unsuccessful GPS fix
attempts increased in frequency from spring through July and for some animals during the hunting seasons. GPS
telemetry was an efficient and effective tool for studying elk habitat.

INTRODUCTION

Global positioning systems (GPS) have created new opportunities. Biologists can easily meet the sample size
requirements for assessing habitat selection of animals (e.g., Alldredge and Ratti 1986), track animals during night-
time or periods of poor weather, receive data by remote transfer, and collect considerable information about animals
without disturbing them.

Success rates for obtaining GPS locations may be as high as 90% (Dussault et al. 1999), but vary among animals
depending on habitat (Rempel et al. 1995, Moen et al. 1996, Rempel and Rodgers 1997) and behavior (Bowman et
al. 2000). Because there is some bias associated with GPS telemetry, biologists need to understand the character and
magnitude of the bias before deciding if GPS telemetry is useful for a study (e.g., Rumble and Lindzey 1997, Gamo
et al. in press). Our objectives were to compare the quantity of data from GPS telemetry to VHF telemetry on free
ranging elk (Cervus elaphus), compare elk behavior among habitats during days and nights, and present the usefulness
of unsuccessful GPS location attempts to provide insight into elk biology. 

STUDY AREA AND METHODS

Our study was conducted in the limestone plateau of the central Black Hills. Elevations range from approximately
915 m to 2207 m. Annual precipitation ranges from 46 to 66 cm (Orr 1959). January is the coldest month with
mean daily temperatures from 1.8 to -11oC; July and August are the warmest months with mean daily temperatures
from 15 to 29oC. The Black Hills is mostly forested with interspersed grasslands. Ponderosa pine (Pinus ponderosa)
is the dominant vegetation type but white spruce (Picea glauca) and quaking aspen (Populus tremuloides) also occur
(Hoffman and Alexander 1987).
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In August 1998 and January 1999, we captured 46 adult female (cow) elk. Forty-four were equipped with VHF
telemetry collars and two were equipped with GPS telemetry collars. Three technicians located elk using VHF
telemetry and hand-held yagi antennae year-round from sunrise to just after sunset. When snow was absent,
technicians spent three days each week locating animals, resulting in about two locations per month per animal.
During winter, we located animals using snowmobiles and an airplane, resulting in approximately one location per
animal per month. The GPS collars were programmed to collect three locations each day (two at night and one
during day), three days each week (Mon., Wed., Fri.). Data from the GPS collars were stored on the collar until they
were transmitted to a remote command unit, after which data were removed from the collar memory. We conducted
remote downloads from collar at irregular intervals. One GPS collar was retrieved in October 1999 from an animal
harvested during the hunting season.

In February 2000, we recaptured the elk with a GPS collar and three additional cow elk. These elk were equipped
with store-on-board GPS telemetry units in sealed canisters. Each collar had an electronic release mechanism which,
when activated on 1 December 2000, caused the collar to fall off the animal. These collars were programmed to
obtain six locations each day from February through to August 20, 12 locations each day (2 hr intervals) from August
21 to November 10, and six locations each day from November 11 to December 1. Locations outside the 2-hr
intervals varied each month to ensure that one location occurred during each of the two crepuscular periods and two
occurred during each nighttime and daytime. Each collar also had a tilt-switch. During the 10-minute interval
following each location attempt, the tilt-switch was queried at one-second intervals and head-down occurrences were
tallied. These were stored in the collar as percent head-down time associated with each GPS location attempt.

We constructed histograms of relative frequency for percent head-down time to assign feeding or non-feeding
bedding behavior to elk. Our observations suggest that when elk are not feeding, they are usually bedded. Therefore,
we assigned non-feeding behavior as bedded. We used chi square homogeneity tests to evaluate (1) whether
unsuccessful GPS location attempts were independent of activity (feeding or bedding), (2) whether unsuccessful
location attempts were independent of daily periods (day, night, or crepuscular), and (3) whether feeding and
bedding GPS locations were similar among habitats. Elk locations were assigned to habitats using inventory data
(Buttery and Gillam 1983) for the Black Hills National Forest in a geographic information system. We determined
significant deviations from the expected distributions in the chi square tests by comparing the adjusted standardized
residuals with the critical values of a Z-statistic after making a Bonferroni correction to α level (Mosteller and
Paranuk 1985). All tests were considered significant at α = 0.10. 

RESULTS AND DISCUSSION

The first two GPS telemetry collars deployed on elk did not operate correctly. The collars were programmed to collect
36 locations each month (three each day, three days each week), but the number of locations varied from 0 to 153
per month (Table 1). One collar did not obtain a GPS location for more than two months after it was placed on an
elk. We cannot explain these apparent malfunctions. During winter, the rate of successful locations for both collars
was poor. We suspect that moisture in the collars and freezing temperatures caused the poor success of these GPS
collars during winter. Temperature was not related to success of obtaining GPS locations on moose (Alces alces) in
Canada (Dussault et al. 1999). We found it difficult to accomplish remote downloads of data from the collars. We
believe the signal was blocked when animals walked behind large trees causing the communication link to be broken.
The four store-on-board GPS collars we deployed operated correctly. These GPS collars obtained locations on 88%
of attempts, with 70% 3D locations (Fig. 1). Biggs et al. (in press) recorded 70% location rates using an earlier
version of GPS units from the same manufacturer.

We obtained 1,811 locations of elk from VHF telemetry from August 1998 to December 2000; 967 of which were
visual observations of collared elk, or elk in the same herd as collared animals. There was no way to estimate accuracy
of the latter visual observations, but we believe it was equivalent to a differentially corrected 2D or 3D location with
dilution of precision < 7 (approx. ± 20 m, Rempel and Rodgers 1997). The accuracy of 844 VHF locations was only
sufficient for a skilled technician to confidently place the animals in a 4 - 32 ha land unit through the combined use
of the telemetry system and topographic features.
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Figure 1. Number of location attempts, total locations, and 3D locations of four store-on-board GPS collars deployed on
elk in the Black Hills, South Dakota.

We considered elk to be feeding if the activity sensor recorded >10% head-down position during the 10-minute time
interval following GPS location attempts (Fig. 2). The most likely error in our behavior assessments would be
browsing by elk at or above head-level. However, our observations indicate that when browsing, elk frequently select
low plants also. If estimates of activity made from telemetry are compiled over time and include relative duration,
activity of animals can be estimated with >90% accuracy (Gillingham and Bunnell 1985, Hansen et al. 1992).

Figure 2. Frequency histograms of percent of time in head-down position on elk fitted with GPS collars in the Black Hills,
South Dakota.
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During the day, 37% of GPS elk locations were feeding. At night, 42% of GPS elk locations were feeding. Our
daytime observations from VHF telemetry frequently included elk feeding while others in the herd were bedded. Our
estimates of feeding and bedding behavior obtained from GPS collars contrast estimates of optimal spatial allocation
of forage (60%) and cover (40%) for elk (Thomas et al. 1979).

Table 2. Adjusted standardized residuals for feeding activity from chi-square homogeneity test of activity of elk with GPS
collars among habitats for days and nights.

1Standardized residuals for bedding are not shown because they are the same value with an opposite sign. A negative standardized
residual indicates elk used habitats more for bedding than feeding and a positive sign indicates elk used habitats more for feeding
than bedding. Standardized residuals =2.38 are significant at a = 0.10 from a Bonferroni correction to the Z-statistic (Mosteller and
Parunak 1985).

Elk used all habitats for feeding and bedding during days and nights (Table 2). When in grasslands, elk were usually
feeding. During daytime, the disparity between feeding and bedding in grasslands was greater than at night-time.
When elk used moderate or dense ponderosa pine, they were bedded more than feeding during both daytime and
night-time. Unsuccessful GPS locations occurred more (P < 0.01) frequently when elk were bedded (833) than when
they were feeding (212). GPS location attempts failed more frequently when white-tailed deer (Odocoileus
virginianus) were bedded (Bowman et al. 2000). Unsuccessful GPS location attempts also occurred more frequently
(P < 0.01) during the day (731) than during night (126) or crepuscular (161) periods. We suspect the decline in
successful GPS locations was caused more by dense forest vegetation frequently used by elk for bedding than the
bedding activity itself. We frequently observed elk bedded in patches of white spruce and ponderosa pine with high
basal area and high overstory canopy cover during summer. Unsuccessful GPS location attempts increased (P < 0.01)
from February through July (Fig. 3). Greater frequency of unsuccessful GPS location attempts during daytime and
through July may have been a thermoregulatory response by elk utilizing dense cover for shade (e.g., Merrill 1991,
Millspaugh et al. 1998). GPS location attempts failed more frequently during daytime, when temperatures were
higher, and moose used closed canopy vegetation types in Alaska (Moen et al 1996). Because the temperature sensors
were not activated, relations between bedding and temperature in our study are speculative. Two animals showed
increased frequency of unsuccessful GPS locations in October. We observed elk using dense cover, possibly as security
cover during the hunting season.

Habitat Standardized residual1 Standardized residual
for feeding during day for feeding during night

Grasslands 4.6 2.3

Private (mostly grassland) 8.3 4.9

Open canopy aspen 2.4 -0.7

Moderate canopy aspen -0.9 -0.7

Dense canopy aspen -0.8 0.2

Shrublands -1.1 -3.2

Open canopy ponderosa pine -0.9 -1.2

Moderate canopy ponderosa pine -5.9 -3.6

Dense canopy ponderosa pine -2.0 -1.9

Open canopy white spruce 1.1 1.5

Moderate canopy white spruce 2.3 0.1

Dense canopy white spruce -1.2 0.3



Figure 3. Histograms of relative frequency for unsuccessful GPS location attempts by month, in the Black Hills, South
Dakota.

CONCLUSIONS

Although our initial experience with GPS telemetry was not successful, the four store on-board collars provided us
with a large and valuable data set from which to evaluate elk habitat use and behavior. We believe the improved
performance of the latter GPS collars resulted from packaging of the GPS units that prevented moisture from
penetrating into the electronics. Although these four GPS collared elk do not represent a population, they
demonstrate the kinds and quality of data available from GPS. We obtained more data from each GPS collar in 10
months than was obtained from three technicians tracking 10 times as many elk with VHF telemetry collars over 2.3
years. GPS telemetry also provided data during periods when we could not use VHF telemetry. The benefits of GPS
collars and costs of personnel and vehicles in VHF telemetry studies need to be included in the decision process of
whether to use GPS. We concur with Biggs et al. (in press) that GPS telemetry is more efficient and economic for
tracking animals than VHF telemetry. Location schedules and number of locations also should be considered when
deciding which telemetry device to use. In retrospect, we missed a large portion of winter in our study area by placing
collars in the field in early February and having them drop off on December 1. Not having temperature sensors
activated on the GPS collars restricted our ability to make some inferences from the data. The additional expense of
temperature, activity and mortality sensors are worth the additional costs of $20 to $50 each.

GPS telemetry provides many new opportunities to biologists, but it also contains biases. However, predictable errors
of GPS telemetry that are well understood might be better for some studies than unknown errors of unknown
magnitudes, typical of studies using VHF telemetry. Coupling temperature and activity data with unsuccessful GPS
location attempts can also provide insights into elk behavior. Our application of GPS telemetry to elk confirmed our
belief that that elk behavior changes from daytime to night-time. GPS telemetry provided sufficient data for future
analyses during short periods such as migrations or calving, while maintaining adequate sample sizes (e.g., Alldredge
and Ratti 1986).
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DIURNAL AND NOCTURNAL HABITAT USE BY
REINTRODUCED ELK IN EASTERN KENTUCKY,
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ABSTRACT

After an absence of 150 years, elk (Cervus elaphus) were reintroduced to eastern Kentucky in 1998.  The restoration
zone is dominated by private lands (commercial and individual) where conflicts between elk and humans can occur.
Previous research has found that elk behaviour may change temporarily due to human disturbances.  Our goal was
to examine differences in diurnal and nocturnal habitat use by elk and to determine factors influencing individual
movement pathways.  GPS radio collars were used on 22 elk, to study elk habitat use and movement from 4 release
sites during 1998, 1999, and 2000.  Locations were obtained every three to six hours for up to 13 months per elk.
A total of 250 - 2500 locations were obtained for each animal. Slope, aspect, elevation, distance to nearest stream,
distance to nearest maintained road and forest or non-forest cover were determined for each location, using ArcView
GIS.   Stepwise logistic regression analysis was used to determine which variables best predicted the nocturnal and
diurnal locations of elk.  A two-variable model including land use and slope was found to be significant.  Elk favour
forested cover and steeper slopes during the day and more open habitat and milder slopes at night.  To date, most of
the collared elk (87-90%) have remained within 20 km of their release sites, whereas a few (<5%) have moved more
than 150 km away.  Landscape features, such as rugged topography, rivers, and highways, do not present barriers to
the elk that leave the release site, but may influence colonization patterns.  Elk prefer to follow topographic contours,
rather than move perpendicular to ridgelines and valleys.  As such, ridgelines may act as conduits for elk movements
and may help managers predict the direction and extent of colonization.
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SATELLITE IMAGES

Holger Dettki1 and Lars Edenius2

1 Dept. of Forest Resource Management and Geomatics and Dept. of Animal Ecology, SLU, 901 83 Umeå, Sweden
2 Dept. of Animal Ecology, SLU, 901 83 Umeå, Sweden

ABSTRACT

The moose population (Alces alces) has stayed high in Sweden since the early 1980s, with extensive browsing damage
reported in managed forest areas. This causes debate among forest owners, hunters, conservationists and wildlife
managers as to how to mitigate negative effects and achieve sustainable management both of wildlife and forest
resources.

Predicting the development of the moose population and modelling forage resources are desirable for developing
forestry scenarios with minimal negative effects. In order to achieve this we need a better understanding of the
ecological patterns of moose movement and habitat use, at different time and spatial scales. These patterns can then
be analysed in combination with estimates of the amount and distribution of important habitat attributes, derived
from satellite imagery and ancillary data.

Between 1995 and 1998, 15 female moose were tracked in the Robertsfors area, in coastal northern Sweden, using
GPS-collars (GPS_1000, Lotek Engineering) and recording about 21,000 positions of which >12,000 were
differentially corrected. The positions were used to calculate the individual home ranges per season, month and day
using ArcView GIS software with the Animal Movement Extension.

Using the k-nearest neighbour classifier (kNN) on a Landsat TM scene from 1996, we produced continuous estimates
of tree volume and biomass for forested areas, at a pixel level of 25 x 25 m.  From these estimates, tree species
composition and volume will be derived as a measure of potential moose habitats: young birch and pine dominated
forest and older spruce forest. These habitat types are hypothesised to be important for food acquisition and cover,
respectively. The proportion forage/cover within individual home ranges will be calculated on a seasonal, monthly
and daily basis and compared with data gathered from equal sized random plots, for evaluation of selectivity for
specific combinations of habitat types.

We foresee this as the first step in building a simple, spatially explicit model to describe moose movement and habitat
use, based on vegetation estimation derived from satellite data.

The project is part of the RESE (Remote Sensing for the Environment) project financed by the Foundation for
Strategic Environmental Research. 
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Jouko Kumpula1, Alfred Colpaert2 and Ulrich Fielitz3

1 Finnish Game and Fisheries Research Institute, Reindeer Research Station, FIN-99910 Kaamanen
2 Oulu University, Department of Geography, FIN-90570 Oulu
3 Environmental Studies, Am Herberhäuser Weinberge 23, D-37075 Göttingen, Germany

ABSTRACT

The present winter stock of semi-domesticated reindeer in Finland is ca. 200,000 animals. For most of the year
reindeer graze freely, but twice a year they are gathered, for calf marking in summer and for counting and slaughtering
in late autumn and early winter. During the last decade, feeding of reindeer in winter has increased markedly in
Finland.

The average number of reindeer during the last two decades has been 1.5 times higher than the long-term average.
Long-term overgrazing has decreased the condition of lichen (Cladina spp.) pastures. Also, other land uses have
changed the state of the pastures. Forestry has decreased the amount of arboreal lichen (Alectoria, Bryoria spp.)
pasture, which used to be an important source of fodder in late winter. Although the condition and amount of winter
pasture have decreased, the number of reindeer has been kept at the present level by intensified feeding. Feeding has
also stabilized stock productivity during the last few years, when unstable weather and snow conditions in winter have
been common. There is an obvious need to study the impacts of other land uses, as well as weather and snow
conditions, on pasture use and the availability of natural food for reindeer.

We tested a GPS-tracking system and satellite image data (Landsat-5 TM) for the study of pasture use by reindeer in
northernmost Finland from 1996-97. Six females and four males carried GPS-receiver collars (weight 750 or 1500
g) for 3.5-14.0 months, which recorded their locations 3-8 times per day. The GPS receivers were made by
VECTRONIC Aerospace GmbH in Germany. The actual working time of the GPS-receivers varied from 22 to 227
days. During that time they collected 3,944 locations. Of all location attempts, 79% were successful. Analyses of
pasture use by reindeer, using classified pasture maps, showed that pasture use by reindeer was dependent on season,
vegetation and snow conditions.

The method proved to be an effective way to study pasture use and migration of reindeer. However, GPS-collars for
reindeer should be designed to prevent snow and ice accumulation on the collar. Also, the weight of a GPS-receiver
collar should not exceed 0.7% of the body weight of a reindeer (weight: 500-600 g), so that it does not disturb
foraging behaviour in winter. Since 1999 we have continued to study the pasture use of reindeer in the Ivalo reindeer
management district (land area 2,641 km2), in northernmost Finland, using a new type of GPS-receiver collar. The
total weight of the collar is 550 g and it can take and store, for example, three locations per day over one year. Air
temperature is also measured and stored. The GPS receiver can also be programmed to send the stored data at certain
intervals to a ground station (weight 2,600 g). There is also a radio transmitter in each GPS collar. Presently ten
reindeer females carry these GPS-receiver collars.

We are also monitoring snow conditions in the study area, taking measurements in December, February and April.
We have marked out five equilateral triangles on the study area. The length of one side of each triangle is 3.5 km and
there is a snow measurement site every half kilometer along each side. The aim is to compare the snow conditions in
different regions and in different vegetation and forest types. Later we will analyse the use of different vegetation and
forest types by reindeer. In these analyses, we use the classified satellite images and the digitised forest maps of the
Finnish Forest and Park Service.
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ABSTRACT

A female red deer (Cervus elaphus L.) was tagged with a differential Global Positioning System (GPS) collar (Televilt
- SimplexTM) to test the performance of such technology.  This experiment was part of a habitat use study in the Saint-
Hubert forest in Ardenne, Belgium.  The results are based on the data downloaded via the radio link in the GPS-
unit. Battery power was sufficient for the GPS receiver to work for a period of 85 days, at a rate of 4 fixes a day.
Locations of the animal were related to the different forest stands found within its home range, using GIS.  The
performance of this GPS-based system is described and discussed (GPS 3D-fix success rate = 46% and dilution of
precision (DOP) values < 6 = 52%)

INTRODUCTION

The aim of this study was to assess the use of GPS technology as a tool to evaluate habitat use by red deer. Traditional
radio telemetry fixes are time consuming to collect and of variable accuracy. The use of GPS collars should allow
progress to be made in the knowledge of red deer movements, with a greater number and accuracy of fixes, especially
where differential GPS is used. Nevertheless, forest cover in European temperate forests can constitute a major
limitation to the success of GPS measurements, unlike radio telemetry measurements. When studying habitat use,
this could introduce an important bias, by over-estimating use of open areas in relation to closed canopy forested
areas.

MATERIAL AND METHODS

A red deer female was immobilized by teleanesthesia (Licoppe et al, 2001) on the 28th of March 2000 and fitted with
a GPS-SimplexTM collar.

Characteristics and settings of the GPS-unit

The GPS unit used was an 8-channel GPS-SimplexTM (Televilt) medium deer sized collar, working in differential
mode. The unit was equipped with a VHF transmitter, which was used both as a traditional locating beacon and as
a radio link for transfer of the coded GPS data to the remote receiving station (data-logger RX900TM-Televilt). These
data were then converted to longitude-latitude coordinates using a Window based program (SimpostTM - Televilt).
Other data available informations were fix time and measurement quality.

As GPS works in differential mode, all the GPS measurements were 3D positions, with enough information for post-
correction of the data. The expected number of fixes, according to the battery power available, was 400.
Concurrently, GPS data were collected by a GPS base station situated less than 100 km from the study site, at the
Université Catholique de Louvain. At this time, the results are not corrected nor complete, since they are only based
on the data downloaded from the collar via the radio link. This kind of unit allows the user to set the frequency of
GPS measurements. The schedule was made as simple and as representative (covering both day and night) as possible
and optimized in relation to the predicted number of satellites visible in the area during the year 2000 (TRIMBLE
GPS Mission Planning Interactive Pages at www.trimble.com or Interactive GPS Satellite Prediction at
sirius.chinalake.navy.mil). GPS fixes were taken 4 times a day (GMT : 0330h, 0730h, 1900h, 2300h) and 7 days a
week. The downloading of data (the last 125 positions recorded) occurred once a week when the radio beacon was
switched on.
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Study site

The study site (4000 ha) is situated in the forested area of St-Hubert, which covers approximately 16500 ha. The
forest is dominated by old beech grove (Fagus sylvatica L.) and all stages of development of Norway spruce (Picea
abies (L.) Karst.). Some open areas remain, mainly peat bogs and waste moorland. The elevation varies from 350 m
in the valleys to approximately 600 m on the plateau. The large game species present and hunted in the experimental
area are red deer (density = 30/1000 ha), roe deer (Capreolus capreolus) and wild boar (Sus scrofa L.).

Spatial and statistical analysis

The use of a high resolution (0.40 m) aerial picture (07/08/98) was necessary to evaluate the total area that is free of
tree cover. All the information about forest stands (tree species, age and structure) were integrated into a GIS. The
spatial analyses were performed using ArcView 3.1. (ESRI), for buffering, and Ranges V (Institute of Terrestrial
Ecology), for the computation of the home range (Minimum Convex Polygon, or MCP). Statistical analyses were
carried out using StatView (Abacus Concepts).

PRELIMINARY RESULTS

GPS Performance

The GPS worked from the 28th March until the 22nd June 2000. All predicted values (number of visible satellites
and position dilution of precision, or PDOP) were calculated with the following characteristics : 50o10'N, 5o40'E,
altitude = 500 m, mask = 13o.

Of the 400 GPS fixes expected to be taken within a period of 100 days, 157 were successfully measured and
downloaded during 85 days (GPS fix success rate = 46%). 

The comparison between the mean number of visible satellites when GPS measurement was successful (ξ = 7.42, SD
= 1.31, n=157) and the mean number when no measurement was made (ξ = 6.87, SD = 1.20, n=183) showed a
significant difference (Student, t0.975 = -3.79, p = 0.0002). The comparison of means of the PDOP of the same
successful (ξ = 2.97, SD = 0.65, n=157) and unsuccessful (ξ = 2.93, SD = 0.61, n=183) GPS data did not show any
difference (Student, t0.975 = -0.585, p = 0.5592). 

The GPS success rate varied according to the time of day (Table 1). The mean number of available satellites was
greater at 0330h and 2300h as compared to 0730h and 1900h (ANOVA, F = 22.99, df = 3, 336, p < 0.0001) and
the mean PDOP showed a small, but significant, difference between times of day (ANOVA, F = 3.105, df = 3, 336,
p = 0.0267).

PDOP values, when recorded in the memory of the GPS unit, are usually greater than the predicted PDOP values.
There were 52% of the data with PDOP values lower than 6.

Table 1. Rate of GPS measurement success, number of visible satellites and position dilution of precision (PDOP)
(50o10'N, 5o40'E, altitude = 500 m, mask = 13o) according to time of day.

Home range and habitat use

The area of the MCP was 228 ha and included 41 ha of non-forested area, 87 ha of Norway spruce (with a
predominance of young stages of development with low canopy cover), 99 ha of old beech and oak forest and 1 ha
of alders and birches. 

Time GMT GPS success rate (%) Mean number of visible satellites Mean PDOP

3h30 57 7.70 2.80

7h30 26 6.45 2.92

19h00 33 6.71 3.09

23h00 67 7.61 2.99



Considering the 157 successful GPS fixes, their distribution according to the different forest stands was : 69% in
open area, 20 % in Norway spruce (10% in young and 10% in medium and old stages) and 11% in old beech and
oak stands. Within the 31% of locations occurring under canopy cover, 59% were situated at a distance less than 25
m from open areas.

The distribution of locations of GPS fixes according to the time of day and the forest type are shown in Table 2. 

Table 2. Number of GPS fixes for the female red deer according to forest type and time of day.

DISCUSSION AND CONCLUSION

The final results will be collected and differentially corrected as soon as the collar is removed from the animal.  In
differential mode the GPS-unit uses a lot of battery power, since 3D measurements have to be achieved and require
the unit to be switched on for a long period of time. The use of a non-differential GPS should allow greater efficiency
in GPS location attempts, although it will be less accurate. The accuracy of traditional, non-differential, GPS
measurements is significatively better since the Selective Availability was removed by the US Government, on 1st
May 2000. Although the use of differential correction should be maintained in habitat studies requiring very high
resolution, in our case it is now considered to be superfluous.

The performance of the GPS-SimplexTM seems to be very dependent on the number of visible satellites. Forest stands
have an influence on the efficiency of GPS, by reducing the number of visible satellites. The distribution of animals
in the mature beech forest (10%) seems to be biased, in relation to the large proportion of that type of stand within
the home range of the tracked animal (40%).  High basal area and height of the trees have been shown to affect GPS
location success (Dussault et al, 1999). The use of open areas increases at night. This could correspond to more
nocturnal feeding activity, due to the forest being frequented by tourists.

The next generation of GPS collars should  have greater efficiency under tree canopy. Some tests carried out on the
new generation of GPS-SimplexTM (puchased in 2000) in beech forest showed increased efficiency in measurement
attempts. If this is confirmed, GPS technology will surely be more profitable than classical VHF transmitters in terms
of accuracy, time and money. 
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Time (h GMT) Open area Old beech  & oak Old & medium spruce Young spruce Unsuccessful fixes

0330 37 6 3 3 37

0730 7 1 4 10 64

1900 18 3 3 4 58

2300 46 7 5 28
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INTRODUCTION

The application of Navigation Satellite Time and Ranging (NAVSTAR) global positioning system (GPS) technology
to track free-ranging animals has provided biologists with a potentially valuable tool.  Conventional, VHF-based,
radio-telemetry studies often yield biased movement data, because relocation schedules are influenced by daily light
and weather patterns.  Also, the tracking of wide-ranging animals often requires use of costly, specially equipped
aircraft.  GPS collars should provide locations of study animals regardless of weather and daylight patterns and offer
sufficient spatial coverage to provide accurate locations of most terrestrial mammals.  Furthermore, the frequency of
locations theoretically available from GPS collars should allow documentation of fine-grained movement patterns.

Elk (Cervus elaphus nelsoni) have recovered to pre-settlement levels in much of the western United States, but many
of these populations face potential habitat loss as oil and natural gas deposits are developed to meet the nation's
energy needs (VanDyke and Klein 1995).  The effect of development on elk populations is poorly understood,
restricting the opportunity for design of energy development plans to incorporate measures that would lessen impacts
on elk.  

Mule deer (Odocoileus hemionus) are found throughout western North America.  Many populations are migratory,
moving seasonally between food-rich, high-elevation summer ranges and more benign lower-elevation, shrub-steppe
winter ranges.  Biologists are faced with managing not only distinct summer and winter ranges, but also transition
ranges, used by deer as they move between their summer and winter ranges.  Maintaining the integrity of transition
ranges is necessary to ensure the passage of deer between seasonal ranges.  In addition, transition ranges often provide
foods that result in improved body condition of deer entering winter (Hobbs 1989) and winter foods that sustain
condition of females during their third trimester of pregnancy (Verme and Ullrey 1984).  Energy and housing
developments threaten to fragment transition ranges in many areas of western North America.

Mountain lions (Puma concolor) were extirpated from eastern North America by the early 1900's, but viable
populations have persisted in rugged, mountainous areas of the west.  The role mountain lions play in the dynamics
of ungulate populations is of interest not only to scientists, but to hunters of ungulates and mountain lions as well.
Mountain lions, because they occur in low numbers, are solitary and wide-ranging, have proven more elusive than
most animals to study.  Predation rates, the key to understanding the mountain lion's role in ungulate dynamics and
ecosystems, have been estimated by intensive tracking efforts (Hornocker 1970) and energetic models (Ackerman et
al. 1986)

METHODS

We are studying two adjacent herds of elk along the Piney Front of the Wyoming Mountain Range in western
Wyoming.  The two herds occupy winter ranges similar in elevation and vegetative composition.  The range of the
northern herd includes 1,136 active oil and gas wells and associated handling facilities and roads, while the range of
the southern herd is not developed.  Our general objective is to document and compare movement and activity
patterns of the two elk herds, to support inferences about the effect of  energy development on elk in this habitat.

We captured 15 adult (> 1 year old) female elk from each herd, using helicopter net-gunning and collared each with
a Telonics generation 2, store-on-board, GPS collar in winter 2000 (Table 1).  The collars were programmed to
attempt eight fixes a day during winter and two during summer months.  We anticipate a collar life of 2 years.  Data
have been retrieved from the collars of elk harvested during the hunting season and these collars fitted on other elk.
All collared elk will be captured in spring 2002 to retrieve stored GPS locations.



The Sublette mule deer herd winters south of Pinedale, Wyoming USA, with deer from this wintering complex
migrating as far as 140 kilometers to summer in five mountain ranges in northwestern Wyoming.  The primary
objectives of this study are to document the timing of migration, migratory pathways and areas of concentrated deer
use on the transition range. We captured mule deer on the winter range in 1998 and 1999 using helicopter net-
gunning and collared 144 adults (> 1 year old) with VHF radio-telemetry collars and 17 with Telonics generation 1,
store-on-board, GPS collars.  Collars were programmed to attempt three fixes a day during spring and fall migration
periods and one a day during summer and winter and were capable of storing 700 locations (Table 1).  We located
collared deer from an aircraft about once a month and retrieved GPS collars by recapturing these deer each winter.

We captured mountain lions using trained dogs and collared them with either conventional VHF radio-collars or
Lotek store-on-board GPS collars in the Snowy Mountain Range of southeastern Wyoming.  GPS collars were
programmed to attempt six fixes daily, with an expected life of 6 months.  Data were retrieved by capturing the
mountain lions, or from lions harvested during the mountain lion hunting season.  We first collared mountain lions
with GPS units in the fall of 1999, and recycled these collars onto other lions after data were downloaded and the
battery packs replaced.  GPS data retrieved from the collars were used to develop models that would predict predation
events.  Field reconnaissance of potential and predicted predation sites, located by homing to specified coordinates
with a hand-held GPS unit, helped develop and verify these models.

RESULTS AND DISCUSSION

GPS collars were retrieved within the year from six of the 30 collared elk.  Five were harvested during the elk hunting
season the following fall and the other was killed by a mountain lion soon after being collared.  The fix success rate
(the percentage of scheduled fix attempts that resulted in a stored location) was higher in winter than summer (Table
1).  Overstory vegetative cover and rugged terrain common on the summer ranges but not winter ranges, likely
contributed to lower summer success rates.  High winter success rates should generate the fine-grained movement
data needed to identify differences between elk using disturbed and undisturbed winter ranges.

Table 1. Performance of GPS store-on-board collars on elk, mule deer and mountain lions in Wyoming USA.

A Analyses based on only the first seven of 17 collars.

Elk Mule Deer Mountain Lions

Collar manufacturer Telonics Telonics Lotek

Model TGW 300 Generation 1 GPS 2000

Number of animals 5 17 10

Programmed fix
schedule 

winter 8/day 1/25 hrs 6/day

Oct.-Apr. Dec.-Mar. Sep.-Mar.

summer  2/day 1/25 hrs

May-Sep. Jun.-Aug.

migration 3 (1/9hrs)

Apr, May, Oct, Nov.

Percentage of fixes
successful

overall 85 75 64

winter 92 97A 64

3-d 82 48

summer 77 78A

3-d 61
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Success rates for GPS collars on mule deer averaged about 75%, with the first seven collars downloaded exhibiting
higher success rates in winter than summer (Table 1).  Rugged, mountainous topography and over-story vegetative
cover, more abundant on summer than winter ranges of mule deer as well as elk, is likely to have contributed to the
difference in seasonal success rates.  The frequent locations yielded by GPS collars during the migration periods
resulted in relatively detailed, continuous movement paths in comparison to the fragmented pathways provided by
the sequential VHF radio-telemetry locations.

Ten mountain lions carried GPS collars during the winter.  Collars were on individual lions, for from 1to 6 months,
with the number of stored locations ranging from 111 to 669.  Fix success rates ranged from 40 to 84% and averaged
64% (Table 1).  The average number of locations for each lion ranged from 2.4 to 5.1 per day.  Preliminary analyses
of these data suggest that sites where large animals are killed by mountain lions can be identified from the sequential
location records provided by GPS collars.  Additionally, GPS data from some mountain lions identified areas of use
outside their home ranges, previously estimated from VHF telemetry locations obtained twice-weekly from the air.

CONCLUSIONS

Our studies are ongoing, but preliminary analyses suggest that GPS collars will provide the quality and quantity of
data needed to address the stated objectives.  Although potential biases, associated with relocation schedules being
dictated by light and weather patterns in conventional VHF radio-telemetry programs, are reduced or eliminated
with the use of GPS collars, biases related to blockage of signals by vegetation or topography (Rempel et al. 1995)
remain.  Advances in GPS technology are likely to reduce but not eliminate this problem. We used store-on-board
GPS collars because reliable data relay systems were not available when we purchased the collars.  Many questions
will require, or profit from, more frequent data retrieval.

Cost is a consideration in the design of most research projects.  Our analyses of GPS and VHF telemetry costs in the
mule deer study, indicated the average cost of each location was considerably less for GPS than VHF, being $8 and
$65 respectively.  In the brief time we have used GPS collars, collar cost and weight have decreased and total potential
locations increased, making them not only more affordable, but applicable to a wider range of ecological questions
as well.  As the cost of GPS collars is reduced, the sample size issue that often influences the choice between GPS and
conventional VHF radio-telemetry approaches will become less of a consideration.  GPS collars are, however, simply
another tool and as such should be chosen based on the unique data needs of the research question being addressed.
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ABSTRACT

We used 3 differential GPS (DGPS-SIMPLEXTM) collars on moose (Alces alces) and one non-differential GPS (GPS-
SIMPLEXTM) collar on a territorial male wolf (Canis lupus), to assess movement patterns, habitat selection and
predation. All 4 collars were manufactured by Televilt Positioning AB, Sweden and they have in common that the
positioning data is transmitted at pre-programmed times via VHF-coded signals, while also being stored in an on-
board memory. We tested the effectiveness of remote data downloads from the ground and evaluated GPS
performance. The 27 downloads from the moose collars were more successful, with 82% of data transferred, than the
first 12 downloads from the wolf collar. Download success may depend on various factors, such as home range size,
animal activity, topography, and habitat. Positioning success rate (38-100%) of the 1,895 unique moose positions
obtained by remote downloads decreased and satellite searching time increased, during the moose study period from
spring to late autumn 2000. There was at the same time a strong diurnal pattern with the poorest GPS performance
at midday. Seasonal and diurnal moose behaviour, habitat selection, atmospheric changes, and battery depletion are
factors that may have contributed to these patterns. The wolf collar had a positioning success rate of 97-99%, with
a search time of 34 ± 19 seconds and 70% 3D positions. For our project aims, we consider the combination of
remotely downloadable GPS and GIS very useful for instantaneous visualisation and analysis of data, in order to
assess temporary habitat factors, adjust experiments and find prey remains. The presentation of up-to-date data on
colour maps helps to raise local acceptance for our research projects and facilitates sponsoring.

INTRODUCTION

Moose (Alces alces) in southeastern Norway provide an increasingly important source of income in rural areas, where
there are few alternatives to traditional forestry and agriculture. The aim of increased moose production may have
negative effects from the increased risk of traffic accidents (Gundersen and Andreassen 1998, Gundersen et al. 1998)
and damage to forestry and bio-diversity. Predation by a re-colonising wolf  (Canis lupus) population (Wabakken et
al. 2001) may affect moose production. The project 'Moose Economics' aims to use ecological data to optimise the
benefit-cost ratio and increase the economic value of the moose population in rural Norway (Storaas et al. in press).  

Spatial moose and wolf data are important in this context. We are using GPS-technology to 1) analyse moose
movements in relation to habitat, predation and technical installations, 2) build a spatial landscape model of moose
productivity, 3) experimentally manipulate moose movements away from mortality risks or towards resources, and 4)
estimate predation by wolf.  In this paper, we present our first experiences with remote downloads and the
performance of 2 different GPS collars systems (Televilt Positioning AB).

Study area

The study area is situated in Hedmark county in south-eastern Norway, close to the border with central parts of
Sweden and includes the rural municipalities of Stor-Elvdal, Rendalen and parts of Åmot (61o N, 11o E). Boreal
coniferous forest dominates the landscape from the valley bottoms at 200-300 meters to the tree line at 900 m above
sea level. Scots pine (Pinus sylvestris), Norway spruce (Picea abies), birch (Betula pubescens, Betula pendula) and aspen
(Populus tremula) are the dominant tree species in various mixtures. Most of the forests are managed for a mosaic of
different age-class stands of predominantly Scots pine. Snow covers the area for 5-7 months from October/November
to April/May. The surrounding alpine areas rise to 1000-1300 m above sea level.
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MATERIALS AND METHODS

On March 6, 2000 we immobilised and fitted GPS-collars to 3 female moose, (moose numbers 226, 247 and 502).
From previous VHF radio tracking, these were known to be resident moose with their home range including the
railway track and main roads in the valley bottom.  Major parts of moose home ranges overlapped with a wolf pack
territory of unmarked wolves (the 'Koppang Pack'). The scent-marking alpha-pair of this pack has been ground-
tracked on snow for several winters to determine the pack's winter territory boundaries (Aronson et al. 2000).

Nearby, a newly established wolf pair  (the 'Graafjell Pair') were darted from a helicopter and radio-collared on
February 12, 2001. The male was equipped with a GPS-collar, while a conventional VHF radio collar was attached
to the female (Telonics, mod. 500). These two wolves were marked by the Scandinavian Wolf Research Project
(SKANDULV) as part of a study on the ecology of the joint Scandinavian wolf population. Several cooperative
Scandinavian research institutions run this international project, including Hedmark College (Sand et al. 2000 a,b).

The moose were equipped with differential GPS collars from Televilt Positioning AB (DGPS-SIMPLEXTM). They
weigh 1.8 kg each and contain 5 D-cell batteries. An internal 8-channel receiver, based on the NAVSTAR Global
Positioning System, determines the positions. It searches for a 3-D position within a user-set time slot and shuts
down as soon as the position is achieved. The pseudo-range data and ephemeris data for at least 4 visible satellites are
stored in an on-board memory. An additional VHF transmitter is used for radio tracking and for remote data
downloads in the field. The most recent 125 positions, with date, time and quality parameters, are stored in a
temporary memory and transferred as VHF pulse-coded signals, at pre-programmed times, to a data logger (RX-900,
Televilt). The transfer takes 6-7 seconds per position. These uncorrected positioning data are later transformed to
latitude and longitude or UTM coordinates with the SIMPPOST software (Televilt Positioning AB). When the main
battery voltage is low, a back-up battery takes over to keep the VHF transmitter working, with a unique pulse rate,
for a few more months. During this time it is possible to track the animal for recapture and retrieval of the collar.

We programmed the moose GPS-collars to take positions according to two different time schedules. Schedule 1, with
one position per hour (24 positions per day), was applied from March 6 to April 9 and after November 26. This
schedule was thought to cover migration and the hunting season. Schedule 2 was active from April 10 to November
26 and consisted of one position every 3 hours (8 per day). The maximum GPS search time was set as 200 seconds.
Remote data download was scheduled so that all positions could potentially be downloaded in the field. VHF
beaconing time was reduced to daytime hours during working days. With this schedule we expected the collar to
record 3000 - 4000 positions during the 8-12 months before battery depletion

At the beginning of March 2001, 2 of the 3 moose collars were retrieved from the field. In this paper we will report
on results from the remotely downloaded data from all 3 collars. From the time between the first and last position
in each transmission, we calculated the number of GPS positioning attempts and related this to the potential 120-
125 positions per transmission, in order to get an estimate of successful GPS-attempts. For this analysis we excluded
5 transmissions with obvious GPS failures. For the seasonal analyses we defined spring as the leafless period up to
May 15, summer as the leaf period up to September 30, and autumn as the leafless period thereafter.

The male wolf of the Gråfjell Pair was equipped with a non-differential GPS-SIMPLEXTM from Televilt Positioning
AB.  It was programmed with schedule 1 (one position per hour, see above) from February 12 to April 22, and for
several separate weeks during late summer, autumn and early winter, 2001.  In all other periods the collar was
scheduled to take 3 positions per day. For schedule 1, the collar was programmed to remotely transfer the data (6-7
seconds per position) weekly in 3 downloads, on 3 consecutive days. The VHF beacon was programmed to transmit
a signal for 4.5 hours in advance of data transmission, in order to locate the wolf in time. After the remote download
was completed, the data were transferred to a GIS (ESRI ArcView 3.2) for visualisation, analysis and to enable further
planning of fieldwork. 

RESULTS

Remote download of GPS data

In the period after collaring, between March 6 and November 10, 2000, a total of 33 remote data downloads per
moose were scheduled. Of those we received 11 transmissions from moose 226, 10 transmissions from moose 247,
and 6 transmissions from moose 502. We did not attempt to receive all the transmissions, in order to minimise costs.
On average, we received 101 ± 23 positions per transmission, which corresponded to 82% of the 125 possible
positions. A complete dataset was obtained in 8 out of the 27 transmissions, but in 8 of the transmissions we received
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less than 80% of the positions (Fig. 1).  Some data appeared in more than one transmission. In total, we received
1895 unique positions: 785 positions for moose 226, 511 positions for moose 247, and 599 positions for moose 502.
These positions were spread over the whole period of 247 days from March to November 2000. On 41 separate days
during this period, no data were available.

Figure 1: Number of remote data downloads (n=27) of the moose collars through VHF-coded signals, in relation to how
successfully the data were received by the data logger on the ground. 

During the first 4 weeks after February 12, 2001, we attempted to remotely download the wolf GPS data 12 times
from the ground (3 times each week). Three times, the wolf was not located in time to receive the data. Six times,
less than 50% of the expected data was received, and only 3 attempts resulted in high download rates (86%, 92%,
and 100% respectively). The repetitions allowed for combining data from the 3 transmissions within the weeks,
resulting in 20%, 32%, 96% and 100% success rates for positioning attempts in week 1, 2, 3, and 4 respectively.
Technical and methodological adjustments accounted for most of the improvement in the download rate after the
first 2 weeks. In total, we recorded 379 unique positions for the wolf during these first 4 weeks.

GPS performance

The following analysis of GPS performance is based on the remotely downloaded data only. The results may be
different when all data are taken into account, including data stored in the collar memories, although we do not
expect major changes. We received positions from moose 502 over the whole period, although the GPS unit of moose
226 did not achieve any positions during 18 days from July 4 to July 21 and, during September and early October,
the GPS unit of moose 247 failed on several occasions and failed totally after October 5.

Figure 2: Proportion of successful positioning attempts in 22 downloads of data from moose 226 (rings and solid lines),
moose 247 (shaded rectangles) and moose 502 (triangles and broken lines) during the study period.
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Moose GPS positioning attempts were successful in 38-100% of the transmission periods and seemed to vary with
moose/collar and time of year (Fig. 2). The GPS unit of moose 226 had the lowest success rate during the whole
period, except for June/July (38-72%). The success rates of the two intact moose GPS units decreased in the autumn
and were lowest in October/November (Fig.2). More than 80% of the positioning attempts were successful for moose
247 in March and June and for moose 502 in March and August (Fig.2).

Figure 3: Number of successful moose positions at different times of day (n = 1540).

The number of successful positioning attempts by the moose GPS units varied with time of the day, with lowest
success rate at midday and highest success rate at midnight (Fig. 3). This diurnal pattern was the same during spring,
summer and autumn. The satellite search time was up to one minute for 10%, 1-2 minutes for 59% and more than
2 minutes for 31% of all successful positions. The search time increased during the study period, and in autumn
about half of the positions were acquired after 2 minutes (Fig.4). The wolf GPS unit acquired positions in 99% (week
3) and 97% (week 4) of all attempts. Due to poor download conditions, the success rate was not assessed for the first
2 weeks. Mean satellite search time during the first 4 weeks of the study was 34 ± 19 seconds and was longer than
one minute in 7% of all successful positioning attempts. In 70% of all successful attempts, a 3D-position was
acquired. In the remaining 30%, the wolf GPS acquired a 2D-position, but could not locate more satellites during
the additional time slot of 20 seconds to achieve a 3D position.

Figure 4: GPS search time for 3D moose positions, limited by a time slot of 200 seconds, in relation to season (n=1895)

DISCUSSION

A remote GPS data download facility may be important for various reasons. First of all, positions stored in the GPS
collar may be lost due to collar failure, theft of collar or destruction. The moose in our project, for instance, were
very vulnerable to train and car collisions. One of the collared moose was hit and killed by a train in January 2001.
By chance, the GPS collar remained undamaged. Large carnivores in general, and in particular the newly established
wolves, are subject to illegal killing. Poachers are unlikely to return the collars.  Secondly, the combination of
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remotely downloadable GPS and GIS is useful to analyse and visualise data instantaneously.  It is also easier to plan
and adjust experiments to manipulate moose movements, if data is easily accessible. Temporary habitat factors such
as snow depth or standing biomass are possible to assess over time. As part of a pilot kill-rate study, we checked all
clusters of wolf positions shortly after download for prey remains, or alternatively lairs, with the help of handheld
GPS units and tracking on snow. To evaluate these clusters of positions in search for prey remains for a kill rate study,
is probably less demanding of resources than obtaining the same amount of data by traditional VHF and snow
tracking. Moreover, the instantaneous visualisation of the locations is useful to explain the costly technology and
research aims - partly to raise local acceptance for the project, and partly to find potential sponsors.

Our experiences so far have shown that it is difficult to remotely download complete sets of data, due to problems
in receiving all VHF-coded signals. We suggest that variations in download rate may be due to the distance from the
animals, the topography of the area, the activity of the animals during download and weather conditions.  Animals
with large home ranges, who move fast and over long distances, make remote downloads of data even more difficult.
The efforts and costs of downloading the wolf GPS data were much higher than those involved in obtaining the same
amount of data from a moose GPS unit. It is important to identify the parameters that make downloads successful,
in order to improve the technique. Downloading from a plane or fixed antenna stations are alternatives that have to
be tested. The use of two or more stationary or mobile receiver stations would most likely give a better result, but
will be more expensive. To reduce costs in the case of non-differential SIMPLEX collars, the frequency of remote data
downloads may be reduced, so that more positions can be transferred per download. However, a prolonged download
time will increase the risk of the animal moving out of the range of acceptable signal quality. 

The satellite search times of the moose GPS units increased during the study period and were highest in autumn,
when positioning success rates were lowest. The leaf period from mid-May to the end of September might explain
some of this pattern, as shown by Edenius (1997) for a boreal forest in Sweden, and Moen et al. (1997) and Dussault
et al. (1999) for boreal forests of North America. However, positioning success rate decreased rapidly after leaf fall.
This is likely to be an effect of the nearly depleted batteries (Merrill et al. 1998). Another possible explanation is
given by Edenius (1997), who observed the same decrease during autumn, which is that moose show preference for
old forests during autumn, compared to summer, in south-eastern Norway (Hjeljord et al. 1990). Tree height, tree
diameter and canopy cover have been shown to be negatively correlated with success rate (Moen et al. 1996, Edenius
1997, Dussault et al. 1999) and are all positively correlated with age of forest stand. Atmospheric changes in
humidity may also affect positioning success rate (Dussault et al. 1999).

The midday-low in the success rate for moose GPS units may be explained by moose behaviour. The animals may
move to shaded and dense habitats during the warmest hours of the day (Schwab and Pitt 1991), or they may be
resting more during day-time than during night-time, in order to avoid predators and increased human disturbance.
When resting, the GPS antenna may point away from the sky or be closer to the ground and thereby obtain fewer
positions (Moen et al. 1996, Dussault et al. 1999, Bowman et al. 2000). Diurnal atmospheric changes, such as
changes in temperature (Moen et al. 1996, Dussault et al. 1999), radiation or humidity (Dussault et al. 1999), may
also affect diurnal GPS performance.

The performance of the GPS collar is improving with every new generation of GPS technology (Dussault et al.
1999). Both moose and wolf GPS collars were manufactured in the same year by the same manufacturer and the
same generation of GPS technology was used for the collars (P.A. Lemnell, Televilt Positioning AB, pers. comm.).
However, the moose GPS units were differential and stored 3D positions only. If no 3D-position was acquired during
the time slot of 20 seconds after a successful 2D-position, no position was stored at all. Considering the short search
time for both 2D and 3D positions by the wolf GPS unit, the success rate of the differential GPS or the 3D/2D ratio
of non-differential GPS could be increased substantially if the time slot was prolonged by 10-20 additional seconds. 
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INTRODUCTION

In the highlands of Scotland, recreation is widely viewed as being the human activity that has the greatest impact on
the behaviour of red deer (Cervus elaphus) (Staines & Scott, 1994).  However, there is a lack of quantitative data to
show whether disturbance from human recreational activities has a significant effect on the spatial distribution of
deer or their use of habitats.  This has been largely because of the difficulty of making adequate observational
measurements of the movements of animals over large areas of land and over long periods of time.  Global Positioning
System (GPS) technology provides a very effective means of overcoming this limitation.  This paper describes part of
a two-year study of red deer stags at Mar Lodge Estate in eastern Scotland, in which GPS was used to track the
movements of stags from four different herds, for periods of up to 10-months.

Mar Lodge Estate covers an area of just under 30,000 ha and is situated approximately 60 miles west of Aberdeen,
in the Grampian region.  The estate is owned by the National Trust for Scotland, who encourage public access for
hill walking while still managing it as a traditional deer-shooting estate. The regular use of parts of the estate for
walking and the routine collection of data on the number of visitors, make it a suitable environment for studying the
effects of human disturbance on stag behaviour.

MATERIALS AND METHODS

Animals and study area

The study reported here was carried out using data collected from stags in the Glen Lui herd, just one of the herds
in which stags were fitted with GPS collars.  Over 200 stags regularly over-winter in Glen Lui, spending most of their
time there from the beginning of November until the end of June.  A well-established vehicle track, also one of the
most popular walking routes within the estate, runs through the middle of the glen.  This track is about 4 km long
and follows the Lui water in a north-westerly direction, from the Linn of Dee to Derry Lodge.

Estimates of the number of people walking through Glen Lui are obtained from automatic "people counters" situated
at the beginning and end of the track.  These counters work by recording the total number of times that an infra-red
beam is interrupted, per hour, throughout the day.  The number of people walking past the counters are normally
highest over the summer and lowest during the winter, with around twice as many people per day at weekends than
during the week in summer (Gardiner, 2000).  The main part of this study consisted of following the movements of
animals in May and June, when visitor numbers are nearing their summer peak and before the stags traditionally start
to move away from the glen. 

GPS COLLARS

In 1998 and 1999, four stags from the Glen Lui herd were fitted with GPS 1000 wildlife tracking collars (Lotek Inc.
Canada).  These collars have differential correction and remote download facilities and are also equipped with an
activity sensor, which detects movement of the head in two planes.  The collars can store up to 1680 records, each
of which includes a position fix and an integrated activity measure for the time interval since the last fix was made.
By downloading data from the collars remotely, around 4500 fixes can be made before the collars have to be removed.

The collars were fitted to stags at the beginning of April in each year and removed the following February.
Supplementary food was provided for a few weeks before the animals were handled, so that the stags were accustomed
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to approaching a vehicle.  Individual animals were then immobilized, using darts filled with a tranquilizing drug
(Imobilon; Vericore, UK), and the collars fitted.  In addition to a basic daily fix schedule with 2-hourly (1998) or 4-
hourly fixes (1999), the collars were programmed to take fixes every hour on Sundays and Wednesdays throughout
the study and every 15 minutes on one Sunday and one Wednesday per month, between May and December, in the
first year. With these schedules it was necessary to download data remotely onto a portable PC in the field every 2
to 3 months, after locating the deer using the unique VHF signals transmitted by each of the collars.

DATA PROCESSING

All GPS fix data were differentially corrected in the laboratory, using N4 Post-processing software (Lotek Inc.
Canada) and deer locations calculated.  These locations were plotted on maps of the area (Ordnance Survey,
Southampton, UK. Crown Copyright) and analyzed using Arcview software (ESRI, California, USA).  An informal
test to relate GPS-derived locations to GIS map locations was made by collecting data from three collars,
programmed to take fixes every 5 minutes, while they were carried along the Glen Lui track.  Using the Ordnance
Survey data, the average distance of these collars from the track was calculated as 11.3 ± 2.63 m.  A further test, where
a collar was left stationary for 2 weeks, while it was scheduled to take a fix every 4 hours, showed 88% of locations
lying within 10 m and 63% lying within 5m of the mean value.

The average distances of collared stags from the track were calculated using Arcview, relating GPS fixes to the nearest
point on the track on each occasion.  Total distances moved by collared stags over 24-hour periods were also
calculated, using the 15-minute fixes taken each month in 1998.  Due to problems caused by the loss of some base
station data, which is essential for differential correction, total distances moved could only be calculated using the
15-minute data for May, July, October and November.  Proportions of time spent by the deer in different vegetation
types were estimated using GIS-based vegetation maps of the area (Macaulay Land Use Research Institute, 1993). 

Although the number of people walking at Mar Lodge varies with time of year and time of day, as well as with day
of the week (Gardiner, 2000), this study was confined to a comparison between days of the week.  This is because
there are no factors likely to affect stag behaviour which are confounded with day of the week, during May and June,
other than the number of visitors to the estate.

RESULTS

Daily visitor counts were consistently higher on Sundays than Wednesdays in May and June (192 ± 15.1 v 53 ± 8.0).
Figure 1 shows an example of the daily pattern of activity recorded by the track-side counters.  Since around 97% of
counts are normally registered between 0700 and 2100 h (Gardiner, 2000), the data presented here are restricted to
that period of the day, unless otherwise stated.

Figure 1 The mean estimated number of people per hour passing Derry Lodge during Sundays –––– and 
Wednesdays - - - - in June

The average distance of all collared stags from the track was higher on Sundays than Wednesdays (Figure 2).
Although the difference between days was significant for both years (P<0.05), the magnitude of the difference was
much greater in 1999 than 1998. 
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Figure 2 The mean distance of collared stags from the tracks on Sundays and Wednesdays in May and June

Figure 3 shows the average distances and numbers of people counted for successive Sundays and Wednesdays during
May and June, for each of the four deer in 1999.  Using this data set, a significant positive correlation was found
between the mean distance of the stags from the track and the number of people counted each day (Pearson
correlation = 0.658; P<0.01).

Figure 3 Mean distance of individual stags from the track on Sundays and Wednesdays in May and June 1999

Figure 4 shows the mean proportion of fixes in the five main vegetation categories on Sundays and Wednesdays in
1999. The proportion of time spent on smooth grass, which was concentrated in a strip running along the middle
of the glen beside the river and the walking track, was lower on Sundays than Wednesdays (20.0% v 32.9%; P<0.05).
The stags also spent more of their time in woodland on Sundays than Wednesdays (11.0% v 2.5%: P<0.01).  During
the overnight period, between 2100 h and 0700 h, the deer spent the same amount of time (12.1%) on the smooth
grass on both Sundays and Wednesdays, but in both cases the majority of time (73.5%) was spent on heather.

Figure 4 Mean proportion of time spent in the different vegetation types on Sundays and Wednesdays in May and June
1999
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Figure 5 shows the mean distances moved by the collared stags over 24-hour periods, when fixes were taken every 15
minutes. The mean distance moved was the same on both days in May, but was significantly greater on Sundays than
Wednesdays when the comparison was made over the other three months (P<0.05). The difference was greatest in
July.

Figure 5 The mean distance travelled over 24 hours on Sundays and Wednesdays estimated from 15-minute fix data
in 1998

DISCUSSION

The Glen Lui stags are used to seeing people walking within their home range.  The fact that they traditionally spend
8 months of the year in and around the glen, shows that they are not unduly disturbed by the activities of visitors.
Habituation to disturbance on frequently used tracks has been documented in other wild animals, for example mule
deer (Cornett et al. 1979) and grizzly bears (Jope 1985).  Nevertheless, this study shows that the behaviour of the
stags can still be affected and, due to the particular distribution of the vegetation in the glen, disturbance could affect
the diet that they eat during the early summer.

The apparent effect of disturbance on stag behaviour was much greater in the second year of the study.  This result
could be because the stags chosen to wear GPS collars each year differed in their wariness of people.  Although the
results for 1998 confirm the fact that the present level of recreational activity in Glen Lui does not constitute a major
disturbance to the resident population of stags, the second year's data provides fairly strong evidence that these
animals react to the presence of people.  The correlation, on a day-to-day basis, between the mean distance of the
stags from the track and the number of people on the track, shows that some stags clearly do change their behaviour
as a result of increased human activity.

One of the consequences of moving further away from the track, is that the stags may feed on different vegetation
types.  An area where the vegetation is of highest nutritional value (smooth grass) runs in a strip parallel to the track
and almost all of it lies within 300m of the track.  On Sundays in 1999, when the average distance from the track
was around 350m, the stags inevitably spent a smaller proportion of their time on smooth grass.  They did not appear
to make up for this by spending more time there the following night, when the track was quiet.  However, since no
measurements of feeding behaviour were made, we can only speculate about the diet composition of the animals.

There are, of course, factors other than human disturbance which affect deer movements, such as the need to shelter
and to feed (Grace & Easterbee 1979; Gordon 1989).  We know from our GPS measurements that stags may travel
several kilometres during the course of a day (see Figure 5) and whether or not they respond to the presence of
walkers on the track will depend on how far they are from the track when walkers appear.  An observational study
on the same herd showed that the stags only show significant changes in behaviour when walkers come within 100m
(Tidhar, 2000). The same study showed that the stags react most strongly to walkers or cyclists who are accompanied
by dogs and to walkers who wander off the track (Tidhar, 2000).  It is quite possible that a single such event might
cause individual animals to move a long distance away from the track on a weekday, even if there is little human
activity thereafter.  By using GPS for collecting animal data, rather than observation, we are not able to link short-
term changes in behaviour with actual disturbance events.  Although such a link is important for understanding the
processes involved, the advantage of GPS is that we can measure much longer-term effects which are likely to be more
significant to the ecology of the animals. 
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The lack of any day-of-the-week effect on the total distance moved over a 24-hour period in May, while the stags
were based in and around the glen, is also consistent with the results of Tidhar (2000), who found no effect of
disturbance on the overall distances moved by the stags during 20 min-observation sessions.  It seems that
disturbance from people on the track simply causes stags to retreat 100m or so.  Unless they move back, they may
not be disturbed again that day.  There is fairly convincing evidence of disturbance, therefore, since there was a
significant linear relationship between the absolute number of people walking along the track each day and the mean
distance of the stags from the track in the second year of the study.  

The fact that the stags travelled further on the Sunday than the Wednesday in July may be because the animals are
more susceptible to disturbance by walkers once they move away from the glen.  Other studies with deer (Schultz  &
Bailey, 1978; Cassirer et al. 1992) and wild sheep (MacArthur et al. 1982) measured a stronger reaction to the sight
of people when disturbance was unexpected.  This is also consistent with the finding that walkers leaving the Glen
Lui track are the most likely to provoke a change in behaviour (Tidhar, 2000).

GPS allowed us to follow the movements of the stags in great detail throughout the year and we know that the
distances travelled between fixes varied enormously.  With accurately timed locations and frequent fixes, we can get
some idea of when the deer are resting or feeding and when they make large changes of location.  However we cannot
tell whether any of these individual movements are caused by human disturbance, particularly when the stags are up
in the hills, because we have no information about the movements of people.  If we could equip hill walkers with
GPS receivers and data loggers, we could get a much better idea of the real extent to which stag behaviour is affected
by the activities of visitors to the estate.
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INTRODUCTION

Quantification of the foraging movements of introduced mammalian predators is important for understanding
predator-prey interactions in countries such as New Zealand where introduced predators are implicated in the decline
of native fauna (Rebergen et al. 1998).  The measurement of foraging movements, particularly fine-scale movements,
is useful for assessing habitat use, for incorporating spatially explicit measures (e.g. proximity), and for determining
predation risk associated with habitat and topographic features. Fine-scale movements of mammalian predators refer
to the foraging route of an individual over several hundred metres to a kilometre during a single excursion. This
information fills a gap in what we know of spatial movement patterns obtained through traditional telemetry studies
that emphasise daily to weekly or even monthly position fixes at a broader landscape-scale (White and Garrett 1990).
This paper demonstrates an approach to measuring fine-scale movements of ferrets (Mustelo furo) using global
positioning systems (GPS) for primary data capture and geographic information systems (GIS) for data processing
and analysis.

SYSTEMS FOR FINE-SCALE TRACKING OF ANIMALS

The traditional art of identifying and retracing the tracks of an animal has been widely used in ecology for
documenting the movements and behaviour of mammals (Murie 1974). Snow-tracking studies have been
instrumental in determining the functional, numerical and behavioural responses of lynx (Lynx canadensis) to cyclic
fluctuations in prey density (O'Donoghue et al. 1997, 1998a, 1998b). Although useful, the approach is limited
primarily to terrestrial mammals and to regions with snow cover or bare ground cover that provide a continuous set
of tracks for a given period of time. A number of techniques have been developed for tracking where animal prints
are not readily observed on the ground. Fluorescent markers have been applied to studies of small mammal foraging
with the resulting fluorescent trail able to be tracked with the aid of an ultra-violet light source (Hovland and
Andreassen 1995). Spool-and-line tracking has proven particularly effective for tracking small mammals over habitat
where animal prints would not readily appear (Miles et al. 1981, Boonstra and Craine 1986, Anderson et al. 1988).
The trail of thread paid out behind a "spooled" animal is then traced and geographic and ecological characteristics
of the trail recorded. The widespread adoption of VHF telemetry in wildlife studies since 1950 has made significant
advancements in determining home range estimates, daily movements, habitat use, and dispersal movements of a
large range of mammals, fish, birds, and reptiles (Harris et al. 1990, Rodgers et al. 1996). The majority of
biotelemetry studies involve discontinuous fixes of an individual at discrete or random intervals during a study
(Harris et al. 1990). A limited number of studies involve continuous fixes that may provide an approximation of an
individual's travel route - such an approach is restricted to situations where there is minimal chance of losing the
animal due to rapid movements or difficult terrain. Further, many biotelemetry studies based on position fixing by
triangulation involve positional errors that make detailed fine-scale estimates of movement difficult. Studies that
instead rely on "walk-in" telemetry do provide potentially more accurate position fixes but at the risk of disturbing
the animal. Satellite telemetry systems were first developed in the 1980's providing remote tracking capability for
large animals (Fancy et al. 1988). The ARGOS system that uses Doppler shift positioning has been used extensively
to track marine mammals and birds (Priede and French 1981, Taillade 1992). Studies include determination of the
home range of common seals (Phoca vitulina), foraging movements of southern elephant seals (Mirounga leonina),
movements of Amazon River dolphins (Sotalia fluviiatilis) (Bishop and Last 1995), foraging patterns of Adelie
penguins (Pygoscelis adeliae) (Davis and Miller 1992), foraging areas of fur seal (Arctocephalus forsteri) (Harcourt and
Davis 1997), the migration of Magellanic penguin (Spheniscus magellanius) (Stokes et al. 1997), population
delineation of polar bears (Ursus maritimus) (Bethke et al. 1996) and wandering albatross (Diomedea exulans)
movements in relation to commercial fishing operations (Prince et al. 1992). ARGOS satellite telemetry has proven
a valuable technique for monitoring long distance movements, such as migrational movements, of large mammals,



birds, and fish. It has not, however, proven capable of measuring fine-scale continuous movements of smaller animals
(Rodgers et al. 1996).

Since the mid-1990s GPS telemetry systems have been developed and evaluated for habitat assessment of large
animals, particularly moose (Alces alces). Studies have examined the effects of differential correction on location
accuracy (Rempel and Rodgers 1997, Moen et al. 1997), collar performance under forest canopy and other habitat
conditions (Rempel et al. 1995, Moen et al. 1996, Dussault et al. 1999), and detailed habitat use (Rodgers et al.
1996). GPS telemetry collar designs have also been tested for white-tailed deer (Odocoileus virginianus) and wolves
(Canis lupus) (Merrill et al. 1998, Bowman et al. 2000). GPS telemetry provides daily position fixing with sub-100m
accuracy under widely varying climatic, topographic and habitat conditions (Rodgers et al. 1996). While this system
has proven useful for broad-scale studies of large animals, there remain logistical constraints preventing its application
for fine-scale studies of small mammals. The size and weight of GPS units are a particular constraint that has meant
that until very recently GPS tracking of an animal with a body weight of less than 20 kg has been difficult, and for
an animal weighing less than 10 kg impossible.

METHODS - A "PSUEDO GPS" TELEMETRY SYSTEM

Due to current limitations of GPS telemetry a "psuedo GPS" based tracking system was adopted for tracking and
recording the foraging movements of ferrets in braided riverbeds and semi-arid grasslands of the Mackenzie Basin,
New Zealand. Spool-and-line tracking was combined with hand-held GPS position fixing.

We live captured ferrets and used spool-and-line tracking (Anderson et al. 1988) to mark the foraging path of an
animal. We returned to the location of release and followed the spool line while recording the geographic location of
the spool line as a line feature using a hand-held data-capture GPS unit (Trimble GeoExplorer-2 or GeoExplorer-3).
The total length of each spool was approximately 1100 metres. GPS positions were logged at 5- second intervals
resulting in a position fix approximately every 5m along the foraging path. We ensured that positions were recorded
at any significant changes in direction along the foraging path. During the GPS capture of the spool line route we
recorded vegetation cover, topographic characteristics, and prey characteristics (Table 1). A line segmentation feature
was used to enable changes in each attribute to be recorded for the line feature representing the foraging route of an
animal.

Table 1 Vegetation cover, topography, and prey characteristic attributes recorded for spool line features.

We differentially corrected the GPS data to obtain sub-5 m accuracy in horizontal position (Kaplan 1996) and
exported the position and attribute data into a GIS format (ArcView shapefile format). The database that was created
contained vegetation cover, topography, and prey characteristic attributes for each spool line. The line feature for each
spool line was displayed against a digital aerial photograph background to enable visual interpretation of the foraging
movements. The total distance along a spool line represented by each attribute value was calculated and the
proportion of vegetation cover, topographic characteristic, and prey characteristic determined. 

Vegetation cover Topography Prey characteristic

Open grassland or moss River bank Rabbit burrow

Open gravel or rock River flat Rabbit carcass

Pasture Terrace slope Animal runway

Scrubland Terrace flat

Forest Toe of terrace 

Water Top of terrace

Edge (between cover  types) Gully

Dry stream bed

Fence-line
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Availability of vegetation cover was determined from aerial photography and compared with ferret use of vegetation
cover during foraging. We used two spatial measures of predator-prey interaction. First we calculated the nearest
distance from a foraging route to nest locations of ground-nesting birds, and second the average distance from the
foraging route to all nests. Banded dotterel (Chararius bicinctus) nest locations were monitored in the field (Norbury
1999) and identified and digitised on aerial photographs. 

RESULTS - FORAGING MOVEMENTS OF FERRETS

The "psuedo GPS" tracking approach is demonstrated for a female ferret caught and released in early-January 1999
toward the end of the bird breeding season. Proximity of nest locations of banded dotterel during the 1998/1999
breeding season are shown on the aerial photo (Fig. 1) and provides a graphic representation of the ferret's foraging
path with respect to prey nest locations. Nearest distance from the foraging route to the closest nest was 216m, and
the average nearest distance for all nests was 286m ± 59m. The average distance from the foraging route to all nests
was 502m ± 183m.

Figure 1 Percentage use of vegetation and ground cover by a ferret

The calculation of the proportion of vegetation cover and topographic attributes along the foraging path enables
habitat use by the predator to be measured (Figs 1 and 2). The largest use of vegetation cover was in wild grassland
(46%) with considerably less use of gravel, pasture and scrubland (Fig. 1). Notably, 13% of the ferret's use of cover
was in an ecotone or edge between cover types (Fig.1). The ferret's use of topography was dominated by river terrace
flat (55%) yet a substantial percentage of use (30%) was attributed to linear features, that is, gullies, river banks, toe
of terraces, top of terraces, and fence-lines combined (Fig. 2).

Along the 1km foraging route of this individual two rabbit carcasses were investigated and three rabbit burrows
entered. The ferret made considerable use of animal runways or pathways with approximately 25% of the foraging
route following a runway.

Figure 2 Percentage use of topography by a ferret 

DISCUSSION - IMPLICATIONS FOR WILDLIFE RESEARCH

Spool-and-line tracking, coupled with hand-held GPS data capture, provides a useful method for determining and
recording fine-scale foraging movements of small-mammals. The approach demonstrated in this paper highlights
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spatial aspects of predator-prey interactions between introduced mammalian predators and endangered native birds.
Important characteristics of this interaction for the introduced ferret in New Zealand that can be determined from
the approach are detailed habitat and topographic use and proximity of travel path to prey nest locations. Banded
dotterel nest predominantly on open gravel shoals and sparsely vegetated river flats near river channels, while ferrets
forage extensively throughout a range a habitat types in braided riverbed landscapes. Initial results from GPS tracking
of ferrets suggest that foraging movements near known nest locations are infrequent. A further spatial measure that
could be calculated using the data derived from this approach is the fractal dimension of the spool line as a measure
of the tortuosity of the animal's foraging route (Nams 1997). The "psuedo GPS" tracking system provides a
straightforward, though labour intensive, approach for the accurate and detailed collection of fine-scale animal
movement data. Continued developments in GPS telemetry transmitters may eventually allow such data to be
collected remotely for small mammals, as is possible for large animals (Rodgers et al. 1996). Such developments
would be useful for examining other interactions in the Mackenzie Basin such as the spatial proximity of native raptor
flight paths to endangered ground nesting bird species, or interactions among different predator species, that are not
feasible with the pseudo GPS approach described here.
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ABSTRACT

Tracking of animals has been an essential component of human development.  Fieldcraft has grown from a trapper's
art into a biologist's science that has been enhanced by the advent of the most recent technology.  The construction
of the first VHF radio tags in the early 1950s was crucially dependent on the development of the transistor.  However,
soon after the launch of the Sputnik and Vanguard satellites in the late 1950s, wildlife biologists began to consider
the possibility of tracking animals from space.  Consequently, in 1978, a joint operation between the French National
Space Agency and US National Oceanic and Atmospheric Administration created the ARGOS system.  ARGOS
depends on an uplink signal from the radio beacon fitted to the animal to one of the ARGOS satellites, before the
data can be retransmitted to a processing centre on earth.  Although accuracy is variable, ARGOS was the first
satellite tracking system that could provide long-term worldwide coverage necessary for management and
conservation of many important species.  Also in 1978, the first GPS satellites were launched and in 1995 the system
became fully operational.  Unlike ARGOS, however, GPS is simply a navigation tool; only by incorporation of
additional circuitry has GPS become usable in wildlife telemetry.   Nevertheless, GPS is potentially highly accurate
and able to provide locations at 1 second intervals, which has enabled biologists to gain a far greater insight into
animal behaviour than previously available.

Accuracy, precision and signal availability, coupled with tag size and mass, which are ultimately determined by power
supply and microelectronic advances, will be the driving force in GPS telemetry design in the future.  Dual frequency
GPS, that enables sub-metre accuracy, will allow extremely detailed analysis of an animal's use of its habitat and
perhaps its social behaviour.  More sensitive GPS receiving aerials will allow greater deployment on species inhabiting
forested and mountainous habitats. Advances in fuel and solar cell technology will raise battery power density while
battery longevity will be enhanced by the move from 3V to 1V GPS technology.  Both advances will enable longer
deployment, greater data acquisition and, if required, the development of smaller tags, all of which will allow a greater
understanding of the biology of many terrestrial and marine species.  The potential integration of GPS with mobile
phone technology and/or ARGOS will provide flexible data retrieval and will assist in gaining a greater understanding
of the movement and behaviour of many non-recoverable animals.

GPS satellite telemetry offers many opportunities, but perhaps the greatest are the quality and quantity of data
potentially available combined with an ability to quantify the data unlike any other tracking tool.

INTRODUCTION

Tracking of animals has been an essential component of human development.  Although the precise significance of
the prehistoric cave paintings from Lascaux in France dating from 15,000 years BP remains unknown, people of that
time were clearly tracking and hunting animals for food and perhaps early domestication.  Furthermore, the rock art
of Alta in Norway, from 4000 years BP, demonstrates that man in these northern latitudes had mastered the art of
following large herds of reindeer across vast distances and indeed had already partly domesticated these wild animals.
However, tracking and hunting of animals is probably best epitomised by the fur trappers and hunters of northern
America and in particular the exploits of the Hudson Bay Company. Such fieldcraft has grown from a trapper's art
into a biologist's science that has been enhanced by the advent of the most recent technology.  The meticulous field
tracking of lynx (Lynx lynx) by Haglund (1966), and foxes (Vulpes vulpes) by Murie (1936) and Tinbergen (1965)
demonstrate the rewards of systematic tracking, but for many studies, clever deductions were necessary to determine
animal behaviour because so many animals, in particular mammals, elude direct observation.  Indeed, apart from
during the winter months when snow cover provided a suitable substrate for tracks, tracking at any other times of
the year was limited to mere glimpses of an animal's lifestyle. The development of radio-telemetry and the
construction of the first VHF radio-tags in the early 1950s represented a revolution in the tools available to wildlife
biologists.  Since then technology has progressed rapidly with transmitter weight now down to less than 0.5g and tag
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complexity greatly enhanced. However, as soon as the Sputnik and Vanguard satellites were launched in 1957 and
1958 respectively, wildlife biologists began to consider the possibility of tracking animals from space and a parallel
revolution in the tools available to wildlife biologists was to take place.  In this paper, I will provide a brief historical
overview of the development of satellite based telemetry systems and GPS in particular.  I will also describe the
improvements in understanding required by both users and manufacturers in their definitions of accuracy and
precision and how both measures should be recorded.  I will then proceed with an overview of potential future
developments in GPS based satellite telemetry.  Lastly, I will demonstrate how data derived from GPS based satellite
telemetry systems can be used as a powerful research tool in predicting the behaviour of animals.

SATELLITE TELEMETRY

Approximately 60,000 conventional VHF radio telemetry tags are produced each year (Brian Creswell, Biotrack Ltd.
& Dave Ward, Sirtrack Ltd., Personal Communication), However, VHF radio-telemetry is limited to the radio-
horizon and consequently most animals fitted with such tags are tracked by foot, car, boat or in some cases by airplane
(Kenward 1987).  However, these techniques are of limited usefulness with larger animals, which can travel great
distances in a short time in places inhospitable to man.  This was a problem waiting for space technology to solve,
which provided the impetus to move from very simple low-cost tags to highly sophisticated and efficient
transmitter/receivers tracked by satellite.

The north-American elk (Cervus elaphus) was the first animal to be tracked from space (Craighead et al. 1972) using
the early ILRS system.  Essentially the distance between the satellite and elk was determined by measuring the
propagation time of a radio frequency pulse in much the same way as radar operates.  Knowing the position of the
satellite relative to the earth allowed the location of the elk to be calculated (French 1994).  

Almost as soon as the first satellites were launched, NASA was investigating the potential role that satellite systems
might have for wildlife tracking and the requirements of a number of potential users (Garvin et al 1972).  NASA also
looked closely at the available technology pointing the way towards random access Doppler location.  With some
limitations of performance, this principle could work with just one satellite and with care the mass of the animal
transmitter could be kept below 100g (French 1994).  Consequently, in 1978, a joint operation by the French
National Space Agency (CNES) and the US National Oceanic and Atmospheric Administration (NOAA), as part of
the NIMBUS program, created the ARGOS satellite system, making it available for approved experiments, including
wildlife telemetry.

Currently two ARGOS satellites (plus spares) orbit the earth in a polar plane between 830km-870km above the earth,
set to maintain their motion synchronous with the sun and as a result they are visible at roughly the same local time
each day (French 1994).  At any instant the ARGOS satellites view a circular area 2500km in diameter.  A small
transmitter known as a Platform Terminal Transmitter (PTT) beacon or tag is attached to the animal or object to be
tracked.  Each tag transmission is uniquely identified and at the satellite these timed transmissions are stored by tape
recorders before being relayed back to earth via a radio-uplink command from one of three ground stations.  Once
processed this data can be accessed round the clock from anywhere in the world, using the world wide web.  

Although location error varies between 100m and 4000m (Harris et al 1990, Keating et al 1991, Keating 1994,
Britten et al 1999), by its very nature the ARGOS system can handle data on a world scale, bringing difficult work
into the realm of sensible economics for the first time (French 1994).  The first work in the UK was on basking shark
(Cetorrhinus maximus) (Preide 1983), but others have tracked the wandering albatross (Deomedea exulans) over
2000km-15,000km flights (Jouventin & Weimerskirsh 1990).  Approximately, 1000 ARGOS PTTs are deployed
each year (Anne-Marie Breonce, CLS ARGOS, Pers. Comm.)

At the same time that the ARGOS satellites were deployed, the first GPS satellites were launched. Engineered by
Rockwell Collins, over 30 satellites have been put into orbit since 1978 and the system became fully operational in
1995.  Wildlife can be tracked by incorporation of a GPS unit in a radio-telemetry collar (Rodgers & Anson 1994,
Rempel et al 1995, Rodgers et al 1996, Hulbert et al 1998). GPS collars calculate positions with information received
from a set of 24 satellites orbiting the earth (Hurn 1989).  Each satellite continuously broadcasts radio-signals to
earth and a GPS receiver must simultaneously receive signals from at least 3 satellites to calculate a position.  

The potential accuracy of GPS locations is considered to be <1 m (Capaccio et al. 1997), but until May 2000 their
accuracy was downgraded by a process known as Selective Availability (SA), whereby signal errors were intentionally
induced by the US Department of Defense (Hurn 1989).  Consequently, either uncorrected GPS or post-processed
differential GPS (Morgan-Owen & Johnston 1995) were conventionally used in mapping or wildlife studies (Edenius
1997; Moen et al.1996; Moen et al 1997; Rempel & Rodgers 1997; Webster & Cardina 1997).  The accuracy of
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uncorrected GPS was between 20 and 80m (Rempel & Rodgers 1997; Moen et al. 1996; Brøseth & Pederesen 2000)
but could be improved by establishing a reference station at a known location which ran concurrently with the roving
GPS receiver.  Known as differential GPS, both the reference station and roving module recorded errors in time and
hence distance (pseudo-ranges) between the GPS receiver and all visible satellites.  Using the data recorded at the
reference station, the error in location at the roving module could be corrected and the effects of SA almost entirely
removed from the roving GPS module.  The accuracy of post-processed differential GPS varied between 4 and 8m
(Rempel & Rodgers 1997; Moen et al. 1997).   

An alternative technique, using post-processed correction of the spatial error and storing dated and timed, resolved
locations using information from all visible satellites, can reduce analytical complexity and aid the miniaturisation of
the GPS modules for wildlife studies (Hulbert & French 2001).   A local base station is established at a fixed known
location, and spatial differences between the GPS location recorded at the base station and its known true location
are logged.  The resultant planimetric error recorded at the base station is then removed, at a later date, from the
location data received at the corresponding times by the roving GPS module (Caesar et al. 1999).  With additional
manipulation of the data, the accuracy of such a technique varies between 7 and 10m (Hulbert & French 2001).
One further advantage of this process, known as relative GPS (rGPS), is that instrument error, site error and signal
path error can be accounted for (Rockwell 1996).  None of these errors are generated by SA and consequently are
not considered when a location is derived using uncorrected or differential GPS.  However, since May 2000 when
SA was disabled (Lawler 2000), location accuracy (3.6m - 5m) and precision (8m - 12m, 95% quantile) is now much
improved (Hulbert & French 2001).

Accuracy and the ability to potentially receive locations at 1-second intervals are major advantages of GPS for wildlife
telemetry.  However, data retrieval is a major problem and only by incorporation of additional circuitry such as a
radio-modem uplink to aircraft or inclusion of a flash memory card to record the location data has GPS become
usable in wildlife telemetry (Rodgers 2001).  Approximately 500 GPS units for wildlife applications were deployed
in 2000 and, therefore, compared to ARGOS and VHF telemetry, GPS for wildlife telemetry is in its infancy.

ACCURACY, PRECISION, RMS, SELECTIVE AVAILABILITY & 
OVER-DETERMINATION

Accuracy and Precision

Figure 1 Graphical representation of precision and accuracy.  The intersection of both axes represents true location and
the axes are measured in a nominal scale.  

Part of the reason why GPS has been successfully seized upon by wildlife biologists, despite the problems with data
recovery, has been the very high accuracy that could potentially be achieved, the low running costs once deployed
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(Lindzey et al  2001) and the ability to work in inhospitable terrain (Haller & Imfeld 2001).  However, unless there
is a clear understanding of how accuracy is measured and the units by which is it measured, the future successful
integration of GPS and wildlife telemetry will continually be hampered. Unlike every other radio-telemetry
technique, the accuracy and precision of GPS data can be quantified statistically.  Precision is defined by the receiver
itself, to the fourth decimal of a minute of an arc of longitude.  If nothing else were to affect the signals, all locations
at the equator should be within a circle of diameter 180cm (Rockwell 1996).  However, at increasing degrees of
latitude to the north and south, this value declines and at 56 degrees north, for example, all locations should be
within a circle of diameter 100cm.  However, by contrast, accuracy is external to the receiver and embodies an
element of mapping error, jitter in the clocks used in the receivers and in the satellites and also includes error
associated with the atmosphere.  Accuracy is therefore a measure against true location.  The implications of these
terms for the wildlife biologist are best illustrated in Figure 1. The best scenario would be to achieve highly accurate
and precise locations (Fig. 1a), but, more likely, precision has been compromised (Fig. 1b). In some scenarios and
especially where the locations are consistently inaccurate, it may be necessary to add an offset into the data set to
bring the locations back to their true position (Figs. 1c & d). 

RMS

Conventionally, GPS accuracy and precision values are measured in RMS.  In essence, RMS is the root mean square
of a number and for GPS applications equates to the average error measured over a predetermined period of time
(Zar 1984).  However, as with all statistics, RMS is valueless if the scale (radii or diameters) is not defined and the
population size unknown.  For satellite GPS telemetry, the population size should equate to a combination of the
number of successful location attempts at a single known location over a known length of time.  Clearly RMS
calculated for a known location over a short period can be quite different from RMS calculated over a far longer
period (Fig 2, a & b) and indeed, depending on the window of time chosen, sub-meter accuracy can even be achieved
(Fig 2, c).  However, such results are meaningless.   In an extensive study of GPS accuracy, Hulbert & French (2001)
demonstrated a more meaningful measure of RMS obtained over a 24 hour period using data collected at 5-second
intervals.  In such circumstances, mean accuracy was between 3.6 and 5m and precision measured by the 95%
quantile was between 8 and12m.  It is recommended that all future research should define accuracy as mean error
from true location and precision as the value in which 95% of locations are likely to be found. 

Figure 2 Latitude (�) in OS Northings (units in meters) at known true location ( ...... ) recorded at 5 second intervals
and plotted against a 30 minute window of time on the 28th September 2000 using a Rockwell 12 Channel
receiver. SA disabled. N=320.  Technique described in detail in Hulbert & French (2001).

Selective Availability (SA)

The future of GPS as a wildlife tool has undoubtedly been enhanced by the removal of SA.  However, manufacturers
still provide users with differential collars that are supposed to have the ability to correct for errors previously masked
when SA was enabled.  However, with SA disabled, the errors in accuracy and precision are less than one-third of that
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when SA was enabled (Table 1).  Although differential correction can compensate for clock and ephemeris errors,
delays due to the ionosphere and troposphere are entirely dependent on the distance between the differential
reference station and the mobile receiver.  The greater the distance between the reference station and the mobile
receiver, the greater the likelihood of such errors arising (Rockwell 1996). Other techniques may be more appropriate
for improving accuracy, that do not require expensive and over-developed techniques. 

Table 1 The range of errors that impact on GPS accuracy and precision. (c) www.collins.rockwell.com

Over-determination

A cost-effective, non-differential solution that can improve GPS performance and additionally can provide significant
improvements in GPS accuracy and precision, is demonstrated in Table 2.  At present all GPS receivers should have
the ability to be pre-programmed to calculate a location from as many visible satellites as possible (known as over-
determination) up to a maximum of 5, 8, 12 or 16 satellites, depending on the number of channels available on each
board.  The principle is identical to over triangulating a location using conventional VHF telemetry (Kenward 1987).
However, virtually all GPS receivers currently available have been pre-programmed by the manufacturers to calculate
a location from the best 3 or 4 satellites, providing 2D or 3D locations respectively, regardless of how many satellites
are actually visible.  Clearly as can be seen in Table 2, changing the internal programming of the receiver so that it
has the ability to use more satellites to calculate a location, is a more efficient technique of reducing error. Indeed the
ability to obtain such data gives the user a better understanding of which satellite configurations need to be discarded,
in order to improve accuracy (Hulbert & French 2001).

Table 2 Error in meters from true location for a range of satellite combinations using a 12-channel GPS receiver,
programmed to over-determine location by using data from all visible satellites.  GPS receiver deployed over 24
hours at known true location and data collected every 5 seconds. N = 15,790. Hulbert & French (2001)

Number of satellites used Error in meters from Percentage 
to calculate a location true location frequency

=4 8.9 0.4

5 6.5 6.3

6 5.6 22.7

7 4.4 36.3

8 5 16.1

9 3.9 10.5

10 5.0 4.8

11 3.5 1.9

12 2.3 1.0

Error type Error in meters

Selective Availability (SA) 30-150m

Ionospheric aberrations 3-30m

Tropospheric variability 3-30m

Ephemeris error 3m

Clock inaccuracies < 1m

Multi-path < 1m

Noise errors +/- 3m
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FUTURE DEVELOPMENTS

In all fast moving technologies, current components are usually out of date by the time they reach the market place,
and the development of GPS for wildlife studies is no exception. In this section I have generally kept within a five-
year time span, as developments unforeseen will probably occur beyond five years.  Indeed, five years virtually doubles
the current life span of GPS in telemetric studies of wildlife (Rodgers 2001). Nevertheless, several advances are likely
and include 1) further improvements in accuracy and precision, 2) the introduction of Galileo, 3) advances in cell
and micro-electronic technology and 4) the role that Galileo, ARGOS, satellite telephony, GSM and other
conventional radio-telemetric techniques have in complementing the data obtained using GPS.

Accuracy and precision 

Presently, an intense modernisation process is being prepared that will result in substantial benefits for military and
non-military users of GPS satellites. Satellites are being refurbished and there is greater control of their integrity. Such
progress is being driven by the needs of the most demanding users - civil aviation.  Perhaps the most significant
advance that will occur within the next five years, is the introduction of additional frequencies for the non-military
user, which will eliminate the refraction errors that occur when the signals travel through the ionosphere.  The current
L1 and L2 carrier frequencies will both soon become available to the civilian user and additional L3 carrier frequency
will become available from 2006 (Montgomery 2000).  As a result, sub-metre accuracy will eventually be possible,
enabling more rigorous setting and testing of hypotheses.  For example, improved accuracy should enable better
analysis of habitat use.  Typical VHF radio-triangulation error for wildlife studies can vary between 70-500m
(Springer 1979, Schober et al. 1984) and only very broad hypotheses can be tested (Hulbert et al. 1996a, 1996b,
2001), although for hand-tracking techniques, where animal location is ultimately confirmed visually, this is not
problem.  With current GPS technology, the foraging behaviour of free-ranging animals can be studied at the scale
of 10-20m  (Turner et al. 2000, Hulbert et al. unpublished manuscript), but in the near future it may be possible,
with clever applications, to work at the scale of the herbivore bite (Penning 1983). This level of detail will provide
unprecedented data quality, that may provide the information necessary to determine the mechanistic basis of
herbivore foraging strategies.  Sub-metre accuracy recorded at 1-second intervals may also lead to a better
understanding of the interactions that occur between individuals of the same species and perhaps between species, as
in Mech's (1967) study of a fox tracking a snowshoe hare to a kill.  Detailed population studies, that until recently
required vast resources and often were quite impossible, may one day become routine, while studies of neonatal
behaviour, linked with mothering ability and foraging success will enable biologists to gain a better understanding of
why some individuals are more successful at foraging than others.

Galileo

During the last decade, the EU tried to become more involved with further developments in GPS (Legat &
Hofmann-Wellenhof 2000; Lechner & Baumann 2000).  However, the USA declared that GPS must remain under
national control and consequently the EU decided to develop its own system leading to EGNOS, which is widely
considered to be a precursor to the future Galileo Global Navigation Satellite System (GNSS).  Unlike GPS, Galileo
will be an open and global system under international civil control, fully compatible and interoperable with GPS.
Galileo users will have access to at least two civilian carrier frequencies, which eliminate ionospheric refraction, and
the basic navigation service will be as good as the modernised GPS.  Assuming the EU ratifies the development of
Galileo, the first satellites should be launched in 2003, with full service available from 2008.  

Galileo and GPS may, on the one hand, be considered as competitors, but on the other, Galileo will be compatible
and interoperable with GPS, which will involve huge benefits to the civilian user and not least the wildlife biologist.
The two systems could be used alternately or in combination, resulting in far better overall performance.  Martin &
van Diggelen (1997) demonstrated the benefits of combining two Global Navigation Satellite Systems (GPS &
Russia's GNSS - GLONASS); improved satellite availability, increased system integrity and improved accuracy.  At
present a major limitation of GPS occurs within wooded (Phillips et al. 1998, Dussault et al. 1999) and mountainous
environments (Haller & Imfeld 2001) where the number of satellites visible is usually half, if not less than, that
visible in open environments.  The future integration of GPS and Galileo will therefore provide enormous benefits
to the wildlife community.

Advances in micro-electronic and cell technology

The capabilities of GPS receiving units have progressed rapidly over the last 10 years (Rodgers 2001) and it is likely
that similar progress will be made in the future. It is likely that improvements will first be noticed in antenna design,
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which will become more efficient and receiver components, which will become both more efficient and more
sensitive.  Efficient antennas will result in a decrease in time to first fix, reducing power demands, while within the
next 12 months GPS receiver manufacturers will replace the current 3V receiver with the 1V receiver which will
similarly reduce power demands.  However, an additional benefit of 1V technology will be the availability of a wider
range of power supplies, all of which are more efficient and less environmentally damaging than the lithium batteries
currently used. More sensitive receivers will enable applications in environments with a restricted view of the sky,
especially studies of animals inhabiting wooded environments where signals from the satellites are attenuated in the
leaf canopy. For wildlife applications, GPS locational data usually have to be stored on a flash card within the GPS
animal collar.  However recent developments involving onboard memory capable of storing up to 90k locations are
available (von Hunerbein & Ruter 2001).

However, despite all the rapid advances in micro-electronic technology over the last decade and what is expected in
the next few years, battery technology has been very slow in progressing.  Power density has remained low despite
years of research, although the development of 1V receivers will reduce the problem.  Currently, the most efficient
batteries available for conventional VHF radio-telemetry are the zinc-air batteries that simply use air as one of the
electrodes.  Commonly used for bird tags, there is a possibility that such batteries may become available to power
GPS units.  Recently technology has advanced to such an extent that powerful enough solar powered GPS/ARGOS
tags are available. Obviously they require daylight to function but, coupled with a rechargeable battery, solar power
will enable tags to be deployed for extensive periods of time.  Probably the most exciting developments in battery
power will come through fuel cells.  In simple terms, a fuel cell is an electrochemical energy conversion device with
two oppositely charged electrodes, that produces electricity, water and heat from a fuel and an oxidant.  The fuel used
in fuel cells is hydrogen and the oxidant is air.   Unlike batteries, fuel cells do not store energy but rather convert
energy as long as the reactants are being supplied.  In practice, the hydrogen will be in the form of a proton exchange
membrane stored onboard the tag, which has free contact with the air.  Large manufacturers such as Ballard Inc. and
Plug Power Inc. expect such cells to be available in the next 3-5 years.  Such advances in antenna and receiver design
and battery power will save on additional components and circuitry, will enable more diverse applications and will
result in savings in power consumption which will ultimately result in improved tag design and reduced tag mass.

Figure 3 Locations of one Scottish Blackface hill sheep (y143) occupying a complex habitat mosaic.  Data collected at 20
minute intervals during the month of July 1998.

Data retrieval

Perhaps the greatest limitation to the universal use of GPS revolves around data retrieval (Rodgers 2001).  However,
perhaps the most exciting development yet is the future integration of GPS with various other radio technologies.
Some manufacturers already produce GPS/ARGOS enabled collars, which locate using GPS and retransmit the data
through the ARGOS satellites to later download through a PC (Rodgers et al 1997, 1998, Bennet et al 2001, Biggs
et al 2001).  A major limitation however, is that a maximum of 7 locations per day can be transmitted to the satellites.
Integration of GPS with satellite telephony or the GSM mobile telephone network may provide another solution to
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data retrieval.  Again such collars are available and essentially, the collar is programmed to determine locations using
GPS and once each day links with the GSM or satellite telephony provider to download the collected data via a
modem (Shulte & Fielitz 2001). Finally, it is proposed that Galileo offer a two-way link between the receiver on earth
and the satellite (Legat & Hofmann-Wellenhof 2000).  The GPS receiver will locate itself and the data will be re-
transmitted back to the satellites before further downlink to a ground station.  Obviously quite sophisticated
electronics are involved but do provide a solution to problems retrieving data, especially on animals that can never
be recaptured again.  

GPS: a powerful research tool

With high accuracy and potential location of animals every second, the role of GPS as a powerful research tool cannot
be underestimated.  For example, combined with accurate habitat maps at a resolution similar to the accuracy of the
GPS data, it is now possible to carry out detailed studies of the foraging behaviour of free-ranging herbivores (Fig.
3, Hulbert et al., Unpublished manuscript).  In the future, by careful interpretation of the data, it may become
possible to separate foraging bouts from ruminating bouts.  Such data can then be transposed into a modelling
environment (Beecham & Farnsworth 1998, Farnsworth & Beecham 1999) which will allow for the testing and
strengthening of current computer-based grazing models, to ensure that the applicability of such tools can be
widened.  Such models will then provide reliable guidance for future research, provide assistance for a wide range of
practical situations and consequently support policy decisions at the larger scale. 

CONCLUSIONS

GPS satellite telemetry is in its infancy and as a result many problems still need to be resolved, both technically and
in its application.  For the wildlife biologist, a better understanding of the quality of data that GPS can provide and
how it is measured, is required.  Although, the future development of GPS is largely at the mercy of government
agencies and large commercial users, in particular the military, civil aviation companies and oil companies, the
wildlife telemetry companies that produce GPS tags for animals have been and will undoubtedly in the future be
innovative in the products that they provide to biologists.  With careful use, the data provided by GPS can be
extremely valuable and demonstrates that GPS is an indispensable addition to the many tools available to wildlife
biologist for tracking animals.
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ABSTRACT

In the Swiss National Park (SNP), ungulates are tracked to study interactions of the animals with their environment,
although telemetry in the SNP is limited by a number of constraints. A system using fixed VHF antennas was
planned, established and tested and compared with the use of GPS collars as an alternative. Test results on VHF
telemetry showed an average error in angle of 14.5o, resulting in an average error in distance of 342.9m. The average
distance error with non-differential GPS was 78.8m. The planned use of fixed VHF antennas in the SNP was
abandonned in favour of GPS collar tracking. 

INTRODUCTION

There is a long tradition of research projects on mountain ungulates in the Swiss National Park (SNP). For example,
the ungulates have been counted once a year since 1918. In the last 50 years, several studies have been conducted on
red deer (Cervus e. elaphus), roe deer (capreolus capreolus), ibex (capra i. ibex) and chamois (rupicapra rupicapra) (Filli
2000; Scheurer 1987 and Haller, in prep.). In 1992 a project was initiated to provide the basic information needed
for the management of ibex in the region (Buchli and Abderhalden 1998), in which VHF-Telemetry was used in the
SNP for the first time. Today, studies focus on ecosystem development with high densities of ungulate populations
(Haller in prep.) and their influence on vegetation succession (Schütz et al. 2000). For this, high positional accuracy
and high temporal resolution in data collection is necessary in order to analyse the movements and spatial patterns
of distribution of the ungulate species.

In every study area, influences on radio signals are different. Different methods to overcome the problem of
inaccurate bearings have been discussed (White and Garrot 1990), although all locations are based on estimations.
Commercial GPS units became available in the late 1980s for private use (Kenward 2001). During the first studies,
using NAVSTAR-GPS, some technical reports on accuracy and vegetation influence on fix success were published
(Rempel et al. 1995, Moen et al. 1996, Dussault et al. 1999), but the influence of highly structured topography has
not been investigated so far.

In the SNP, telemetry is limited by a number of constraints. As the SNP is a management category 1 protected area
(wilderness area), according to the International Union for the Conservation of Nature (IUCN) classification, only
minimal human disturbance (including research) is allowed. The common technique of “homing-in” cannot be used.
In addition, the highly structured topography and alpine conditions complicate the taking of bearings and the
movements of investigators. To gain some knowledge about accuracy and errors due to reflection and bending of
signals, a test was carried out in our study area with the methods described below. GPS telemetry has often been
discussed in relation to projects planned for the SNP and some advantages, such as the possibility of high sampling
rates and well-defined precision and accuracy, were well known. However, a lack of knowledge of effects due to the
topography and the vegetation prevented the use of GPS up till now. Hence GPS-Telemetry had to be evaluated and
compared with VHF-Telemetry before it could be used in the SNP.

We tested a GPS receiver for positional accuracy in the area and compared the results with those of a VHF telemetry
test conducted at the same time and with the degree of accuracy reported in the literature. Three questions had to be
answered: 

(1) How accurate are locations measured with traditional VHF techniques using fixed antenna positions (double
Yagis)? 

(2) How accurate is GPS-derived data? 

(3) How good is satellite availability with NAVSTAR-GPS in the study area?
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The study was carried out to provide basic information on GPS telemetry and its performance in the SNP. It was
intended as an evaluation of GPS as an alternative to VHF telemetry.

STUDY AREA

The SNP is situated in the Engadine and Müstair Valleys of the Canton of the Grisons, in the eastern part of
Switzerland. Its alpine landscape extends from an altitude of 1400m up to 3200m. According to the IUCN, the SNP
is a restricted nature reserve (category 1) and visitors and researchers are not allowed to leave the trails.

Highly structured topography characterises the area where the ungulates were to be tracked. The area where it was
intended to track animals with VHF antennas is 45.3 km2. The river ‘Il Fuorn’, which runs along a geological border,
divides the area into two different regions. The northern region is mainly built of carbonates (dolomite and
limestone), the southern part of silicate (verrucano). A third of the area is covered by different types of forest (mainly
pine and larch), 30% by pastures and 27% by rock and bolder. A large part of the study area was clear-felled between
1850 and 1880 (Parolini 1995). Due to the harsh climate, the average tree diameter at breast height in this area is
less than 30 cm. For the test of accuracy, we selected an area of 408.4 ha where the main activities of VHF-equipped
animals were expected to take place.

METHODS

We describe six parts of the test procedure:

a) Set-up of VHF antennas: Evaluation of antenna positions by a Geographic Information System (GIS). In
relation to the constraints of the SNP and the planned project, we evaluated possible areas were the antennas
could be located. To minimise disturbance and to take account of the rough topography, which makes walking
during the night a dangerous occupation, we planned to take bearings from only two antennas near to the road.
These limits were imposed by the SNP administration. Comparing the areas visible from each possible antenna
position, we selected points with the best visibility, assuming that a direct view from transmitter to receiver
should give the lowest possible error. Using this method, five possible locations for the antennas were identified.
Two of them were used in the study and their exact positions were measured with a DGPS (Trimble ProXR) to
avoid shift error. All the DGPS data used in the study were differentially corrected using post-processing
software (Trimble Pathfinder Office).

b) Set-up of reference positions: Using a random function in GIS, we defined 21 test locations for placing the
VHF transmitters, in an area where the activities of VHF-equipped animals were expected to take place. The
exact field locations were measured with DGPS, with an accuracy of about 1-2 m. This accuracy is sufficient to
compare the true locations with the VHF-locations. It is recommended that true locations should be measured
three to four times more accurately than the compared measurements (Geodetic Survey Division 1996).

c) Accuracy using VHF: The 21 test locations were visited by a person carrying a Televilt®VHF transmitter.
Bearings were taken from the two antenna positions, which were 1480m apart from each other and the resulting
transmitter locations were calculated with the COGO-Tool of ARCINFO 7.2. (ESRI 1998). 

d) Accuracy using GPS: The same 21 test locations were measured with a hand-held 12-channel GPS receiver
(Garmin 12).

e) Accuracy of map reading: The test person also estimated the positions of each of the 21 locations, using a
topographic map with the scale 1:25,000.

f ) Calculation of topography-dependent GPS satellite availability: An AML-Macro was designed to calculate the
availability of NAVSTAR-GPS satellites in the SNP, using the hill shading command in ARCINFO TIN 7.2.
(ESRI 1998). For several points in time, the azimuth and elevation angle of the available satellites in the area
were used to calculate the number of visible satellites throughout the SNP, using the digital elevation model
(DEM, 20m lattice created by photogrammetric means). With the DEM, the areas visible from the available
satellites could be calculated. For every location the number of visible satellites was calculated, accounting for
topographic shadowing effects.



RESULTS

Antenna locations

The area visible from antenna 1 was 223.0ha (54.6% of the study area) and 236.4ha (57.9% of the study area) from
antenna 2. From both antennas, 34.6% of the area was visible. 

Table 1: Overview of the locations collected with different methods and their errors in comparison to the true positions.
(1) ‘Map’ = positional error in map readings (1:25,000), (2) ‘GPS’ = positional error of non-differential GPS
measurements (Garmin 12), (3) ‘VHF’ = positional error of VHF bearing and (4) ‘Antenna1 and Antenna 2’
= VHF bearing angle errors from antenna 1 and antenna 2

Accuracy using VHF

The study produced an average directional error of 14.5o (± 31.0, n = 20, mean = 14.5o, min 0.1o, max. 63.5o).
Antenna 1 had a mean error of 22.4o (± 42.5, min. 0.1o, max 163.4o) and antenna 2 a mean error of 6.5 (±6.2, min
0.4o, max. 26.5o). Two bearings from antenna 1 were responsible for the high average error (Figure 2), which is
probably due to signal reflection (Figure 1). Without these outliers the average error would be 7.7o. 

Distance error (m) Bearing error (()

ID Map GPS VHF Antenna 1 Antenna 2

16 64.4 8.8 58.2 3.4 26.5

17 34.0 108.7 177.6 5.9 1.1

18 53.9 40.1 523.6 2.8 4.5

31 35.3 37.2 361.1 163.5 4.9

32 13.6 41.9

42 25.7 29.9 120.6 26.5 10.6

44 20.2 8.9 152.0 8.1 7.0

49 46.3 16.8 105.6 4.8 3.8

50 12.9 12.9 229.9 26.6 11.5

51 31.9 26.3 92.1 19.2 2.9

71 6.6 9.2 58.9 0.1 4.7

74 28.5 1001.2 99.0 13.8 9.4

75 14.3 53.6 219.0 10.1 0.4

80 88.3 44.3 776.4 19.3 1.3

81 25.4 15.4 185.6 122.3 1.8

82 10.6 24.4 350.8 1.8 15.9

89 11.0 29.4 1445.9 0.2 5.9

91 60.5 35.0 511.3 4.1 6.8

92 45.3 35.7 516.7 1.8 5.1

93 1.8 41.2 295.6 7.0 0.5

95 54.2 33.0 577.8 7.9 5.7
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Figure 1: The study area with the two antennas (squares with dot), true locations (black dots) and the corresponding
estimated locations with VHF-Telemetry (grey circles). (PK25 used with authorisation of the Swiss Federal
Office of Topography, 2001)

To compare the errors obtained with GPS measurements, distance errors in metres are necessary. To avoid
disturbance, the antennas had to be placed near to the road and therefore some of the bearings were not based on
optimalconstellations. Small errors in bearing could have a large influence on distance errors. Nevertheless, to
compare VHF telemetry with GPS techniques, comparisons in metres had to be made. The mean distance from
observed locations to the true positions was 342.9m (±. 329.3m, min 58.2m, max 1445.9m).

Figure 2: The error (degrees) of the bearings from the two locations (n=20, mean error = 14.5o) are shown. Please note
the logarithmic scale.

Accuracy using GPS

The mean error for non-differential GPS locations was 78.8m. One location had an error of 1001.7m. We assume
this was due to a reading or writing error. Without this outlier, the mean difference was only 32.7m (± 22.2, min
8.8m, max 108.7m). During the test, Selective Availability (SA) was still turned on.

Accuracy of map reading

In other projects in the SNP, locations are defined by measuring co-ordinates from topographic maps. Therefore the
testers also had to measure their positions without using GPS. All the testers knew the area well. The mean error in
map reading was 32.6m (± 22.5) with a minimum of 1.8m and a maximum of 88.3m. The accuracy of these types
of measurements is generally high, when there are well-defined topographic features.

GPS satellite availability in the SNP

The above test results show that the accuracy of GPS in this terrain is much higher than that achieved by VHF
telemetry. As it is an alpine area, the availability of satellites for GPS positioning was uncertain and needed to be
assessed. The influence of the topography on the visibility of GPS satellites can easily be calculated using standard
GIS functions. The calculation of satellite availability was not restricted to the study area, but performed for the
whole SNP for different points in time (Table 2). 
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Table 2: Four examples of satellite availability calculations in the SNP, showing the percentage of the total area of the
Swiss National Park (169km2) where satellites were visible. 

The results show that the area in which the number of visible satellites was too small for taking a GPS fix (= 3)
amounted to only 1.4% - 2.9% of the total area. Four satellites (the minimum for a 3D fix) were visible in 9.2% -
26.0% of the area. More than four satellites were visible in 74.4% - 89.4% of the total SNP area.

DISCUSSION

The accuracy of VHF telemetry in general has to be considered in relation to angle errors, whereas the absolute error
in metres is used to compare VHF with GPS telemetry. High mean errors and variances were observed in this study.
To obtain a confidence area which includes about 66% of the true locations, an angle of about 30 degrees would have
to be used on both sides of a bearing. We assume that this result is due to the rough topography, although 34.6% of
the study area was directly visible from both locations (ignoring obstruction from the vegetation). A direct
relationship between visibility and bearing accuracy has not been reported, nor tested as far as we know. Compared
to other studies, the errors found here were quite high, even though the area was well-known to the observers, a
situation that can increase accuracy (Scott and Knowlton 1989). Several studies using fixed antennas on towers have
reported 95% of the errors to be below 5 degrees (e.g. Garrot et al. 1986, Lee et al. 1985, Lemnell 1985). It is obvious
that the particular antenna positions chosen will have a major influence on the results. Bearings were taken at the
bottom of the valley and inside the forest in this study, because of the restrictions imposed by the SNP
administration, but nevertheless such antenna positions would have been used in further studies. It is not clear
whether the large errors found in this study could be reduced by using higher towers. As this would not be allowed
by the park administration, it was not considered. The system with two fixed antennas caused problems when
locations near to the antenna axis were taken, as the absolute error in meters increased even when the bearing error
was small. The conclusion is that a system with fixed VHF antennas is not suitable for the SNP ungulate project.

Even including the obvious reading error of ID no. 74 (Table 1), non-DGPS locations were much more accurate than
VHF, with 85% of all locations within 45m. The accuracy was higher than expected and higher than has been
reported in other studies (Moen et al. 1997). As SA was turned off in May 2000, the average error and variance are
likely to be even smaller now. There are commercially available GPS collars which allow differential correction, but
the weight of those collars is still quite high. The influence of the vegetation on the results has not been tested, but
we do not expect it to be a problem, as we did not encounter any problems when testing the system. This result is
in accordance with results in boreal forest (Dussault 1999). 

The accuracy of map readings is very important when hand-held antennas are used to locate animals from different
positions. Any error in the location of the observer will lead to an error in the estimated position of the animal. A
selection of accurately known bearing positions was used for this study. Because the testers knew the area well and
the maps appeared to be accurate, the map readings were also fairly accurate, even though map readings are not
generally as accurate as GPS readings.

Restriction of GPS satellite availability in the SNP, due to the topography, does not seem to be a problem, although
for locations in deep canyons or steep slopes, the fix time has to be arranged in advance, to be sure that there are

Satellites Visible 4 April 1999 17April 1999 29 April 1999 29 April 1999

11:30 MET 17:30 MET 11:30 MET 17:30 MET

=3 1.8% 1.4% 2.9% 1.6%

4 11.1% 9.2% 16.8% 26.0%

5 24.2% 23.8% 17.9% 49.0%

6 25.5% 29.7% 45.1% 23.4%

7 19.7% 22.0% 17.3% -

8 14.9% 14.0% - -

9 2.7% - - -
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enough satellites visible. However, this is not possible when using GPS collars on animals, so that some bias may be
introduced into the observations. The influence of the vegetation not has been included in the GIS calculations in
this study, as it is not considered to be a problem in the SNP.
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ESTABLISHING GPS TECHNOLOGY IN THE UNGULATE
RESEARCH PROJECT IN THE SWISS NATIONAL PARK - 
FIRST RESULTS

Ruedi Haller and Flurin Filli

Swiss  National  Park, Chasa dal Parc, CH-7530 Zernez, Switzerland

ABSTRACT

Research projects on mountain ungulates have a long tradition in the Swiss National Park. Since 1998 GPS-collars
have been used to support the following topics: (a) monitoring the ungulates to obtain a better understanding of the
spatio-temporal use of the habitat and (b) studying interactions between the animals and the vegetation.

After the decision to use GPS-technology, the first animal was equipped with a GPS-collar in autumn 1998. An
appropriate time schedule was set up and tested in an experimental phase. Locations explaining the seasonal
distribution of animals will be observed by taking fixes once a week, and daily migration within the home range will
be observed by taking fixes every 30 minutes for 24 hours. Battery power of the first generation of GPS-collars
sufficed for only 32 percent (H625) and 48 percent (H615) of the expected lifetime and indicates a high variability.
This may have been due to the harsh winter conditions, with temperatures as low as -30 oC.

After widening the acquisition time for a GPS-fix from 120 to 180 seconds, the proportion of successful fixes rose
from 33.6% (97 of 288 expected locations) to 80% (193 of 240 expected locations). This result includes missing
values due to data transmission by VHF-techniques, because up until today it has not been possible to recapture a
collared animal. The amount of GPS-data that can be stored in the animal unit may be higher.

These results from red deer are very promising. In winter-time, data can be collected that is as good as in summer,
which is not the case with VHF-telemetry. We collected 250 locations (57.8 percent of expected fixes) of animal
H625 with GPS-techniques, compared with 122 (H602) and 107 (H605) obtained with VHF-transmitters during
the same time period.

After the elimination of selective availability, habitat studies will be much more accurate and therefore more detailed,
which is absolutely necessary in small research areas like the Swiss National Park. A test with the GPS-collars showed
a mean error of 27.9m from the exact position. The advantages of using GPS-techniques are less labour-intense
fieldwork, higher positional accuracy, collection of data in winter-time, better control of sampling schedules and
fewer disturbances for the animals.

Introduction of GPS-techniques to collect wildlife data in the Swiss National Park was successful. The next
generation of GPS-collars used in the Swiss National Park will be able to store a higher number of fixes.
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GPS PERFORMANCE IN A TEMPERATE FOREST ENVIRONMENT

Georges Janeau, Christophe Adrados, Jean Joachim & Dominique Pépin.

Institut de Recherche sur les Grands Mammifères, Institut National de la Recherche Agronomique, B.P. 27, F-31326
Castanet-Tolosan, Cedex, France.

ABSTRACT

Twelve 6-channel, differential GPS collars (Lotek Engineering. Inc.) were tested in the Parc National des Cévennes,
Southern France, to assess canopy effects on fix success, in preparation for a study of spatial distribution and habitat
use by red deer (Cervus elaphus L.). 

The fix status (unsuccessful, 2D or 3D fixes) of locations obtained was compared under six different canopy types
and in the open field. All the collars were shoulder-borne at a speed of about 3 km per hour and over 997 fixes were
taken. Our results confirm that the taller the trees, the poorer the GPS performance. In deciduous forest, GPS
performance is better during the leafless season. Snow accumulation on the branches of the taller coniferous trees has
a negative effect on fix success. 

From GPS-collared animals monitored in the same study area, we obtained 82.5% of possible fixes (2D and 3D)
from 23,667 attempts. These data also confirm that GPS performance is better during the leafless season, but there
was considerable variability in fix success amongst animals that were tracked simultaneously. We also found that a
short fix-interval provides better GPS performance. 

Key words GPS, GPS performance, red deer, temperate forest.

INTRODUCTION

The effects of tree canopy cover and topography may limit the performance of GPS receivers, because the frequency
used to broadcast data from satellites to GPS receivers is very high (1,575.42 MHz) (Wells 1986) consequently the
wavelength is very short (about 20 cm) (Rempel et al. 1995). Most of the published studies dealing with GPS
performance in relation to such obstruction problems were conducted in boreal forests (Rempel et al. 1995; Moen
et al. 1996; Edenius1997; Moen et al. 1997; Dussault et al.1999).  GPS performance was found to decrease as trees
got taller (Rempel et al. 1995, Rogers et al. 1996; Dussault et al. 1999) and as canopy closure (Rempel et al.1995),
tree density (Rempel and Goadsby 1992; Rempel et al. 1995) and tree basal area (Edenius1997; Dussault et al. 1999)
increased.  GPS performance was found to increase during the leafless period (Edenius 1997; Moen et al. 1997;
Dussault et al.1999).  Snow accumulation on tree branches did not affect signal reception (Dussault et al.1999).

In temperate forests trees are often taller than in boreal forests, but GPS performance in such environments has not
been reported, except for preliminary results (Janeau et al. 1998). For this reason we tested the performance of GPS
collars in 6 dominant temperate forest types in our study area. We chose to test moving collars, as suggested by
Rempel et al. (1995). 

The aim of this study was to test the performance of GPS in temperate forest in relation to fix success, according to
the stand size, to the leaf effect for deciduous stands and to snow impact. To carry out this work we also determined
the fix status of collars worn by free-ranging red deer.

METHODS

The field study was conducted in the Cévennes National Park, in southern France (44o19' N, 03o45' E). The terrain
is mountainous and the elevation ranges from 800 m to 1400 m.  About 80% of the area is covered by forest. 

For the tests we used twelve, 6-channel, GPS 1000 collars, software version 2.11, processed  using GPS Host, version
3.06, supplied by Lotek Engineering Inc.  The collars were carried on the shoulder (because the human body provides
a ground plane underneath the GPS antenna), at a speed of about 3 km per hour, in each of the six forest habitats
(Table 1) and in an open field situation with a complete view of the sky.  Tests were carried out during the leaf season
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(between May and October) and also during the leafless season (between  November and April), with and without
snow cover on the branches of the trees.  During test sessions, between 2 and 4 collars were carried simultaneously
through each habitat, for the time required to get 3 or 4 consecutive fixes with a fix interval of 5min.

Table 1. Mean, SD and range of tree heights in the six types of forested habitat tested.

The free-ranging red deer were monitored from November 1997 to December 1999 (n=9). Fix intervals were
scheduled from 5min to 180min.  All data were differentially corrected and processed using the following Lotek
software:  N4WIN (version 1.1895) was used for the tests with shoulder-borne collars,  N3WIN (version 2.40) was
used to process data obtained with GPS collars worn by red deer before January 2000 and N4WIN (version 1.1895)
for data obtained after this date.  The base station was a 12-channel GPS Pathfinder (Trimble Inc.), operated by
PFCBS software (version 2.67).  The distance between the base station and the study area was 280 km.

RESULTS

We observed a small increase in the rate of unsuccessful GPS fixes with increasing tree height, moving from short
trees in mixed coniferous stands to tall trees in deciduous stands and a very large increase in the rate of unsuccessful
fixes under mixed coniferous stands with tall and very tall trees (Fig. 1).

Figure 1. Percentage of unsuccessful fixes obtained with 6-channel GPS in the 7 different habitats (O1 Open field with
complete view of the sky (n = 145); M1 Mixed coniferous short trees (n = 96); D3 Deciduous small trees in leaf
season (n = 54); C1 Coniferous medium trees (n = 107); D4 Deciduous tall trees in leaf season (n = 49); M2
Mixed coniferous tall trees (n= 117); M3 Mixed coniferous very tall trees ( n = 126). 

Under deciduous trees the fix success rate increased during the leafless season, by 4.5% under the short trees and by
3.6% under tall trees, while the rate of 3D fixes increased by 1.8 % under the short trees and 8.9% under the tall
trees.

With snow cover on the branches of 15 to 30cm in depth, we observed that GPS performance under deciduous
canopy was not affected.  The fix rate was 100% under both short trees (n = 15) and tall trees (n = 15).  However,
with snow cover, the rate of successful fixes was only 80% under coniferous stands with medium height trees (n =
15), 35.7% under mixed coniferous stands with short trees (n = 14), 5% under mixed coniferous stands with tall
trees (n = 20) and 0% under mixed coniferous stands with very tall trees (n = 19).

With GPS collared animals (n = 9), 17.46% of fixes were unsuccessful (n = 4,132), 43.00% were 2D fixes (n =
10,176) and 39.54% were 3D fixes (n = 9,359). During the leafless season (from November to April) the number of
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Mixed coniferous (Picea abies, Abies alba, Pinus sp.) 10.6m 1.4 08 - 12m
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unsuccessful fixes (14.15%, n = 2,364) was less than during the leaf season (from May to October) (21.92%, n =
1,768) and the number of 3D fixes increased (from 33.70%, n = 2,718 to 42.57%, n = 6,641).

In December 1997 a male red deer was tracked using 4 different fix intervals (5min, n = 1879; 15min, n = 250;
30min, n = 586 and 180min, n = 189) and we observed that, when the fix interval increased, the rate of unsuccessful
fixes increased and the number of 3D fixes decreased (Fig. 2).

Figure 2. Percentage of unsuccessful, 2D and 3D fixes by fix interval for one male red deer tracked in December 1997

We compared the fix status for two different fix intervals with 7 deer tracked simultaneously and observed that when
the fix interval is short (10min) the rate of unsuccessful fixes is lower than when the fix interval is long (180min) (fix
interval 10min: 10.45%, n = 303; fix interval 180min: 19.90%, n = 3166) and the number of 3D fixes higher (fix
interval 10min: 45.72%, n = 1326; fix interval 180min: 36.56%, n = 5818).

When we compared the rate of unsuccessful fixes recorded from the same 7 red deer during the leafless and leaf
periods, we found that the rates of unsuccessful fixes were both lower with a 10min fix interval (7.45%, n = 108 for
November to April and 13.45%, n = 195 for May to October) than with 180min (16.33%, n = 1620 for November
to April and 27.03%, n = 1546 for May to October). During the leafless season the rate of unsuccessful fixes was
lower for both fix intervals. However there was considerable variation between individual animals (Fig. 3).

Figure 3. Proportions of 3D fixes obtained simultaneously from 3 female (F1, F2, F3) and 4 male (M1,M2,M3,M4)
deer during 2 periods of the year (November to April and May to October) with a fix interval of 180min.

DISCUSSION

The results of these tests confirm that obstruction of GPS signals by trees is a problem. The problem was greatest
when the trees were tall and GPS performance decreased as tree height increased, as demonstrated by Rempel et
al.(1995), Rogers et al. (1996) and  Dussault et al. (1999) in boreal forest.  There is a risk that the rate of successful
fixes will be reduced in forests with tall trees, and this risk could be more important when the fix interval is long. 

The small negative effect of the presence of leaves, with the 6-channel GPS, is not a major problem and it is not the
main reason why GPS performance with free-ranging deer was better during the leafless than the leaf season.  It is
most likely that the main reason is changes in animal spatial behaviour during that time. This is indicated by the
large between-animal variability in fix success rates. 

The effect on fix success from snow cover on the branches of the large coniferous trees, is a real one. We suggest that
the results of Dussault et al. (1999) did not show a snow effect because the trees in boreal forests are smaller than
those in temperate ones. 

In conclusion, the overall rate of successful fixes obtained from collared free-ranging red deer (82.5%) shows that
GPS can be used in a temperate forest environment, but it is hoped that the next generation of GPS collars will be
more efficient. 
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ABSTRACT 

At the beginning of May 2000, the United States' Department of Defence removed the artificial degradation of GPS
satellite signals, called Selective Availability (SA), thus removing the largest source of error in calculating GPS
locations.  The aim of this work was to assess the effect of SA elimination on location accuracy, for both non-
differential and differential GPS, the latter's function being to remove SA perturbation. Data were collected before
and after SA removal from GPS collars used for tracking animals, with and without differential corrections, and also
from a reference base station. Locations were allocated, before analysis, to various classes according to satellite
geometry (DOP) and fix status (2- or 3-dimensional).  For each kind of GPS receiver and period, we calculated a
geometric centre using only the most accurate locations (3-dimensional with DOP <5). We then analysed distances
between each location and these centres.  SA elimination improved accuracy for non-differential GPS collars,
whatever the DOP and the fix status. Similar results were obtained from the base station.  For differential GPS
collars, location accuracy was improved for the 2D locations which had the lowest DOP values.  Even if the gain in
accuracy is greater for uncorrected GPS data, locations obtained with differential GPS receivers are still more
accurate, because differential correction can remove other sources of error like satellite clock error, ionospheric and
tropospheric delay and ephemeris error. Thus, the choice of differential or non-differential GPS collars for tracking
animals will still depend on the accuracy needed in biological studies.

Key words DGPS, GPS, location error, selective availability.

INTRODUCTION

The main reason for using differential GPS collars before Selective Availability (SA) elimination was to obtain
accurate locations (Rodgers & Anson 1994, Moen et al. 1997, Rempel & Rodgers 1997, Janeau et al. 1998). But,
for a biologist, the use of differential GPS is more difficult than the use of non-differential GPS because the
differential mode requires more technical capacity, more time for data processing and the extra costs involved in
running a base station. The aim of this work is to show the effect of SA elimination on fix accuracy to help other
biologists to make the right choice about which GPS mode to use for their particular projects.

METHODS

We recorded locations before and after SA elimination from : (i) a 12-channel GPS Pathfinder (Trimble Inc., USA)
in non-differential mode (fix interval 5sec.); (ii) 8-channel GPS Collars Simplex (Televilt AB., Sweden) in non-
differential mode (fix interval 6mn); (iii) 8-channel GPS collars 1000 (Lotek Eng. Inc., Canada) in differential mode
(fix interval 5mn; distance between base station and GPS collars = 420 km).  We determined location error as the
distance between each observed location and an estimated true location calculated as the geometric centre of the most
accurate locations (3D locations with DOP < 5).
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Figure 1 : Location error (m) for successive locations of a 12-channel GPS base station (from Trimble Inc.) in non-
differential mode, one month before and one month after SA elimination (fix interval 5 sec.).

RESULTS

From GPS reference base station (non-differential mode)

We recorded 4320 locations before and after SA elimination (Fig. 1). All of these were 3D locations with DOP values
< 5. The mean location error was 23.9 m with SA (SD = 15.0; max = 94.8 m) and 1.4 m without SA (SD = 0.73;
max = 3.1 m). 

From non-differential GPS collars

We collected 354 and 339 locations, respectively, before and after SA elimination (Fig. 2). The mean location error
for 2D locations with DOP < 5 was 81.9 m with SA (SD = 104.9; max = 776.9 m; n = 96) and 13.1 m without SA
(SD = 17.1; max = 160.1 m; n = 108).  For 2D locations with DOP ( 5, the mean error was 206.4 m with SA (SD
= 140.9; max = 693.5 m; n = 41) and 27.9 m without SA (SD = 13.6; max = 62.8 m; n = 29). 

For 3D locations with DOP < 5, the mean location error was 48.3 m with SA (SD = 34.5; max = 230.9 m; n = 176)
and 8.8 m without SA (SD = 5.9; max = 27.1 m; n = 151). For 3D location with DOP ( 5, the mean location error
was 68.0 m (SD = 45.7; max = 191.2 m; n = 41) and 10.1 m without SA (SD = 7.3; max = 43.2 m; n = 51). 

Figure 2 : Boxplot for location error (m) obtained with non-differential 8-channel GPS (from Televilt AB.) for 2D and
3D locations before and after SA elimination (box, vertical bars and white dot show respectively interquartile
range, lower and upper limits and mean).

From differential collars

475 and 654 locations were recorded before and after SA elimination (Fig. 3). The mean location error for 2D
locations with DOP < 5 was 8.4 m (SD = 6.8; max = 30.2 m; n = 66) and 3.4 m without SA (SD = 2.7; max = 9.8
m; n = 9). For 2D locations with DOP ( 5, the mean error was 77.8 m with SA (SD = 260.6; max = 1441.4 m; n =
30) and 27.2 m without SA (SD = 23.6; max = 61.9 m; n = 6). 
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For 3D locations with DOP < 5, the mean location error was 4.6 m with SA (SD = 3.1; max = 17.6 m; n=196) and
4.1 m without SA (SD = 2.2; max = 12.5 m; n = 280). For 3D locations with DOP ( 5, the mean location error was
8.6 m (SD = 12.5; max = 107.4 m, n = 183) and 5.8 m without SA (SD = 9.9; max = 171.8 m; n = 359).

Figure 3 : Boxplot for location error (m) obtained with differential 8-channel GPS (from Lotek Inc.) for 2D and 3D
locations, before and after SA elimination (box, vertical bars and white dot show respectively interquartile
range, lower and upper limits and mean).

CONCLUSIONS

The influence of SA elimination is greater for non-differential GPS than for differential GPS. Fixes obtained in
differential mode are still the most accurate, with less variation, because this mode corrects for other sources of error,
such as satellite clock error, ionospheric and tropospheric delays and ephemeris error (Trimble Navigation Ltd. 1996,
Lotek Engineering Inc. 2000). Consequently, the biologist's choice will still depend on the fix accuracy needed.
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MEASURING DIET COMPOSITION AND FOOD INTAKE BY
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GPS AND FAECAL MARKER TECHNOLOGIES
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INTRODUCTION

A widely-used method for determining dietary intake in domestic herbivores relies on comparing the faecal
concentrations of natural hydrocarbons (odd-chain n-alkanes), originating from herbage cuticular wax, with those of
an even-chain alkane (usually dotriacontane, C32) which is orally dosed at a known rate (Mayes et al., 1986). Since
the hydrocarbon patterns in plant-wax differ between plant species, the dietary plant species composition of
herbivores grazing simple swards, such as temperate grass pastures, can be determined from the hydrocarbon patterns
found in the faeces (Dove & Mayes, 1996). Thus concurrent diet composition and intake measurements can be made
using the hydrocarbons as faecal markers. The use of additional plant wax compounds, such as long-chain fatty
alcohols, may allow diet composition to be estimated in herbivores foraging in more complex vegetation
environments (Oliván et al., 1999), including boreal forest. These methods have hitherto not been applied to wild
ruminants, because of the need to administer a daily oral dose to measure intake, to locate the animals in order to
collect faeces and to sample vegetation which is representative of that ingested. However, intraruminal controlled-
release devices (CRDs) have been developed to deliver an indigestible marker (chromic oxide) at a constant and
predictable rate, over a period of a few weeks, for estimation of faecal output in grazing ruminants (Laby et al., 1984).
More recently, CRDs containing even-chain alkanes for the purpose of intake estimation have been tested in sheep
(Dove et al., in press) and versions of the device are now commercially available for use in sheep and cattle (Captec
Alkane®). If such a device could be used to administer even-chain alkane to wild ruminants such as moose and
animals located with sufficient accuracy  to permit collection of samples of faeces and vegetation, then both diet
composition and intake could be determined. Use of GPS technology is of potential benefit in aiding studies of
ruminant nutritional ecology.  

This study describes the use of faecal marker methods, in combination with GPS measurements, to estimate diet
composition and intake in wild moose living in the boreal forest in the Robertsfors area (near Umeå) of Northern
Sweden. Preliminary details of this study have been reported elsewhere (European Commission, 1998).

MATERIALS AND METHODS

During the respective winters of 1997 and 1998, during periods of snow cover, three moose cows and four bulls were
immobilised and fitted with GPS collars (Model GPS-1000, Lotek Inc. Canada). At the same time a CRD, designed
to deliver 360mg of C32 alkane per day, was inserted into the rumen by stomach tube. To facilitate insertion, the
'butterfly wings' of the CRD were bent upwards and embedded in ice to form a bullet shape. After recovery from
the anaesthetic, the moose were released and GPS fixes were taken every 6h for home-range estimation. More
frequent fixes (every 20 min in 1997 and every 30 min in 1998) were taken on selected days, in order to locate the
animals so that faecal samples could be collected from the ground. This procedure required rapid processing and
correction of data after downloading from the collars. On some occasions faecal samples from GPS-collared
individuals could be identified in the field, either where the GPS-collared animal was solitary, or where an imprint
of the collar was visible in the snow at a bedding site. After initial location, snow-tracking provided the opportunity
to collect a series of sequential faecal samples from the same animal. 

Vegetation was sampled from the stands and understorey that were seen to have been browsed by moose. Material
for marker analysis was sampled so as to be representative of that removed by moose. In the study area, the main
vegetation consisted of Scots pine (Pinus Sylvestris), birch (Betula pendula and B. pubescens), willow (Salix Caprea),
aspen (Populus tremula), rowan (Sorbus aucuparia) and a range of ericaceous dwarf shrubs. Norway spruce (Picea
abies) was also prevalent, but there was no evidence of it having been browsed. 



Similar procedures were planned for the summer of 1998, but since only one collar was operational, faeces were
sampled for diet composition estimates only. Because accurate location of moose tracks was not possible, fresh faeces
(which were uncolonised by invertebrates) were collected on a number of occasions from 50m x 50m areas
surrounding the previous days' locations of the collared moose. 

The samples of faeces and vegetation were analysed for n-alkanes and long-chain fatty acids using gas
chromatographic methods described by Oliván et al. (1999). Since C32 alkane is naturally present in faeces at very
low concentrations, individual faeces samples were identified as having originated from moose given CRDs by the
presence of C32 at levels greater than 20 mg/kg DM.  Diet composition was estimated from the n-alkane or fatty
alcohol concentrations in the faeces and vegetation samples, using the 'Eatwhat' least-squares algorithm of Dove and
Moore (1995). The faecal marker concentrations were adjusted to account for their incomplete recovery in faeces,
using  recovery rates obtained by Mayes et al. (1986) for alkanes and Ashton (1998) for fatty alcohols. Intake
estimates were made using the double-marker method of Mayes et al. (1986), using the release rate of the dosed C32

alkane (360 mg/d) quoted by the manufacturer (K.J.Ellis personal communication).

RESULTS

Winter

Table 1. Estimates of diet composition and intake of alkane-dosed moose in the winters of 1997 and 1998, obtained
using faecal markers and GPS to locate faeces and browsed vegetation.

Year/ Sample Number of samples Diet composition Daily intake 
Dosed collection (%DM) (kg DM) of
moose date Of dosed moose dosed moose

identity 

Total From dosed Birch Pine SD mean SD
moose (mean) (mean)

1997

515 10: 3: 97 37 4 0 100 0.0 3.0 0.18

13: 3: 97 14 8 0 100 0.0 3.2 0.09

810 18: 3: 97 1 1 0 100 - 3.4 -

21: 3: 97 7 7 0 100 0.0 3.6 0.13

25: 3: 97 10 10 0 100 0.0 4.2 0.74

28: 3: 97 6 6 0 100 0.0 5.1 1.18

1998

BD 24: 2: 98 15 13 13 87 2.8 3.5 0.60

6: 3: 98 6 6 5 95 1.6 4.1 0.34

11: 3: 98 10 10 7 93 1.9 4.2 0.30

5B 27: 2: 98 39 10 0 100 0.8 5.2 0.54

28: 2: 98 2 1 2 98 - 4.8 -

10: 3: 98 23 5 0 100 0.1 6.6 0.87

CO 24: 2: 98 13 9 20 80 2.8 2.3 0.33

2: 3: 98 13 13 19 81 2.1 3.3 0.20

3: 3: 98 3 2 17 83 4.5 3.4 0.53
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Since the GPS data indicated that the home ranges of individual moose which had been dosed with CRDs did not
overlap, it was possible to identify the animals which had produced the faeces containing C32 alkane. However, on
some occasions, a high proportion of faeces samples were found not to have originated from the dosed animals.
Estimates of diet composition and intake were obtained for two cows in 1997 and three bulls in 1998 (Table 1). The
dietary n-alkane contents of the faeces from all of the dosed moose were very low, yet contained high levels of the
secondary alcohol, 10-nonacosanol; this pattern of wax compounds was similar to that of Scots pine and indicated
little birch or juniper in the diet. Because of the low levels of dietary alkanes, diet composition was estimated using
only the faecal alcohols. Scots pine was clearly the main component of the diet for all of the moose which were
studied, with birch comprising the remainder (Table 1).

Intake was estimated using the C32 alkane from the CRD as the dosed marker and 10-nonacosanol as the natural
marker, with appropriate recovery corrections (see above). The estimates of intake were compatible with results
obtained from captive moose.

Summer

Of the 34 faecal samples collected in summer 1998, only three were confirmed as having originated from the moose
bull given the CRD. Thus only diet composition was estimated for the summer period. As the faeces contained high
levels of plant-wax alkanes, diet composition estimates (Table 2) were obtained by carrying out least-squares
calculations using the alkane contents of vegetation and faeces. In early summer, birch, willow, aspen and rose-bay
willow herb (Chamaenerion angustifolium) were the main dietary components, with the birch and willow herb being
replaced by rowan as summer progressed. Other constituents included Vaccinium species and a trace of heather
(Calluna vulgaris). There was no evidence of ingestion of Scots pine.

Table 2. Diet composition of moose at Robertsfors during three summer months, determined using plant n-alkanes as
faecal markers.  Means ± SD are expressed as % of dry matter in the diet. 

AThe two Betula species and the Salix spp. together with Populus tremula were considered as single components, because their alkane
profiles were very similar to one another.

DISCUSSION

The results of this work demonstrate that dietary composition and intake can be measured in wild moose, using
dosed and natural plant-wax compounds as faecal markers and GPS collars to give the locations of the animals. The
boreal forest in winter was an ideal environment for carrying out initial feasibility tests of this approach. Not only
were the diets of moose at this time very simple, but the ability to accurately locate and describe moose movements
from snow tracks was of great value in checking the accuracy and precision of acquired GPS data. Furthermore, faeces
were easy to find and the low winter temperatures retarded their decomposition rate.

There are a number of reasons why intake and diet composition measurements in the boreal forest are more difficult
to make in the summer. There are many more plant species available to moose as potential food sources. Also, moose-
tracking and location of faeces are more difficult. In order to track animals with as good a resolution as that achieved

Month (number of faecal samples)

Species June (9) August (6) September (18)

ABetula pendula + B. pubescens 36.0 ±13.9 6.7±8.6 0.2±0.2

Sorbus aucuparia 0.0±0.0 26.9±17.2 43.7±13.9

ASalix spp + Populus tremula 30.9±14.0 39.1±13.0 33.8±19.7

Calluna vulgaris 0.0±0.0 0.6±0.5 1.9±0.5

Vaccinium vitis idaea 0.6±1.1 1.6±1.6 3.1±3.8

Vaccinium myrtillus 5.7±6.2 17.0±10.2 13.0±11.7

Chamaenerion angustifolium 26.6±20.7 8.1±19.6 4.3±15.6
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by snow-tracking, locational information of much greater accuracy and precision than that currently provided by
GPS collars would be necessary. In the summer, faeces rapidly become colonised by dung beetles and other
invertebrates and decomposition by bacteria and fungi are also likely. Thus although the effect of faecal
decomposition on marker patterns is not known, it is clear that faeces samples should be as fresh as possible. It may
be possible to locate fresh moose faeces in undergrowth using trained dogs, but such an approach has yet to be
explored. 

The estimates of diet composition obtained in this study were made using the assumptions that the respective faecal
recoveries of alkanes and fatty alcohols were the same as those obtained in sheep and goats. Similar assumptions were
necessary to estimate intake, with the additional assumption that the release rate of C32 alkane from the CRD was
360 mg/d. Whilst the derived estimates of intake were within the expected range, the method needs to be validated
in moose for these diets. A small validation test with two captive moose, offered Scots pine and birch and dosed with
alkane-containing CRDs, indicated that accurate estimates of the composition of the winter diet could be obtained
using fatty alcohols as markers. Furthermore, reasonable estimates of intake were obtained using C32 alkane and 10-
noncosanol as respective dosed and dietary markers (European Commission, 1998). These results suggest that the
measurements made in wild moose in winter were reasonable, but a larger validation study is needed to fully evaluate
the techniques used.

In the present study, GPS collars were used to provide details of the whereabouts of specific moose the day before
each faeces collection. Such data were found to be sufficiently accurate and precise in winter to allow relevant snow
tracks and faeces to be found. Cross-referencing the location of faecal samples with the GPS-determined route of the
foraging animal also provided the possibility to identify the timing of the defaecations. Although not exploited in the
present study, such information could allow measurements of nutritional parameters, such as rate of passage of
different forages, to be made.

The fact that the home ranges of the moose fitted with collars and dosed with CRDs did not overlap, enabled positive
identification of the source of each faecal sample from the presence of C32 alkane. The process of screening faeces
samples from their alkane patterns was not particularly onerous. Thus, in order to estimate intakes of individual
moose within a group, it is feasible to dose with CRDs containing a unique alkane for each animal, to allow
identification of specific faeces samples.

This work was jointly funded by the European Union Nuclear Fission Safety Programme (Contract no F14P-CT96-
0039) and the Scottish Executive Environment and Rural Affairs Department.
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ABSTRACT

A critical ecological process affecting the population viability of threatened and endangered species in human-
impacted landscapes is movement within the habitat mosaic and the colonization of new habitat by dispersing
animals.  However, studies that monitor animal movement, with the spatial accuracy and temporal frequency needed
to address these questions, are often not logistically feasible, or when possible they are prohibitively expensive.  As
Global Positioning System (GPS) telemetry hardware is becoming lighter, more energy efficient, better suited to
forested environments and more affordable, it is creating an opportunity to address these questions.  Scientists will
soon be able to use this technology to investigate the population level consequences of the spatial arrangement of
critical habitat on a landscape.  Such applications of GPS telemetry technology, to questions that exceed traditional
approaches of estimating home range areas and habitat selection, will require biologists to use new analytical
techniques.  These approaches involve statistical analyses of the characteristics of movement paths and the use of this
information in the development of spatially explicit simulation models.  I will review three methods for analyzing
fine scale movement pathways (fractal dimension, path sinuosity, correlated random walk) and discuss the strength
and weakness of each of these approaches. I will then illustrate how fine scale movement data can be used to
parameterize a spatially explicit simulation of dispersal, which can in turn be used to examine the consequences of
the spatial arrangement of habitat across a landscape.  The fine scale movement data used in this case study was
collected on four woodland species of small mammals found in the Midwestern United States (fox squirrel, gray
squirrel, eastern chipmunk, and white-footed mouse) using tracking spools.  However, the same analyses can be used
on data collected with GPS telemetry to describe the movement pathways and parameterize simulation models.  In
this case study, the movement data is used to build a model that simulates each of these species searching for a new
woodlot in an agricultural matrix and compares the sensitivity of each species to different quantities of wooded
habitat.  Contrary to predictions based upon neutral landscape models, the ability of these four species to successfully
disperse across a virtual landscape did not dramatically decline at a critical threshold close to 20% of the landscape
containing habitat.  Instead, each species exhibited a unique threshold and these values ranged from greater than 50%
(white-footed mouse) to less than 10% of the landscape (fox squirrel).  Thus, consistent with empirical observations
the simulation suggests that these species should respond to various levels of habitat loss differently.  I will conclude
by discussing how this approach of developing simulation models, based upon studies of fine scale movements
collected with GPS collars, can be applied to other questions.  For example, data on movements can be combined
with simulations in landscapes that are more complex than the simple case study.  Furthermore, by incorporating
population dynamics into such models we can examine the implications of management alternatives for the viability
of populations. 
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INTRODUCTION

The Home Range Extension (HRE) includes software that extends ArcViewTM to analyze home ranges of animals.
This is accomplished entirely within a geographic information system (GIS), which provides a common and relatively
familiar interface for analyses performed on telemetry fixes and subsequent home range polygons. The program has
been written for novice GIS users who already understand basic wildlife telemetry issues and who are familiar with
the concept of a "home range". The user should be able to perform all the analyses of their point data within ArcView
and the HRE.

MINIMUM SYSTEM REQUIREMENTS

The HRE requires ArcView 3.1 or 3.2, running under Windows NT 4.0 or Windows 95/98.

WHERE TO GET THE HRE

The HRE can be downloaded from: http://blue.lakeheadu.ca/hre/.

WHY USE THE ARCVIEW GIS?

Home range analyses comprise a wide variety of techniques and approaches. Just as there has been a proliferation of
home range analysis models, there has been a proliferation of home range analysis software. Many of the older DOS-
based programs have a cumbersome interface that requires batch files or data manipulation to be carried out with
text editors or database programs. Most do not include more recent home range models (e.g., kernel methods) and
many do not allow export of home range polygons to a GIS for habitat analyses, or restrict analyses to fewer than
1,000 animal locations at a time. Although these limitations may be acceptable to studies involving conventional
radio-tracking of animals, automated equipment such as GPS-based telemetry systems  (Rodgers et al. 1996) can
easily generate enormous quantities of data that cannot be entirely analyzed by these previous software programs. The
ability to use large data sets and carry out all required home range analyses within a single software environment was
our primary reason for developing the HRE within the ArcView GIS.

DATA TYPES SUPPORTED BY THE HRE

Since the HRE was originally developed for use with LOTEK GPS collars, it has a direct import filter for data files
produced by their GPSHOST and N3WIN software (.DAT files). The HRE also provides direct import of data from
Service Argos Data Collection and Location System (DCLS) files, dBASE and Excel database files, or ASCII text files.
If necessary, location data can be converted from milliseconds to UTM units of your choice (NAD 27 or NAD 83).
Multiple files for individual animals can be merged and are automatically checked for duplicate records. Habitat data,
based on satellite imagery, forest resource inventory maps, aerial photography, etc., can be added in the normal
ArcView way.

DATA EXPLORATION WITH THE HRE

There are two major exploratory data analysis tools available in the HRE; basic ArcView queries and "Moose On A
Leash" (MOAL). "Moose On A Leash" is a data animation tool. The purpose of this tool is to show the movements
of the animal over time, not just the positions. The MOAL option allows you to interactively step through selected
points one-at-a-time and determine the distance moved and elapsed time between consecutive fixes.
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DATA ANALYSIS WITH THE HRE

Calculating Interfix Times and Distances

Although the MOAL option allows you to step through selected points one-at-a-time and determine the distance
moved and elapsed time between consecutive fixes, you may want to calculate and save multiple interfix distances
and elapsed times, as well as cumulative values for these variables. With these data you can calculate average distance
moved between fixes, average elapsed time between fixes, speed of movement, total distance moved in a given period,
and so on. The HRE adds the calculation of multiple interfix distances and times to the Field menu of ArcView.

Calculating Home Ranges

The HRE currently includes 2 types of home range analysis models: minimum convex polygons (MCPs) and kernel
methods. Because different computer software programs may produce large differences in home range estimates based
on these models (Lawson and Rodgers 1997), we have attempted to provide all of the options offered in earlier
programs for calculation of the estimators and values input for various parameters.

Minimum Convex Polygons

"Percent" minimum convex polygons (%MCPs) (Michener 1979), sometimes referred to as "probability polygons"
(Kenward 1987), "restricted polygons" (Harris et al. 1990), or "mononuclear peeled polygons" (Kenward and
Hodder 1996), can be generated for a subset of fixes using one of several percentage selection methods available in
the HRE. These methods include both the exclusion of points from a calculated (e.g., mean) or user-specified (e.g.,
nest site) location, and an ordering criterion based on the amount of area each point contributes to the %MCP
(White and Garrott 1990). A polygon is then generated from the subset of points.

Kernel Methods

The HRE includes both fixed and adaptive kernel methods. The kernel function used in the HRE is the standard
bivariate normal (i.e., Gaussian) curve. Polygons may be calculated from either the kernel densities or volumes of the
curve under different portions of the utilization distribution. Several automated and subjective methods of finding
the "best" smoothing factor (standard bivariate normal, least squares cross-validation, biased cross-validation, user-
specified) are provided in the HRE. Both Schoener's index and the Swihart and Slade index, used to determine the
independence of observations, are calculated in conjunction with kernel analyses.

Analyzing Habitat Use and Home Range Overlap

Determination of habitat types used by an animal is relatively straightforward in a GIS using an overlay function.
The "habitat used by the animal" is the geometric intersection of "the habitat" with "the area used by the animal" as
described by a polygon resulting from one of the MCP or kernel methods. A habitat map can be produced from
satellite imagery, forest resource inventory maps, aerial photography, etc. The HRE supports habitat maps created
with a UTM coordinate system using the NAD 83 or NAD 27 spheroid. Determination of areas of overlap between
home ranges is achieved by the same methods used for analyzing habitat within home range polygons.
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ABSTRACT 

Managing free-ranging animals to utilize forage resources efficiently remains a worldwide challenge as we enter the
21st century.  Optimum forage utilization requires herbivores be periodically moved commensurate with the
landscape's productivity.  Stationary conventional fencing in the form of wood, wire or stone has been tried alone
and in combination with many other tools and techniques to positively affect animal distribution and forage
utilization, yet none consistently permit flexible management in real time.  Virtual fencing has the potential to
automate animal management and provide autonomous animal control in real time.  Virtual fencing systems require
that animals wear an electronics package that includes hardware, software and an antenna to receive Radio Frequency
(RF) signals.  A patented virtual fence device will be described that uses RF signals emanating from navigation
satellites of the Global Positioning System (GPS).  These signals are used to locate the animal's geographic location,
which can be logged at programmable intervals of ≥ 1 second.  Furthermore, these signals are used to build virtual
fences that can be programmed to take any geometrical shape, be manipulated in space and time and can surround
areas as well as individuals.  The unit's Geographic Information System (GIS) data continuously compares the
animal's location and its angle of approach to that of the closest virtual fence.  Should an animal attempt to penetrate
a virtual fence, algorithms within the unit's central processing unit determine the suite of programmable cues to be
applied to either the animal's right or left side to maximize the animal's distance of separation from a virtual fence
in the least amount of travel.  The cues are applied in a ramped fashion, beginning with the least and progressing to
the most aversive, depending upon how near the animal is to the virtual fence.   Using this approach, the animal
determines the intensity of cuing necessary to elicit a change in its behaviour.  However, if the animal fails to respond
at the highest level of cuing, the unit has been built to shut down in a fail-safe manner to prevent ineffective and
unnecessary stress to the animal.  In this device electronic generated audio sound and shock replace visual cues to
produce movement. Virtual fencing capitalizes on low stress handling principles, in which the animal's innate
behaviour is to move away from a stimulus that has penetrated its fight-flight zone.  Recently a prototype device in
the form of a neck-saddle was evaluated to establish the proof-of-concept that bilaterally applied cues will change not
only a cow's location but also its direction of travel.  Preliminary tests suggest virtual fencing will control beef cattle
in a humane and reproducible manner.  However, more research is required to determine how virtual fencing will
optimally benefit resource stewardship, using both domestic and wildlife species.  Virtual fencing utilizing GPS
technology and bilateral cuing will provide a novel tool for bringing prescription animal management to reality in
the 21st century. 

Key words: Wireless fencing, Global Positioning System (GPS), Geographical Information System (GIS), livestock,
wildlife, animal control 

INTRODUCTION

Managing animals has challenged man since the dawn of civilization (Holy Bible).  With approximately 4 x 109 cattle,
sheep, goats, camels, buffaloes, pigs, horses, mules and asses (FAO 1999) on 13 x 109 ha of land (FAO 1987) animal
distribution remains the second most critical challenge after establishing a proper stocking rate (Holechek et al. 1998;
Ratliff 2000).  Animal distribution impacts the intensity and frequency of defoliation, which together determine net
herbage growth following defoliation and herbage intake during defoliation (Parsons 1988) as well as the landscape's
potential for future herbage growth by influencing erosion and the watershed itself (Kauffman and Krueger 1984).  
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Improving animal distribution (Fig. 1) may increase livestock production yet the additional profit gained may be
partially or totally eliminated due to the costs associated with improving distribution (Conner 1991). Fencing is just
one approach that has been used to manage animal distribution. This paper focuses on managing free-ranging
animals using virtual fencing, a prescription tool to unlock ecologically sound and flexible plant and animal
husbandry in the 21st century. 

Figure 1 Factors influencing free-ranging animal distribution.

WHAT IS AN INVISIBLE FENCE?

An invisible fence is an electronically generated 3-dimensional boundary that may take any geometrical shape to
enclose an area, as well as surround individual animals, but is unseen by the eye.  Invisible fences can only control
animals that are wearing equipment capable of capturing and using electronic signals. The majority of signals used
in invisible fences are  radio frequencies (RF) between 3kHz and 300 giga Hz (Yarnall and Yarnall 1996).  However,
some systems utilize near infrared energy (McCarney et al. 1997) or compressional wave beams (Bianco and Ehren
1997). 

Invisible fences use sensory cues other than sight to produce a change in an animal's behaviour.  These cues must be
aversive enough to cause animals to alter their behaviour through innate instinct and/or training.  Using cues to alter
behaviours has been investigated under the topic of instrumental animal conditioning (Kimble 1961).
Chemoreceptors, mechanoreceptors or thermoreceptors individually, or in some combination, must be stimulated to
keep an animal from crossing the invisible boundary.  Large animals can be controlled using audio cues in the form
of whistles, beeps or a combinations of sounds (Albright et al 1966; Ames and Arehart 1972; Fury 1976; Gonda and
Vancuza 1982; Heffner and Heffner 1983; Custer 1995) including the human voice (Yarnell and Yarnell 1996; Kim
et al. 1997).  In addition, electric shock alone and in combination with audio cues have also been used to manage
animals (Miles 1951; Karn and Lorenz 1984; Martin et al. 1989; Gonda and Farkas 1989; McDade et al. 1993;
Markus et al. 1998b).

Cues used in currently available invisible fencing devices are not easily changed once established (Touchton and
Peinetti 1995) and appear limited to only a few preset levels (Gonda and Farkas 1989).  However, most commercial
invisible fencing devices contain safety features to prevent inhumane cuing thus promoting optimum animal welfare
(Mench and van Tienhoven 1986; Stricklin 1989; Arave and Albright 1998).  

The first commercial invisible fencing system was designed for containing pets and was patented in 1974 by Richard
Peck, owner of the Invisible Fence® Company (Wayne, PA).  His system was also the first system tried on livestock.
In 1987 unattended domestic goats were successfully confined on leafy spurge (Euphorbia esula) using his electronic
dog collar (Fay et al. 1989).  Shortly thereafter Quigley et al. (1990) used dog training collars manufactured by Tri-
Tronics® (Tucson, AZ) to train steers to avoid a specific area; this was accomplished in less than two days.  Recently
collars manufactured by Tri-Tronics® were successfully used to control heifers in Canadian field and pen trials
(Markus et al. 1998a).  Rose (1991) proposed a signal transmitter/receiver system for activating an electronic nose
clip to control cattle.   Electronic ear tags using audio sound and electric shock cues, manufactured by AgriTech
Electronics (Chanute, KS) were evaluated in 1992 in Texas and Nevada and found to be 90% effective in preventing
cross bred yearling steers and heifers from entering a zone of exclusion (Tiedemann et al. 1999).  In all the livestock
trials mentioned the RF signals originated from ground-based transceivers that transmitted unlicenced low power
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high frequency signals.  Such systems would require many transceivers if the topography is undulating and this may
be a reason these systems never gained widespread acceptance for managing livestock on large pastures.  

THE GLOBAL POSITIONING SYSTEM (GPS)

Many of the line-of-sight limitations of ground-based RF systems disappear when RF signals originate from satellites,
such as those of the Global Positioning System (GPS; Hurn 1993; Herring 1996), the Global Navigation Satellite
System (GLONASS; Almanac 2000; Krüger et al. 1994; Herring 1996; Langley 1998) or the proposed European
public-private Galileo Global Navigation Satellite System (GNSS; Gallimore and Maini 2000).  With satellite
technology have come devices that can control both animal location and direction of movement (Manning 1998;
Anderson and Hale 2001).  Though ground-based transceivers are not required, other challenges arise with satellite-
generated RF signals, including those from forest vegetation canopy which may (Spruce et al. 1993; Rempel et al.
1995) or may not (Bennett et al. 1997; Biggs et al. 1997) affect the signal's reception.    

Technically, GPS is simple in concept but incredibly complex in implementation.  The current GPS system was not
fully operational until the 1990's even though it was developed in the late 1960's and early 1970's for precise timing
and space-based navigation by the US Navy and Air Force, respectively, (McNeff 1999).  World-wide geographic
locations are available from the 28 GPS satellites or 9 Russian GLONASS satellites (Almanac 2000).  The GPS
satellites circle the earth twice each day (11 hr 58 min/orbit) at an altitude of about 20,000 km in one of six orbits
at an inclination of 55o (Krüger et al. 1994). To obtain very precise and accurate locations, a minimum of four
satellite signals must be available (Hurn 1993).  Prior to 12:00 A M on May 2, 2000, the signal available to
commercial users had been distorted by the military for security reasons.  This distortion was known as selective
availability (SA) and limited civilian accuracy to no more than ± 100 m (Lang 1997).  Removal of SA improved
accuracy to ± 20m (Anonymous 2000; Divis 2000).  For higher accuracy Differential Global Positioning Systems
(DGPS; Hurn1995; Moen et al. 1997) technology can be used. 

The first study that employed GPS to locate animals was begun in March 1994 using collars designed and
manufactured by Lotek Engineering Inc. (Newmarket Ontario, Canada; Rodgers and Lawson 1997).  To date GPS
systems have been used to successfully track domestic sheep (Roberts et al. 1995; Rutter et al. 1997) and cattle (Udal
et al. 1998; Udal et al. 1999) as well as numerous wildlife species (Austin and Pietz 1997) to accuracies never before
possible (Tomkiewicz 1997).  Recently shock collars for training dogs (Files 1999) and devices to control large
animals (Marsh 1999; Anderson and Hale 2001) have incorporated GPS technology.

THE FIGHT-FLIGHT ZONE

The key to controlling animals using invisible fencing is to administer appropriate cue(s) at the appropriate time and
in the appropriate location and then stop the cue(s) immediately when the appropriate behaviour occurs.  The basis
for knowing when, where and how much cuing is required lies in the principles of low stress animal handling
practices, as advocated by applied animal ethologists including Bud Williams (personal communication), Smith
(1998) and Grandin (1999).  

All animals have a fight-flight zone or region surrounding the animal that, when penetrated, causes the animal to
move. Fight-flight zones are totally dynamic and constantly changing in size and shape over time even for the same
animal.  Animals that have had their fight-flight zone penetrated on their left side normally move to the right and
vice versa. This innate behaviour to move away from a novel cue, regardless of type, is the most common instinctive
initial defensive gesture shown among all animals (Dusenbery 1992; Smith 1998) and forms the basis by which
animals are controlled using bilateral virtual fencing. 
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Figure 2 Hypothetical pastoral scenario for controlling free-ranging animals with a patented (Anderson and Hale 2001)
virtual fencing device that uses autonomously applied bilateral cues.  Radio Frequency (RF) signals from Global
Positioning Satellites (GPS) are used to determine the geographic location of the instrumented cow and bonded
sheep (Anderson 1998) and calculate their distance and subsequent angle of approach to the nearest virtual
boundary.  Geographic Information System (GIS) software contained in the neck-saddle determines when the
cow has penetrated the virtual boundary, sensory cues are then administered to the side of the animal to move
it back into the zone of inclusion with the least travel and stress. The virtual boundary consists of belts in
which a suite of sensory cues (sound only and sound + shock) are administered depending on the distance the
cow is from the virtual center line.  The cuing characteristics and belt widths are fully programmable.  Built
in safety features prevent inhumane cuing as well as algorithms for administering sensory cues to turn the animal
back toward the zone of inclusion should the animal cross into  the zone of exclusion.  The virtual center line
can deviate from the boundary line used initially to establish the virtual center line by ± 10 to 25 m using
commercial GPS equipment (Shaw et al. 2000). 

WHAT IS BILATERAL VIRTUAL FENCING?

The virtual fence with electronically generated bilateral cuing capabilities involves a patented (Anderson and Hale
2001) method (Fig. 2) and prototype apparatus (Fig. 3).  Virtual boundaries of various shapes can be created that are
movable in time and space and can be created around individual animals as well as delineating areas using RF signals
from GPS satellites.  The invention controls animal location and direction of movement using several characteristics
not previously available in other invisible fencing systems.  First, stimuli are applied bilaterally and autonomously
using the RF signals emanating from GPS satellites.  With this technology animals can be located as well as having
their direction of movement controlled.  Second, the cues (audio sound and electric shock) are programmed to ramp
in a stepwise fashion, beginning with faint sounds and or small electric shock which would feel like a tingle.  These
cues are then programmed to progress to much louder sounds and or electric shock similar to that found in devices
marketed for managing large animals.  Electric shock is only administered if movement of the animal in the
appropriate direction has not been detected by the system's microprocessor, following application of the sound cue(s)
that cover a variable range of frequencies to accommodate various hearing abilities.  If, after applying electric shock,
the animal still refuses to change location within a programmable time or distance, the unit will automatically shut
down preventing undue stress to the animal. The repertoire of available cues provides a wide range of stimuli to which
an animal can react, allowing the animal to choose the appropriate level of stimulation to get movement to an
appropriate location where cuing stops.  Third, cues are fully programmable making it possible to have different cues
on the right side compared to the left side. 

The current prototype virtual fencing device is housed in a neck-saddle that attaches to the animal's neck with
adjustable belting (Fig. 3).  The electronics compartment located atop the saddle positions the GPS antenna skyward,
contains the battery necessary to provide power and houses the microprocessor that is the heart of the system's
autonomous functioning. An RF transponder allows interfacing or communicating with similar devices worn by
other animals or with a central microprocessor.  The microprocessor includes hardware and spatial coordinate system
software for determining the direction and bearing of the moving animal and comparing this with the position of
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the predetermined virtual boundaries using Geographical Information System (GIS; Muehrcke and Muehrcke 1998)
data.  Once the closest virtual boundary and the distance the animal is from it is known, the side of the animal closest
to a virtual boundary is determined together with information on whether the animal has penetrated the virtual
boundary.  If penetration has taken place, a control signal is initiated for activating the appropriate suite of cues to
the appropriate side of the animal.  The GIS system also stores sensor data, GPS data, system parameters as well as
an operating system for scheduling software functions including driver routines for the device's peripherals. This
capability allows the user to download specific positions (i.e., GPS coordinates) for desired virtual boundaries and
upload all logged sensor and GPS data, in order to change the characteristics of the applied stimuli, and/or reprogram
the embedded computer system parameters.  Logging the animal's geographic location is programmable at intervals
of ≥ 1 second.  On either side of the neck-saddle an acoustic piezo transducer and a pair of spring loaded electrodes,
located in the neck region proximal to the head and ear, deliver the sound and electric shock to the right and left
sides, respectively.  The electric shock can be administered either in the presence or absence of sound depending on
how the device is programmed. 

Determining to which side of the animal the cue(s) are to be applied, is based upon the animal's position with respect
to the virtual boundary, the angle of incidence between the animal's direction of travel and the virtual boundary, and
the animal's expected response to the bilateral stimulation. If the animal is within the area of inclusion and the angle
of incidence is acute then the cue will be applied on the side of the animal that will move the animal into the obtuse
angle it forms with the edge of the virtual boundary (Fig. 2).  If the animal has penetrated through the virtual
boundary and is in the zone of exclusion, the cue(s) will be directed to the obtuse angle.  Algorithms in the
microprocessor determine to which side the cue(s) should be applied in order to maximize the separation of the
animal from the virtual boundary with the minimum change in the animal's bearing. If the animal has penetrated
the virtual boundary approximately perpendicular in its movement or the approach is towards a right angle corner
of two virtual boundaries the side to which the cues are applied is determined entirely randomly by the
microprocessor.

Figure 3 Virtual fence device housed in a neck-saddle worn by a haltered cow.  Above the front strap securing the neck-
saddle around the animal's neck are a pair of horizontally-spaced, spring-loaded electrodes for administering
electric shock cues to the animal's right side and directly above them is the peizo transducer, housed in a
protective cylinder, for producing audio sound cue(s).  Electronic hardware and software, with batteries for
power, are housed in the rectangular box sitting on the saddle.

MORE ABOUT SENSORY CONTROL

Conventionally we get animals to do our bidding on our time schedule.  This is evidenced by the physical
characteristic of many fences and the egos of those who built them.  However, for virtual fencing to be used optimally
a paradigm shift in thinking will be required to allow the animal to meet our goals, but on their time schedule.
Patterns of movement vary among species as well as seasonally and diurnally, due to a number of environmental as
well as physiological factors (Arnold and Dudzinski 1978).  These factors must be considered in order to determine
the optimum time, location and duration to apply cues.  Generally the least amount of force required to get an
animal to change its location would occur when the animal is already moving and not at rest (Fig. 4).  Therefore,
cuing only moving animals will probably produce the most efficient and least stressful virtual fence control protocol.  



Even with this protocol, virtual fences could potentially pose some challenges since animals are aware of their
surroundings (Piggins and Phillips 1998; Veissier et al. 1998).  Canadian research found that animals would not
penetrate an invisible boundary for up to four days following removal of the controlling cues (Markus 1998a).  This
suggests that animals may have associated the cue(s) with various landscape objects at the time that the sensory cue(s)
were being applied. Using ramped cues and possibly randomly moving the virtual boundaries periodically, may keep
animal's focused on the cues rather than on associated objects, but this hypothesis awaits scientific evaluation. 

Every animal may not need virtual fencing instrumentation to achieve group control, since domestic mammals
evolved from wild species that are social and form groups (Clutton-Brock 1981).  Animals that live in groups not
only influence one another's  diet (Howery et al. 1998) but also their spatial location.  Sheep apparently learn to
avoid electric fences through social facilitation, since training a few animals appears to affect the entire flock (Lynch
et al. 1992).  Fay et al. (1989) demonstrated that most non-collared (control) Spanish goats would not stray more
than 50 m from collared peers restrained inside RF boundaries.  However, as the ratio of collared animals decreased,
Fay et al. (1989) found the number of non-collared animal "escapes" increased.  Anderson (1998) demonstrated
every sheep in a group need not be bonded to cattle if the goal is to have both species of animals remain together in
one or more flerds (flocks + herds in which small ruminants have been bonded to cattle; Anderson et al. 1988).
Bonded sheep consistently remain with cattle thus eliminating the need for internal conventional sheep tight fencing
(Anderson et al. 1994).  However, when safety or health issues are the reasons for animal control, systems based
strictly on manipulating animal behaviour are not adequate in themselves and conventional fencing should be used.

CONCLUSIONS

Real time autonomous management of free-ranging animal distribution will involve combining cutting edge
electronic technology with animal behaviour.  Research to address appropriate protocols for managing free-ranging
animals with virtual fences has just begun. Virtual fencing will be one of many new tools that combines electronics
and animal behaviour to make prescription range animal management a reality in the 21st century.

Figure 4 Sequential photos documenting the response of a foraging cow to bilateral cuing from a virtual fence device
housed in the neck-saddle.  The cow initially grazing south is stimulated on its left side, it turns north (right)
and walks away from the cue and subsequently re-establishes grazing in a northerly direction in the presence of
two calves.
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A VERY LIGHTWEIGHT FLIGHT RECORDER FOR HOMING
PIGEONS BASED ON GPS 

Karen von Hünerbein1 and Eckhard Rüter2

1 Zoologisches Institut, Siesmayerstr. 70, 60323 Frankfurt
2 Rüter EPV Systeme GmbH, Lagerstr. 19/10, 32425 Minden

ABSTRACT

In order to learn more about the homing behaviour of homing pigeons (Columba livia) we sought a new method to
track their flight paths with a high temporal and spatial resolution. We chose GPS because of its worldwide
availability, its high accuracy of position fixes and its high rate of position updates. After several years of development
we have been able to develop a GPS flight recorder which is light-weight enough for pigeons to fly with. The device
consists of a GPS hybrid board, an on-board datalogger, a DC-DC converter, a small patch antenna, a lithum battery
and an additional microprocessor controlling the GPS according to user-defined parameters. The device has a weight
of 33g plus 7g for a harness. It can store approximately 12,000 positions and operates for 3 hours. The time
resolution is 1 position per second. The main step for achieving the light weight was the finding of the GPS hybrid
board.

In tests on homing pigeons in autumn 1999, released from a site about 30 km away, the device proved to operate
reliably and effectively. All pigeons could fly well with the device and returned home on the same day. In summer
2000 a series of experiments on pigeons were performed from 2 release sites, yielding more than 100 flight paths.
Most pigeons returned successfully, but 3 were lost.

The tracks reveal surprising details of the homing flights, such as initial loops flown immediately after release,
deviations from the home direction and the "bee line" and large detours flown by some of the birds.  The birds were
tracked all the way to the home loft. The GPS flight recorder can be used to track many species of free-flying birds,
providing they can be recaptured , although the 3h time of operation may be too short for many applications.
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HIGH PERFORMANCE GPS COLLARS, USE OF THE LATEST
AVAILABLE TECHNOLOGY

Robert Schulte1 and Ulrich Fielitz2

1 VECTRONIC Aerospace GmbH, Carl-Scheele-Str. 12, D-12489 Berlin, Germany
2 Environmental Studies, Am Herberhäuser Weinberge 23, D-37075 Göttingen, Germany

ABSTRACT

In the last five years the VECTRONIC Aerospace GmbH (former Ingenieurb¸ro Schulte) and Environmental
Studies have developed several different types of GPS Collars. Due to the miniaturization of electronic components
in the last few years, the size and the weight of the GPS-collars have been reduced by a factor of more than four,
whereas the efficiency has increased. 

The newest version of the GPS-Collar has a revolutionary modular concept concerning the GPS Receiver technology
and data communication. Depending on the application, the customer has a choice between 8-channel, 12-channel
and 16-channel GPS Receivers. The downloading of position data can be achieved via a cable after retrieval of the
collar, or in the field via wireless data communication. Several different possibilities can be used for the wireless data
exchange. In areas where the use of a ground station (mobile or unmanned / autonomous) is suitable, the licence free
ISM (Industrial Scientific Medical) frequency range (433-860-915 MHz) can be used. In areas with good GSM
(Global System for Mobile communication) coverage, data transfer can be achieved very easily via SMS (Short
Message Service). Data can be sent via the world-wide mobile phone network to the user. In areas where the
operation of an autonomous ground station is not practical and there is no GSM coverage, data can alternatively be
transmitted via LEO (Low Earth Orbit) satellites to the customer. In recentyears, numerous satellites have been
launched for mobile communication services, such as ORBCOMM, TUBSAT and ARGOS. 

Depending on the number of collars being used in the same study area, a cheaper alternative to satellite
communication could be the use of very small UAV's (Unmanned Air Vehicle) as data relay stations.

The intensive use of the latest available technology has resulted in GPS collars with high performance but a low price.
These collars have the following features:

� Temperature and activity sensors as standard.

� Powerful combined beacon and data transmitter, with a range of more than 10 km (ground to ground).

� Fast data transmission to the ground station.

� Positions can be programmed by the input of the time and date, with no need to use timetables.

� Continuous logging and storing of temperature and activity information, at regular intervals of five minutes
during the lifetime of the collar.

� More than 100,000 complete datasets, without DGPS information, can be stored in the onboard memory.

� Interface to GSM and satellite transceiver/transmitter.

� Low Weight: less than 500 g. for more than 3,700 positions (with an average Time to First Fix of 1 minute).

� Several different battery packs available.

� Battery pack replaceable by the user.

INTRODUCTION

Based on the field experience with our GPS-Collars 2TD/2TDD (figure 1), a complete new generation of high
performance GPS collars were developed. A detailed diagram of the new collars GPS Plus is shown in figure 2.
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Figure 1: GPS Collar 2TD (left) and 2TDD (right)

TECHNICAL DESCRIPTION

The main part of the GPS Plus collars is a powerful RISC CPU. 32 MBit non-volatile flash memory is used to store
up to 100.0000 complete data sets (time, latitude, longitude, height, navigation status, number of satellites used,
etc.). Additionally the signal of a two-axis tilt sensor and the temperature of the collar are sampled continuously and
the cumulative value is stored at five minutes intervals, during the lifetime of the collar, in the flash memory (for a
maximum of 3.5 years). 

The flexible Hard- and Software design allows the use of 8 / 12 or 16-channel GPS receiver. Due to the in-circuit
programming capability of the CPU, software changes can be made easily. Numerous serial communication and
analogue/digital interfaces can be used to connect different types of external sensors or additional communication
devices. 
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Figure 2: Diagram of the GPS Plus Collar

A complete, newly designed beacon and data transceiver (bi-directional) is used to transmit the data to an
autonomous or to a handheld ground station (figure 3). The mobile handheld ground station can receive the last
computed GPS position of the collar and calculate the direction and distance to the collar with its own GPS receiver.
The frequency and output power of the transceiver is software programmable and can be changed by the user. The
licence free ISM (Industrial Scientific Medical) frequency bands (433-860-915 MHz) are used for the
communication between the collar and the ground station. The beacon transmitter is only switched on by a
command from the ground station for a few minutes. This concept saves power and only the user can activate the
beacon transmitter.
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Figure 3: Autonomous (left) and mobile handheld groundstation (right)

Figure 4: Transmission of GPS Data via GSM

In study areas with a sufficient GSM coverage, the transmission of the position data via GSM is a very effective
solution. The first tests made in Germany were very successful. The user can receive the data nearly in real time,
independent of the distance between the collar and the user (figure 4). Depending on the application, wireless data
transmission to a ground station or to a LEO satellite, such as ARGOS, ORBCOMM, TUBSAT (figure 5), etc. is
an alternative to the GSM link.
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Figure 5: The microsatellites TUBSAT-A (left) and TUBSAT-N (right)

Figure 6: Reindeer (Photo: H. Norberg, J. Kumpula) and Ram with GPS Collars

CONCLUSION

The use of the newest available technology is a practical, ecologically sound and cost effective method for
investigating the spatial locations of animals over time in difficult terrain.
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GPS SOLUTIONS FROM LOTEK WIRELESS - A NEW APPROACH
TO WILDLIFE RESEARCH

Lotek's automatic tracking and monitoring systems provide position and other sensor data ideally suited to wildlife
behaviour and habitat utilisation studies.  Based on the Navstar Global Positioning System, Lotek's collars have field
replaceable batteries. The GPS_1000 is capable of collecting and storing over 3000 data records, which can be
periodically downloaded with a UHF modem, significantly improving the efficiency and cost-effectiveness of any
wildlife study.  The remote downloading capability allows decisions to be made promptly and gives instant access to
collected data if required. The GPS_2200 is a more lightweight collar, capable of collecting and storing over 9000
data records.  

With differential correction, both collars can provide highly accurate position readings with an error of less than 5
meters.  In addition, each collar has a 2-axis activity sensor to track grazing versus other activities, enabling the
researcher to obtain accurate maps of travel paths and behaviour patterns that previously would not have been
possible. Furthermore, by using the highly flexible scheduling option, the collars' operation can be customised to
particular research needs. 

Lotek's remote release mechanisms for GPS and VHF collars enable the recovery of tracking collars without the
complexity and expense of catching the animals.  In addition, the use of drop-off eliminates undue trauma caused to
animals during the capture process. There are two types of drop-off mechanism: radio release or release by timer.
Radio release allows full control and minimises the risk of losing the collar.  The remote release mechanisms can be
fitted to any GPS or VHF collar, old or new, either in the factory or by the customer.

Lotek is very conscious of  scientists' needs for a total solution to their wildlife research problems. To address them,
Lotek is just about to launch its smallest datalogger - the GPS_3000 (weighing less than 300g), also the GPS_4000,
which is a new generation replacement for the GPS_1000 and a software database management tool - BioMap.
BioMap will help in data management and, in conjunction with Arcview extensions, will assist in graphical display
and analysis of data. 

GPS_1000 TECHNICAL SPECIFICATIONS

The collar contains GPS receiver
Radio modem
VHF tracking beacon
Computer/memory module

Command unit Battery powered
Function: to command, control and interrogate GPS_1000 collars
Interfaces with PC

Operational life 268 days (small battery pack)
(@ 6 fixes/day, @ 25oC ) 575 days (large battery pack)

Data link operating frequency 450-470 MHz

Data format 9,600 baud, direct FM

Approximate range 15 km ground to air, depending on the terrain

VHF beacon frequency Customer specified 148-168 MHz

Operating temperature 30oC to +50oC

Memory retention temperature -50oC to +75oC

Total collar weight 1.8 kg to 2.1 kg (dependent on battery and animal neck size)

Data storage capacity 3,640 locations (non-differential mode)
1,640 locations (differential mode)
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GPS_2200LR   TECHNICAL SPECIFICATION

Weight about 950g

Housing dimensions 12.0 x 8.6 x 14.6 (cm) 
(Lgth x Wdth x Hgt)

GPS battery life 5000 fixes
(rechargeable batteries)
fix taken every 5 minutes 17 days
fix taken every 10 minutes 34 days
fix taken every 15 minutes 52 days
large lithium (non-rechargeable) 9000 fixes
small lithium (non-rechargeable) 4000 fixes

VHF Beacon life >2 years

Data storage capacity 10,423 locations (non-differential mode)
5,028 locations (differential mode)

Optional sensors Temperature
Mortality
Recovery
2-Axis Activity

VHF range 140-175MHz

Operating temperature range -30oC to +50oC 

Data retention range -50oC to +75oC

Field programmable GPS & Beacon Schedule & Mortality Delay

Field upload GPS & Beacon Schedule, Satellite Almanac & Mortality Delay

Field download Data & Diagnostics

REMOTE RELEASE MECHANISM TECHNICAL SPECIFICATION

Weight 170 grams

Expected life radio activated version - 24 months

time only version - 36 months

Radio activation range 200 m (line of sight)

Receiver sensitivity -55dBm

Radio frequency 447.225 Mhz

Transmission power 30dBm into 50 ohm load

Time Resolution 2 week increments*

Time programming at Lotek only**

Time drift 1 hour per year

* Activation by relative time function (not absolute time) is initiated when a magnet is removed from the
mechanism

** Once a time is programmed into the mechanism at Lotek, it cannot be changed unless the electronics are
replaced
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GPS_1000, GPS_2200 and GPS_3000 tracking collars

Lotek Wireless
115 Pony Drive, Newmarket, Ontario, Canada, L3Y 7B5
Phone: (905)-836-6680
Fax: (905)-836-6455
e-mail: telemetry@lotek.com
web site: www.lotek.com
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DISCOVER THE FULL POWER OF GPS WITH TELEVILT 
GPS COLLARS.

Televilt is an international corporation with more than 28 years of experience in telemetry equipment manufacturing.
All Televilt products are built with Scandinavian quality and environmental sensitivity. Every component is chosen
for the best strength-to-weight ratio and performance, guaranteeing a high-end GPS collar.

Two GPS systems are available, GPS-SimplexTM and GPS-PosrecTM

GPS-SimplexTM incorporates a modern, ultra-fast GPS receiver with a slim collar design. The result is a GPS collar
that acquires a high rate of position fixes in a lighter package than offered elsewhere on the market. But the real key
to this spectacular product is its fast remote data download. Together with a repetition system, remote download of
all data from the collar is easy. 

A VHF beacon, activity and mortality sensors are standard. A programmable drop off device is also available.
Changing the user-replaceable battery pack is easy. There is no need to return the collar to Televilt for battery
replacement.

GPS-PosrecTM is a unique concept in the realm of GPS collars. As with GPS-Simplex(TM) a modern ultra-fast GPS
receiver lays the groundwork for a very lightweight, store-on-board unit. Delivered already programmed, the unit is
only 15 minutes away from deployment. The unit includes a VHF beacon, activity and mortality sensors and drop
off as standard features. Units are available from 70 grams.

Televilt GPS collars are in use all over the world: elephant in Mali, grizzly in Canada, caribou in Canada, ibex in
Switzerland, jaguar in Mexico, lion in Botswana, moose in Finland, red deer in Belgium, reindeer in Norway, wolf
in Brazil, mountain lion in USA, leopard in Tanzania and much more.

GPS-SIMPLEXTM - TECHNICAL SPECIFICATIONS

General

For accurate positioning of medium and large mammals GPS-Simplex(TM) is based on the Global Positioning System
(GPS). It features user-programmable functions and user replaceable batteries. For small mammals and birds, refer
to Televilt's GPS-Posrec(TM) series.

GPS receiving system

12 channels, active antenna

Data stored

Time, latitude /longitude, 2D/3D, HDOP

Output

Time, latitude/longitude, 2D/3D, (WGS84, [degrees.minutes.seconds.fractions]) ASCII text file.

Storage capacity

60,000 positions available from January 1, 2002, 15.000 positions on models sold prior to January 1, 2002

Positioning capacity

Up to 60,000 positions. Maximum 7.500 positioning attempts for each 1D-cell installed in battery pack at 0 C and
60 seconds GPS receiver on time.

VHF transmitter

TXH-3 for tracking and remote data reporting. Includes activity and mortality sensors with signal pulse rate
modulation and a recovery pulse rate indicating a change over to the back-up battery.



Remote data reporting

Pulse coded VHF signals to RX-900 receiving system, 2.5 seconds/ Position

User interface

Simplex Project Manager (SPM) includes:

Simplex Communicator: Connects GPS-Simplex(TM) collar with PC for setting the GPS-receiver parameters, viewing
real time satellite coverage and download/upload of activity parameters.

Simplex Scheduler: Creates programming file containing the activity parameters for GPS positioning, remote GPS
data reporting and VHF beaconing.

RX-900 Communicator: Exports stored data from the RX-900 to the PC. Connects RX-900 with PC for import and
export of data.

Simplex Data Viewer: Converts and displays the data exported from the RX-900 into latitude/longitude format.
Displays data retrieved directly from the collar.

Programmable functions: GPS positioning, maximum satellite search time, VHF beaconing, remote data report,
number of report repetitions. 

Collar types

Type H and type P. 

H (herbivore) generally external VHF antenna. P (predator) generally internal VHF antenna and reinforced belting.
Adjustable +/- 10% around a mean neck circumference. Special collars and applications available according to
customer specifications.

Battery units

User-replaceable. Waterproof connection to electronic housing. Five standard sizes: 1C, 1D, 2D, 3D and 5D all
including a back-up battery for VHF transmitter performance from 3 to 8 months depending upon size.

Programming unit

To enable programming and data download, this hardware connects the GPS-Simplex(TM) collar to PC serial port.
Powered by a 3.5V Lithium cell or external AC/DV adapter (110-240V).

Options

Drop-off: Factory programmable up to 4 years delay. Customer-programmable and remote drop-off available in
November 2001. 

Temperature: An external temperature logger available from October 2001.

Coloration: to visibly distinguish collars. Available from September 2001.

108



GPS-Simplex collars: herbivore collar (with antenna) and predator collar

TVP Positioning AB, Televilt
Bandygatan 2, 711 34 Lindesberg, Sweden
Phone +46 581 171 95 
fax +46 581 171 96, 
e-mail: gps-simplex@televilt.se 
web site: www.positioning.televilt.se
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