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Abstract
This study used real-time ground tracking of a habituated group of Southern Ground-Hornbills Bucorvus
leadbeateri at Mabula Private Game Reserve in the South African lowveld to maximise the value that can
be obtained from satellite tracking (with fixes at hourly intervals) of wild ground-hornbill groups at
another lowveld site at the Associated Private Nature Reserves. As the fix-interval (FI) used during
satellite tracking increases, the information obtained becomes progressively less informative. For
absolute values, such as travel distances (TD), habitat use and the number of active or inactive bouts, the
underestimation progresses exponentially with increasing FI. Mutually exclusive values on the other
hand, such as habitat preferences and active vs inactive behaviour, occur non-randomly with time so are
subject to over/under-estimation by the use of regularly spaced fixes. The shortest possible FI is
therefore recommended but this limits the sampling duration due to limited battery-life of the
transmitting devices, so a compromise must be made between the need for a short FI or long sampling
duration. This depends on the project’s aim(s), which for the Ground-Hornbill Project (GHP) is to
‘generate an increase in the Southern Ground-Hornbill (SGH) population and an assisted expansion back
into as much of its historical range as possible by 2020’. This requires an understanding of the species’
home-range dynamics, habitat requirements, activity rhythms, dispersal behaviour and breeding biology,
which require long-term investigation. Seven groups of SGHs in the Associated Private Nature Reserves
(APNR) are being satellite tracked using a 60 minute fix-interval during daylight hours. A key aim of this
project was to determine the accuracy of the data being recorded. In order to do this, a habituated group
of SGHs was tracked on foot using a GPS at Mabula Private Game Reserve (MPGR) over three sessions in
March, June and September 2010 at a 5 minute FI. The data was then sub-sampled at 10, 15, 20, 30 and
60 minute FIs. The true mean hourly TDs were 590, 644 and 513 m for March, June and September,
respectively and were exponentially underestimated as the FI increased. The second aim was then to
formulate a correction function to improve the accuracy of the estimated TDs. This was calculated by
plotting the real against the observed TDs and generated a correction function with an acceptable level
of accuracy. Values for the low observed TDs, however, varied considerably but the detrimental effect
this had on the correction function was reduced because it was in large part caused by inactive
behaviour, which reduced the TD as a function of temperature (with birds becoming increasingly less
active as ambient temperatures rose). A second correction function was therefore generated to improve
the estimates of the first using the temperature as an additional variable. The accuracy of determining
habitat use with progressively fewer fixes was investigated for both MPGR and the ANPR and indicated
that a minimum of 200 fixes was sufficient.
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Introduction
Satellite tracking is part of the broader field of telemetry, which is the remote measurement and
recording of data (Cooke et al. 2004; Ponganis et al. 2007). It involves attaching a lightweight telemetric
receiver to an animal and recording its position over time (Cooke et al. 2004; Johnson & Ganskopp 2008).
The receiver calculates its position by triangulation, providing GPS coordinates that are calculated from
the distances and angles between the receiver and the 24 ARGOS earth-orbiting satellites (Clarke et al.
2004; Theiss 2005; Argos 2008). It stores these alongside other informatuion such as temperature and
altitude (Rodgers et al. 1996; Argos 2008; Johnson &Ganskopp 2008) and transmits the data to a satellite
from which they are then downloaded at regular intervals (Cooke et al. 2004).
The Global Positioning System (GPS), on which telemetry is based, is itself relatively young (Rodgers et al.
1996; Ryan et al. 2004; Johnson & Ganskopp 2008) and has been used in wildlife tracking for only the
past 40 years (Mourao et al. 2002; Ungar et al. 2005; Johnson & Ganskopp 2008; Belant 2009). This was a
major breakthrough in acquiring spatio-temporal data for wildlife studies (Mourao & Medri 2002; Ungar
et al. 2005) as it was a vast improvement on the pervious, mostly labour-intensive methods (Johnson et
al. 2000; Maclain & Porter 2000; Dussault 2001; Adrados et al. 2003; Houghton et al. 2008). It has shifted
the focus of population ecology from understanding fluctuations in abundance to a spatially explicit
approach, where population processes are seen as the ultimate consequence of individual movements
due to behaviour, physiological constraints and fine-scale environmental features (Patterson et al. 2008).
This is especially true for animals in habitats where direct observation is difficult or impossible (Patterson
et al. 2008). The improved understanding of how animals use and affect resources has led to the
development of more sustainable land-management practices (Swain et al. 2008). Conservation, in
particular, benefits from satellite tracking in multiple ways, namely though the determination of homerange dynamics, habitat use and preference, energy budgets, and the effects of environmental and
behavioural variables on animals’ use of the landscape. These are valuable to conservation efforts, as
they enable the determination of the most important areas to conserve, how large they must be and
what land-management practices should be applied (Mourao et al. 2002; Adrados et al. 2003; Ungar et
al. 2005; Ponganis 2007).
To date, most studies have used radio-tracking because it has been the most cost- and time-effective
tracking system available, whilst still offering relatively large quantities of data over relatively long
durations (Rodgers et al. 1996; Mourao et al. 2002; Clark et al. 2006). It is based on the same principle of
triangulation but calculates the position of the transmitter relative to several receivers placed in the
landscape (Ill et al. 1990; Theiss 2005). Since the early 1990s, however, satellite tracking has become
increasingly popular (Mourao et al. 2002; Ungar et al. 2005). This is due to the development of
microprocessor technology in the 1980s which made satellite-tracking far more user friendly because of
advances in memory capacity, sensor technology and data-processing (Ryan et al. 2004; Ponganis 2007).
This enabled the collection of large quantities of accurate location data (≤ 5m), 24 hours/day, at frequent
fix-intervals (1s), over large geographical areas and under all weather conditions. Short battery-life,
however, remains the nemesis of satellite-tracking technology, because it limits the sampling duration
and the number of fixes that can be recorded (Mourao et al. 2002; Pépin et al. 2004; Ryan et al. 2004;
Witte & Wilson 2004; Frair et al. 2004; Mills 2006; Johnson & Ganskopp 2008). Most satellite-tracking
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systems lack the data storage capacity and battery-life needed to collect animal location data both
frequently and over long periods (Clark et al. 2006). Advancements are being made, though, with solarpowered devices employing a rechargeable battery or fuel cells that consist of a proton exchange
membrane, which produces energy by oxidising with the air (Hulbert 2001). Satellite tracking is therefore
likely to become an increasingly powerful tool for studying wildlife (Kooyman, G.L. 2004; Hooker 2007;
Wilson et al. 2007). The greatest disadvantage of satellite tracking is its cost, which is about 10 times
than of conventional radio-tracking (Adrados et al. 2003; Witte & Wilson 2004; Clark et al. 2006; Tan
2008). Furthermore, transmission costs are about US $140/month/transmission, only 32 bytes are
allowed per transmission and only two transmissions are possible per day (Clark et al. 2006; 79 Argos
2008). Considering the amount and quality of the data produced, though, many researchers believe that
this largely compensates for the high cost (Mourao et al. 2002).
The main contributor to uncertainty in satellite-derived position data is the location error, which is the
difference between the actual and estimated positions stemming from the poor precision and resolution
of the GPS logger (Block et al. 2002; Pépin et al. 2004; Ryan et al. 2004; Mills 2006; Swain et al. 2008).
Poor triangulation increases location error because it is the mechanism by which all coordinates are
calculated (D'Eon 2002; Pépin et al. 2004; Cain et al. 2005; Patterson et al. 2008). It depends on the
number of satellites ‘visible’ to the GPS-device and their relative positions in the sky (Pépin et al. 2004;
Ryan et al. 2004; Witte & Wilson 2004; Jiang et al. 2008; Swain et al. 2008) and is expressed as the
horizontal dilution of precision (HDOP). Environmental features influence triangulation accuracy and can
thus contribute to high HDOP. The most pervasive of these is the available sky (AS), which determines
the number of satellites ‘visible’ to the antenna (Jiang et al. 2008). This is mostly influenced by
topography (with steep areas reducing AS), and vegetation factors, especially stem density, tree height
and trunk thickness (Jiang et al. 2008; Belant 2009). Wind also has an influence because the swaying of
the trees effectively reduces the AS and increases the location error (Jiang et al. 2008). Location error is
further influenced by the reflection of signals off large features, causing them to arrive at the receiver via
multiple paths (Aaron et al. 2003; Ryan et al. 2004; Taylor et al. 2006; Swain et al. 2008).
At present, the greatest challenge when using satellite-tracking is selecting the appropriate fix-interval
(FI) (Johnson & Ganskopp 2008). High-resolution data are generally preferred, but as the fix-interval
decreases so does the sampling duration because of the high demand this places on the memory and
power capacities (Witte &Wilson 2004; Clark et al. 2006; Johnson & Ganskopp 2008). Short GPS FIs
rapidly drain the battery leading to short sampling times (Clark et al. 2006). On the other hand,
infrequent FIs save power and increase the sampling duration. The determination of FIs is thus a tradeoff between data volume and power limitations (Frair et al. 2004; Ryan et al. 2004; Graves & Waller
2006; Mills 2006; Hooker 2007; Swain et al. 2008). However, the temporal resolution of FIs has profound
consequences on the amount and accuracy of information garnered (Marquardt 1963; Johnson &
Ganskopp 2008) and choice of an appropriate sampling interval should therefore depend on the question
being addressed (Pépin et al. 2004; Ryan et al. 2004; Johnson & Ganskopp 2008).
Information loss with increasing fix interval
With increasing FI, the degree and mechanisms of information loss vary as the sample size decreases.
The extent of this data loss can be calculated by ‘sub-sampling’ high-frequency data at progressively
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longer FIs and comparing the outcomes. This has been done in several studies (Appendix i). As the FI is
increased, the amount of data obtained over the sampling duration decreases exponentially (Swihart &
Slade 1997; Dussault et al. 1999; Johnson & Ganskopp 2008); this is mirrored by a loss of accuracy in the
estimates of the variable under investigation (Marquadt 1963;

Reynold & Laundre 1990; Steiner et al. 2000; Adrados et al. 2003; D’Eon 2003; Frair et al. 2004; Ryan et
al. 2004; Ungar et al. 2005; Johnson & Ganskopp 2008; Swain et al. 2008). There are three types of errors
collectively referred to as the ‘spatial error’ that result in much information loss with increasing FI
(Johnson & Ganskopp 2008 - Figure 1). The ‘exclusion error’ is when patches that are visited are
incorrectly excluded from the path, such as pixels C2, C7, G2 and G6. Second is the ‘shortcut error’ or the
wrongful inclusion of non-visited locations in the path, such as pixels B8 and H6. Last is the ‘interpolation
error’ where it is impossible to know whether a patch has been visited or not, such as C4 (Johnson &
Ganskopp 2008).
Movement is an exceptionally complex and intrinsically stochastic phenomenon because it depends on
interactions between life history, physiology, behaviour and habitat (Patterson et al. 2008). However, as
the FI increases the uncertainties associated with the variables recorded become increasingly large
(usually exponentially) and the resolution of movement becomes increasingly coarse with decreasing FI
(Marquardt 1963; Pépin et al. 2004; Wilson et al. 2007; Johnson & Ganskopp 2008). One of the greatest
sources of information loss with increasing FI are fractal dimensions. Animal movements occur in a range
of spatiotemporal domains but the FI used will not record those whose duration is less than that of the FI
itself or do not exceed the magnitude of the spatial location error (Benhamou 2004; Nams 2005; Mills
2006; Edgecomb & Norton 2006). These ‘smaller scale events’ form the primary source of information
loss, alongside spatial and location errors, and can severely influence the interpretation of an animal’s
movements (Wilson et al. 2007). The degree of information loss is dependent on the path sinuosity which
itself depends on behavioural aspects such as foraging intensity and microhabitat selection (Bradshaw et
al. 2007). Extensive mathematical models have been formulated to understand tortuosity across fractal
dimensions. These include sinuosity indices (Benhamou 2004; Wilson et al. 2007), Lévy flight patterns
(Bradshaw et al. 2007) and first passage times (Frair et al. 2004). It is thus possible to determine the
amount of information lost to smaller fractal dimensions and correct for these losses (Benhamou 2004;
Wilson et al. 2007). With respect to behaviour, it is often these small-scale convoluted events that are of
most interest, but they require very high temporal and spatial resolution to be detected and are ‘lost’ at
long FIs (Steiner et al. 2000; Wilson et al. 2007).
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Figure 1: A hypothetical animal track, for 5 and 10 minute fix-intervals, across a landscape where each
pixel is one spatial unit. Incorrectly excluded, incorrectly included (‘shortcut’) and interpolated pixels that
together make up the spatial error of the 10 minute track are also shown (adapted from Johnson &
Ganskopp 2008).

Travel distances (TDs) are usually underestimated by satellite telemetry because straight lines are
assumed between successive fixes whilst in reality animals take an indirect route from one fix position to
another. TDs are therefore highly susceptible to information loss from fractal dimensions smaller than
the FI and are a function of the track sinuosity, which is the deviation from the shortest path between
two fixes (Benhamou 2004; Ryan et al. 2004). The greater the sinuosity between two fixes the greater
the underestimate of the travel distance (Ryan et al. 2004). Overestimation of the travel distance is also
possible (Ryan et al. 2004) because of accumulation of the location error when short FIs are used to track
slow-moving subjects, as it constitutes a large portion of the distance travelled (Pépin et al. 2004; Ryan et
al. 2004). For fast-moving animals and long FIs the location error is less problematic as it is offset by the
large distances travelled between fixes (Pépin et al. 2004; Ryan et al. 2004; Jiang et al. 2008).
Habitat use/selectivity is most accurately determined using the point method, which calculates the
proportion time of time spent in each habitat type (Mourao et al. 2002; Adrados et al. 2003). It is
underestimated in the same manner as travel distances with increasing FI; as a concave exponential
decay (Dussault et al. 1999; Mourao et al. 2002) due to the exponential loss in the number of fixes
acquired with increasing FI. The line method uses the portion of the total path length that lies in each
habitat type to determine habitat use (Johnson & Ganskopp 2008). However, as the FI increases the
straight-line paths become increasingly misrepresentative of the actual path; as a necessary corollary,
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apparent habitat use also becomes grossly misrepresentative of actual habitat use because of the
exponential accumulation of spatial error (Johnson & Ganskopp 2008). Even at the highest temporal
resolution, spatial error is present in the form of short-cut and interpolated errors (Johnson & Ganskopp
2008 - Figure 1). The proportional use of habitat types relative to each other is strongly influenced by the
number of fixes from which it is calculated. The fewer the number of fixes the greater the likelihood that
the use of different habitats will be under- or over-estimated (Dussault et al. 1999; Mourao et al. 2002).
The use of regularly spaced FIs, however, increases the rate at which the use of certain habitats are overestimated in relation to others that are under-estimated (Johnson & Ganskopp 2008). This is often
because habitat use is influenced by time of day and season (Johnson & Ganskopp 2008).
Activity rhythms are also vary with time of day and/or season (Johnson & Ganskopp 2008). Thus, if
regularly scheduled fixes are used they could result in substantial biases (Adrados et al. 2003; Johnson &
Ganskopp 2008). The duration of activities determines how much information is lost with increasing FI.
Generally, active bouts are of shorter duration than inactive bouts (Adrados et al. 2003; Steiner et al.
2003), so the longer the FI the fewer active bouts will be captured relative to inactive bouts (Adrados et
al. 2003). This causes the estimates of an animal’s activity budget to become increasingly flawed with
increasing FI (Steiner 2000; Wilson et al. 2007). Activity duration is an inverse function of animal body
size (Mysterud 1998), so small animals usually have shorter and more fragmented active bouts than large
ones and thus require the use of shorter FIs to measure this (Jeppesen 1989; Adrados et al. 2003). Also,
the longer the FI the more difficult it is to distinguish between true and perceived active/inactive bouts
due to the location error, especially for slow-moving taxa (Pépin et al. 2004).
Home-range size is most commonly estimated by the Minimum Convex Polygon (MCP) method, where
the smallest polygon possible is constructed to include 95 % of the fixes (Reynolds & Laundre 1990;
Mourao et al. 2002). The accuracy of estimating home ranges depends on the number of fixes obtained
so is more reliant on the sampling duration than the FI (Reynolds & Laundre 1990; Mourao et al. 2002). If
the trackinhg period is short, there is the risk of underestimating home-range size because not enough
time has been allowed for the subject to move over its entire home-range (Reynolds & Laundre 1990;
Mourao et al. 2002).
Fix-interval bias is the biased fix-success rate for long and short FIs, with long FIs having a lower success
than short ones (D’Eon 2003). This is cause for concern because to assume that the data losses are
randomly distributed and unbiased would be incorrect because many of the failed fixes are indirectly
associated with animal activity, which in turn varies with terrain, species, and individuals (Bowman et al.
2000). Fix-interval bias is also related to GPS performance, namely due to the longer time-lag for satellite
acquisition at long FIs relative to short ones (Cain et al. 2005) because of the greater change in the
satellite array between fixes (Jiang et al. 2008). For GPS loggers that are on continuously, the lag is small
(Ryan et al. 2004). However, most performance-related errors are small and evenly distributed.
Fix interval recommendations
The optimal FI to use for satellite tracking depends on the research objectives (Johnson & Ganskopp
2008). In general it is best to obtain the largest possible sample set within the limitations of battery life
and memory capacity (Terrier et al. 2000; D'Eon 2003; Witte & Wilson 2004). This is seldom feasible and
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a compromise is usually made between the need for high-frequency data relative to the need for a long
sampling duration (Steiner et al. 2000).
Travel Distances (TD) are always better estimated by short rather than long FIs (Dussault et al. 1999;
Ryan et al. 2004), providing the FI must is long enough for the TD between two fixes to be at least one
order of magnitude larger than the location error (Visscher 2006; Bradshaw et al. 2007). As a rule of
thumb the animal must move ≥ 4 m between fixes to reduce the effect of the location error (Ryan et al.
2004). The track sinuosity of the study species is also important to consider when determining FI because
the more sinuous the track, the shorter should be the FI (Aaron 2003). When the use of long fix-intervals
is necessary, the sample size should still be kept as large as possible: as a general rule, if less than 1/3 of
the possible numbers of fixes are acquired then TD will be underestimated to an unusable extent (Pépin
et al. 2004).
Habitat use estimation depends to a large extent on habitat diversity and habitat patch size (Johnson &
Ganskopp 2008). If habitats are small and/or the landscape heterogeneous then higher temporal
resolution is required to determine habitat use accurately (Swain et al. 2008). It is nearly always
preferable to use the point method to determine habitat rather than the line method: the latter should
only be used for high-resolution data (Johnson & Ganskopp 2008).
Activity rhythms are always better recorded using short FIs (Johnson & Ganskopp 2008). However, the FI
only needs to be of the same order of magnitude as the average bout duration (Nams 2005; Swain et al.
2008). Variation in the FI is recommended, to prevent time-of-day biases (Fukuda 2004; Ryan et al.
2004). If long-term patterns of changing activity rhythms are desired, then very long FIs may be
necessary and it is even more important that the fix times are varied (Johnson & Ganskopp 2008).
Correction Functions
Even if data resolution is less than ideal, it is possible to apply correction functions to improve data
accuracy (Johnson et al. 2000; Pépin et al. 2004; Nams 2005; Ungar et al. 2005; Swain et al. 2008). Such
functions have greatly reduced our reliance on obtaining data at high temporal resolution (Swain et al.
2008). Even using correction functions, however, uncertainty in the corrected values increases with
increasing FI (Nams 2005; Ungar et al. 2005; Swain et al. 2008). Generate correction functions for a longterm study requires a preliminary investigation using data obtained at high temporal resolution (Swain et
al. 2008). This project is exactly such an investigation, aimed at calibrating satellite-tracking data
obtained for a wild population of Southern Ground-Hornbills Bucorvus leadbeateri in north-eastern
South Africa.
The Ground-Hornbill Project (GHP)
The Ground-Hornbill Project aims to ‘generate an increase in the Southern Ground-Hornbill (SGH)
population and an expansion back into as much of its historical range as possible by 2020 (Mabula
Ground Hornbill Project 2009). This includes re-establishing SGHs, through release of captive-reared
birds, within areas of their historical range, from which they have been extirpated but where the habitats
are still suitable, yet where the factor that caused their local extinction is no longer operative.

11

In order to map out a species conservation strategy a population habitat viability assessment (PHVA)
process was held in 2005 where the most important goal identified was the need to investigate the
habitat requirements of the species and its biological needs within unprotected agricultural habitats
(Morrison et al., 2005). What constitutes ‘suitable habitat’ is mostly unknown but is crucial to identify
areas where re-establishment and conservation efforts can be focused (Morrison et al. 2005; Mabula
Ground-Hornbill Project 2009). The birds inhabit open tropical and subtropical savannas and grasslands,
especially broadleafed woodlands (Vernon & Herremans 1997). However, other factors that need to be
understood in order to conserve the SGH include home range size and its determinants, and how the
home range is used seasonally (Morrison et al. 2005). Little is known about SGH dispersal behaviour, but
this is also key information if groups targeted for conservation efforts are to persist (Morrison et al.
2005). In addition, the implications of future changes in habitat, especially climate-change induced bush
encroachment, will be difficult to predict unless the bird’s habitat requirements are well understood
(Morrison et al. 2005).
To investigate home range sizes and seasonal patterns of habitat use within these home ranges, seven
groups of wild SGHs in the Associated Private Nature Reserves (APNR – see Study Species and Study Sites
below) have been fitted with satellite-tracking devices. These groups vary in their levels of reproductive
success. A GPS signal is recorded every hour, starting before sunrise (before the birds leave the roost)
and ending after sunset (after they return to the roost). These fixes are unquestionably accurate; but
there will inevitably be some loss of information due to the long FI. The over-arching aim of this project is
to determine the extent of this information loss and the degree to which correction functions can reduce
the information shortfall. Specifically, the study addresses the following questions:
1. To what extent is the hourly TD underestimated by using a 60 minute FI?
2. How does hourly TD change with season, time-of-day and ambient temperature?
3. How accurate is the satellite-derived TD as a measure of activity?
4. What is the minimum number of fixes needed to determine habitat preference
accurately?
5. How confidently can correction factors derived on the ground at one locality (MPGR) be
used to correct data derived remotely at another locality (APNR)?

12

Study species, sites and methods
Study species: the Southern-Ground Hornbill (SGH)
The Southern Ground Hornbill Bucorvus leadbeateri is the largest cooperatively breeding bird,
exhibiting typical k-strategy features such as late maturity, a large home range, small clutch size,
slow reproductive rate, prolonged post-fledgling dependency and high longevity (Kemp 1980;
Kemp 1988). They usually live in groups of 3-5 individuals (max 12) consisting of the alpha pair
and their male progeny that are the major helpers in raising the juveniles; adult females are
usually excluded (Kemp 1988; Kemp et al. 1989). Rainfall is the primary environmental variable
influencing their breeding success because of its influence on the food supply (Kemp et al. 1989;
Wilson 2010). The main determinant of home range size is the availability of suitable nest sites
(Kemp et al. 1989; Wilson 2010). The whole group forages together (requiring only one bird per
group to carry a tracking device), beginning at sunrise and ending at sunset when the group
roosts together in a large tree for the night (Vernon 1986; Kemp & Begg 1996). The average
home range size in the Kruger National Park, South Africa, is ±100 km2 (Kemp et al. 1989).
The range and population of the SGH in South Africa has decreased by ca 66% in ca 115 years
(less than three SGH generations - Kemp & Webster 2008). The main reason to the decrease is
the loss and fragmentation of suitable habitat due to the expansion of rural communities,
afforestation and crop farming (Kemp & Webster 2008). This qualifies the species as
Endangered in RSA (IUCN 2001) and their present status of Vulnerable (Jordan 2010, Barnes
2000) is currently being upgraded (Kate Meares pers. comm.). Other factors contributing to their
poor conservation status include poisoning, persecution for window breaking and cultural
beliefs, use in traditional medicine, electrocution from pylons, Newcastle’s disease and trade in
live birds (Kemp & Webster 2008).
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Study areas
Mabula Private Game Reserve (MPGR - Figure 2) is part of a private reserve association covering
104 000 ha in the Limpopo Province. The site comprises a mixture of wooded areas of varying
density and open, grassy areas, most of which are old lands. There is a catena effect at the site,
with low lying areas, especially along drainage lines, being more productive than their
surroundings (Theron 2008). Precipitation is erratic, averaging of 698 mm/year (414 -1201
mm/year, 1998-2005 - MPGR rainfall data). This falls mostly during wet season (October-April)
thunderstorms; there is very little rain in the dry season. The average daily maximum and
minimum temperatures (1998-2005) are 26.6°C and 11.65°C, whilst the maximum and minimum
temperatures are 40°C and -4.8°C.

Figure 2: Mabula Private Game Reserve (MPGR) (24 43'30 S - 24 4 '30 S and 27 5 0 E - 27 56'30''E).

The APNR (Associated Private Nature Reserves - Figure 3) is situated on the western boundary
of Kruger National Park (KNP), covering 180 000 ha, making it one of the largest privately owned
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nature reserves in the world (Greyling et al., 2004). It is part of the greater KNP Biosphere
Reserve, along with Sabi-Sand Game Reserve and other Provincial Nature Reserves (Greyling,
2004). The climate is sub-tropical and highly seasonal with hot, humid summers that account for
± 90% of the mean annual rainfall, and warm, dry winters. Rainfall ranges from 375 – 625 mm
p.a. and there is a pronounced rainfall gradient increasing from the north west to the south
east.

Figure 3: Associated Private Nature Reserves (APNR) (24 2' 0 S - 24 33'20''S and 30 48 45 E 3 28 55''E). The vegetation of Balule Private Nature Reserve has not yet been mapped
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Methods
The group of habituated SGHs at MPGR consisted of an alpha male, an alpha female, a sub-adult
male and a juvenile male (progeny of the alpha pair). This group was selected for ground-based
observations instead of birds in the APNR because they could be followed closely. Much thick
habitat, undulating topography and the presence of the ‘Big Five’ at the APNR makes close
observation impossible (hence the use of satellite telemetry at this site). Because only one bird
per group (mostly the alpha male) was tracked in the APNR, positions for only the alpha male
were recorded in the MPGR (although the behaviour of all group members was recorded – see
below). The alpha male plays the largest part in directing the group’s movement. The MPGR
alpha male was followed at a distance of ± 5 m - the closest that he could be approached
without changing his behaviour (Theron 2008). Caution was taken not to disturb any of the birds
in the group by not approaching them to within ± 5 m (or ±15m for the less habituated juvenile),
even if this meant temporarily extending the following distance behind the alpha male.
CyberTracker Version 3 (build 3.221 - Steventon et al 2010) was installed onto a Garmin® iQue
M5 PDA (personal digital assistant) so that with every GPS fix, values for each variable could
rapidly be entered into the field application (Appendix ii). The PDA automatically recorded the
time and (at 5 minute intervals) GPS coordinates to an accuracy of ≤5.5 m. If the fix failed then
the coordinates where manually recorded using a Garmin® eTrex® Vista Cx GPS. The variables
linked to each GPS fix included weather conditions, ambient temperature and relative humidity,
as well as each bird’s behaviour, exposure to direct sunlight and heat dissipation behaviours.
Only behaviours that occupied a large portion of their activity budget were recorded (Appendix
ii - Table 5). Heat dissipation behaviours were recorded using five heat dissipation behaviours
described by Kemp and Kemp (1980). The weather was classified as sunny, mostly sunny (<50%
cloud cover), mostly cloudy (50% ≥ cloud <100%) or cloudy (100% cloud). Temperature (°C) and
relative humidity (%) in the shade were determined using a Sunleaves® digital hygrothermometer.
To capture changes in movements with season, data were collected in three periods; the end of
the wet-season (5–19 March), mid-winter (3-22 June) and the peak of the dry season (2-19
September). In March, tracking was alternated from sunrise-10h30 and 15h00-sunset on one
day to 10h00-15h30 the next. In June and September tracking took place from sunrise-12h30 on
one day and 12h00-sunset the next. This schedule was followed as closely as possible to ensure
that equal numbers of records were obtained throughout the day. The half-an-hour overlaps
(10:00-10:30, 12:00-12:30 and 15:00-15:30) were buffers to prevent undersampling for these
periods. Three of the group members were fitted with Sirtrack and Holohil transmitters,
enabling the group to be located before tracking sessions commenced.
After each sampling session, data were uploaded onto a computer using Microsoft® ActivSync®
Version 3.7.1 and combined into a single spreadsheet in Microsoft® Excel where each record
represented a fix. For the results to be as ‘natural’ as possible all fixes lying within areas
dominated by unnatural behaviour (Jacaranda camp, Bush Lodge, Sunset Hill Timeshare, the
dump) were removed. Flights to and from the roosts where also removed as only the TDs during
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the active period were of interest. The 5 minute fixes were then sub-sampled at 10, 15, 20, 30
and 60 minute intervals. Where there were gaps in the data (i.e. fixes were missing) subsampling was resumed from the first fix in the next string of continuous data. The fixes in each
subset were plotted in ArcGIS 9.2 (ESRI 2006) and projected with UTM 35S, as required by the
Home Range Tools for ArcGIS® (Rodgers et al. 2007). These were used to calculate a) the area
over which the birds moved, plotted as a minimum convex polygon that incorporated 95% of
the fixes, and b) the TDs between consecutive fixes, from which the mean hourly TD for each of
the FIs could be calculated. Hawths Analysis Tools for ArcGIS Version 3.27 (Beyer 2006) were
then used to convert the point data into paths. Data from the shortest (5 minute) FI GPS points
were the most representative of reality so were considered to be the ‘true’ baseline for the
purpose of this study, allowing calculation of the errors incurred (information lost) as FI
increased.
For each 60 minute FI, the TDs of all the 5 minute FIs in the same period were summed to give
the true TD. These were plotted against the observed TDs for each 60 minute FI (i.e. the straight
line joining the two fixes). The relationship between the two was used as a correction function
to predict real from observed TDs at the 60 min FI. By applying this function to ‘observed’ hourly
TDs of 0, 00, 200… 200 m the correction error could be found by calculating the percentage
difference between the observed and corrected TDs as a percentage of the corrected TD. The
mean differences between the ‘corrected’ and real TDs and the standard deviations were also
calculated for observed TDs of 0-100, 100-200… 200-1300 m. The satellite data for the APNR
groups were then decoded for Microsoft® Excel using MTI Argos-GPS Parser (and aligned with
the corresponding average hourly temperature from the Hoedspruit weather station
(www.weathersa.co.za)). This is the closest weather station to the APNR. The TDs between the
60 minute fixes from the APNR were found using the Home Range Tools in ArcGIS.
The relationship between the TDs of the MPGR group and the time-of-day was determined
using the real TDs as well as those observed and ‘corrected’ for the 60 min FI during March,
June and September. These were plotted with the mean observed and ‘corrected’ TDs for the
APNR groups over the same dates that data were acquired for the MPGR group. The average
temperature according to the time-of-day was determined between MPGR (using the 5 minute
data) and the APNR for the same dates. Also, the relationship between temperature and TD was
plotted using the mean real TD per hour for each 1°C interval. For the 60 min FI, the observed
and ‘corrected’ hourly TDs were plotted against the mean temperature for the FI (calculated
from the 5 minute fix data). To compare activity levels with the time-of-day and temperature,
the behaviour was reclassified as active (foraging and/or travelling) or inactive (resting). For
each hour of the day during March, June and September, respectively, the percentage time
spent inactive was averaged for all the birds. The percentage time spent inactive with increasing
temperature, irrespective of season, was also averaged for all birds. To determine the effect
that heat-stress, the average number of heat dissipation behaviours (from the six described by
Kemp & Kemp 1980 - Table 5), as well as time spent resting in the shade, was determined for all
birds as a function of temperature
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To determine habitat use (as the proportion of time spent in each habitat type), the number of
fixes in each habitat type was compared using decreasing numbers of fixes. To compare the
result from MPGR to those from the APNR the vegetation types of MPGR and the APNR it was
necessary to standardise the habitat types between the two areas: to achieve this (and based on
vegetation maps), habitats were classified as open, semi-open or closed. Each fix, from both
sites, was then assigned to a habitat type. From the entire dataset, irrespective of season, 1000,
00… 00 and 50 fixes were selected separately and at random from the MPGR and APNR. The
percentage time spent in each habitat was recalculated for each sample size and the Chi-square
goodness-of-fit test was used to determine the sampling intensity at which they became
significantly different from the real habitat use.

Results
During the March at the MPGR, 896 fixes were obtained using the 5 minute FI; this decreased to
476 fixes when sub-sampled at a 10 minute FI, 460 at a 15 minute FI, 242 at a 20 minute FI, 170
at a 30 minute FI and 97 at a 60 minute FI. During June, corresponding numbers of fixes were
1041 531, 361 276, 191 and 106; during September samples sizes were 1245, 633, 429, 327, 225
and 23. The number of fixes ‘acquired’ by the increasing FIs decreased at an exponential rate
(R2 = 0.999). The paths created from these increasing FIs decreased in complexity and lose
sinuosity as the FI increased (Figures 4 – 6). The 5 minute paths clearly show small-scale
convolution events, most of which are still mostly identifiable in the paths created from the 10
min FI; however, they are largely lost once FI 15 minutes (Figures 4-6). There is a notable
decrease in sinuosity through the year; with the March track (end of the wet season) having the
greatest sinuosity (Figure 4) and September (end of the dry season) the least (Figure 6). The
distribution of convolution events were also subject to change through the year; in March the
path was uniformly sinuous across the area used by the birds, although there was a noticeably
concentrated patch in the north-western part of the birds’ home range (Figure 4). In June and
September, the movements were less uniform: there were patches of high sinuousity (e.g. in
the north east (June - Figure 5) and south (September - Figure 6), interspersed with straight line
paths. These are accompanied by a decrease it the extent of the area over which the birds
moved, which decreased from 9.9 km2 in March, to 8.7 km2 in June and 5.6 km2 in September.
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5 minutes

10 minutes

15 minutes

37.755 km

34.384 km

32.460 km

20 minutes

30 minutes

60 minutes

26.339 km

24.314 km

21.229 km

Figure 4: Movement paths of Southern Ground-Hornbills at the MPGR at the end of the wet season (5 – 19
March) as determined by a range of FIs from 5-60 minutes.
5 minutes

10 minutes

15 minutes

35.439 km

31.833 km

30.167 km

20 minutes

30 minutes

60 minutes

28.574 km

27.581km

24.614 km

Figure 5: Movement paths of Southern Ground-Hornbills at the MPGR during mid-winter (3 – 22 June) as
determined by a range of FIs from 5-60 minutes.
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5 minutes

10 minutes

15 minutes

31.816 km

29.109 km

27.793 km

20 minutes

30 minutes

60 minutes

26.339 km

24.314 km

21.228 km

Figure 6: Movement paths of Southern Ground-Hornbills at the MPGR at the peak of the dry (5 – 19 March) as
determined by a range of FIs from 5-60 minutes.

The mean hourly TDs at the MPGR and based on 5 minute FIs were 590, 644 and 513 m in
March, June and September, respectively, giving an overall mean hourly TD across all seasons of
582 m. This value (all data combined) was progressively under-estimated as FI increased (Figure
7) tending towards the asymptote where the underestimation of TD = ±38%. More than half of
the asymptotic underestimation occurs within the first 20 minutes. The rates of
underestimation were slightly higher in September (Underestimation = ±41% for a 60 min FI),
than June (Underestimation = ±36% at a 60 min FI) and the least during March (Underestimation
= ±33% at for the 60 min FI). This reflects with the proportion of the total track length that
involved straight-line travel, which was lowest in March and highest in September (Figures 4 –
6).
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Figure 7: Underestimation of the estimated distances travelled by Southern Ground-Hornbills at the
MPGR, as a function of increasing FI; Underestimation % = 13.88ln (FI) - 22.64.

The relationship between the observed and real hourly TDs (Figure 8a) was a relatively strong
linear function (R2=0.655) that increased in strength with increasing TD. Most the variability
occurred when real TDs were <500 m/hr (Figures 8a & b) and this variability increased
exponentially as TD decreased further. However, the differences between the mean real and
observed hourly TDs were very small (Figure 9). This relationship can thus robustly predict (the
average error of the corrected values is ±21%) real TDs from hourly TDs using the correction
function:
Real TD = 0.741(observed TD) + 294.5

(1)

This correction, however, is only viable up to the point where x=y (at 1137 m); beyond this
point, the real TDs are predicted to be less than the hourly measured TDs, which is not possible.
Similar correction equations created for observed TDs using shorter FIs were only slightly more
robust in their predictive capacity; 30 min (R2= 0.720), 20 min (R2= 0.760), 15 min (R2= 0. 849),
and 10 min (R2= 0.886).
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a)

b)
b)

Figure 8: a) Real hourly-TDs of Southern Ground-Hornbills at the MPGR as a function of observed TDs at
60 minute FIs. b) The mean percentage error of the corrected TDs relative to the observed TDs as a
function of the observed hourly TD.

Figure 9: The difference between the predicted and true TDs of Southern Ground-Hornbills at the MPGR
as a function of the true TD.
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During March the average hourly TD during the day was highest between 07h00 and 10h00, but
sharply decreased around 11h00 and remained low until about 16h00, after which it increased
again. The period when the TDs are low corresponds to the time when the average ambient
temperature exceeds 25°C (Figure 10a). This is also the time-of-day when inactive behaviour
(primarily resting in the shade) increased during March (Figure 10b). A similar pattern of
inactivity with time-of-day was observed during September. In June, however, inactive
behaviour (primarily resting in the open) was most pronounced in the early mornings (Figure
10b)) with only a slight increase from 12h00 – 16h00 (Figure 10b). There is a clear relationship
between the time spent inactive and the average number of heat dissipation behaviours shown
per bird (Figure 11). Both factors increase above 25°C, exponentially so for the mean number of
heat dissipation behaviours (R² = 0.943) but the time spent inactive also increases below 10 °C.
The relationship between real TDs and temperature is strong (R² = 0.805 - Figure 12). Equation
1, though, did not give TDs representative of the temperature at which those TDs were recorded
(R² = 0.150) and increasingly overestimated TDs above 30 or below 5 C (Figure 12). This
enabled the creation of a second correction function (Equation 2), which accurately predicted
the difference between the true TDs and those predicted by equation 1 (R² = 0.872; Figure 12).
The predicted difference was then subtracted from the TDs originally predicted TDs) to give TDs
that are better representative of the real values (R² = 0.645 -Figure 13) and thus forms the final
correction function (Equation 3).
Difference between the real and corrected TDs
= 0.565(Temperature) 2 - 27.77(Temperature) + 306.4
Real TD = [0.741(observed TD) + 294.5] – [0.565(Temp) 2 - 27.77(Temp) + 306.4]

(2)
(3)

The differences between the TDs predicted by equation 1 and equation 3 are mostly small,
however there are a few TDs that diminished substantially and these are fairly randomly
distributed across all TDs (Figure 13).
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a)

b)

Figure 10: a) Mean hourly TDs for the MPGR and APNR Southern Ground-Hornbill groups during March
at the 60 min FI (observed and corrected), real TDs for the MPGR group and the mean hourly
temperature according to the time of day. b) Inactive behaviour with time of day and for different
seasons for the MPGR group..
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Figure 11: Inactivity and frequency (per bird per hour) of heat loss behaviours by Southern groundHornbills at the MPGR as a function of ambient temperature.

Figure 12: Real and ‘corrected’ (using equation ) TDs as well as the difference between them according
to temperature.
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Figure 13: Corrected hourly TDs for Southern Ground-Hornbills at MPGR calculated from correction
Equation 1 (R² = 0.620) and 3 (R² = 0.645) as a function of the true Hourly-TD.

At the APNR (satellite-tracked birds) there was an overall increase in the mean observed (60
minute FI) TDs of all ground-hornbills groups from the beginning until the end of the dry season
(Table 1). The variability of the mean hourly TDs (standard deviation as a percentage of the
mena TD) decreased markedly from March – June, after which is starts to increase again until
October.
Table 1: Observed and corrected (from equation 3) mean hourly TDs for the APNR ground-hornbill
groups according to the time-of-year.
Group
A
B
C

Month
March

April

May

June

July

August

September

October

Observed

437 ±332

444±382

315 ±248

305 ±181

376 ±198

444 ±225

403 ±277

387 ±299

Corrected

588 ±252

581 ±287

494 ±189

485 ±147

530 ±167

572 ±193

556 ±215

550 ±226

Observed

248 ±247

353 ±306

353 ±292

366 ±226

422 ±213

464 ±215

509 ±269

494 ±325

Corrected

478 ±183

561 ±227

557 ±216

565 ±167

610 ±158

638 ±159

672 ±199

655 ±241

Observed

-

-

-

296 ±196

276 ±239

-

-

-

509 ±145

512 ±177

-

-

508 ±308

523±299

567 ±513

671 ±228

682 ±229

715 ±380

Corrected
D

Observed

-

-

-

Corrected
E

Observed

-

Corrected
Mean

239 ±210

314 ±208

302 ±186

329±215

346±181

354 ±222

376 ±251

472 ±155

527 ±154

518 ±138

538 ±159

551 ±134

557 ±165

573 ±186

Observed

343±289

345 ±299

328 ±249

317 ±197

351 ±216

440 ±232

447 ±267

456 ±347

Corrected

518 ±217

538 ±223

526 ±186

519 ±149

547 ±165

608 ±179

617 ±200

623 ±258
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Based on point fixes, even a relatively small number of habitat-specific fixes provided a good
indication of patterns of habitat use. When only 50 fixes were selected randomly, the pattern of
habitat use they described was not significantly different from the patterns derived from 1000
fixes for either the MPGR (χ2 = 5.18, p = 0.075) nor the APNR groups (χ2 = 2.23, p = 0.327).
However, inspection of Table 3 indicates that once the number of fixes falls below 200, the
associated error increases.
Table 2: Deviations in the percentage time spent in different habitats estimated by decreasing numbers
of fixes.

No. of fixes
1000
900
800
700
600
500
400
300
200
100
50

Habitat Type
Open
Semi-open
MPGR
APNR
MPGR
APNR
Real percentage time spent in each habitat (%)

Closed
MPGR

APNR

42.68

28.24

46.71

3.44

29.08

49.85

Deviation from the real percentage time spent in each habitat (%)
2.18
0.14
-2.72
0.15
0.54
1.57
0.66
-1.81
-2.26
0.24
4.05
0.94
-4.30
1.60
0.24
1.25
0.01
-0.64
-0.43
-0.61
-1.16
0.44
2.08
0.52
-0.92
0.08
-1.16
-0.72
-1.35
0.64
1.93
0.19
-1.42
-0.90
-0.51
0.68
-0.89
-2.25
1.19
1.58
2.18
0.94
-1.92
-1.65
-0.26
-5.32
0.44
1.08
1.85
4.24
8.68
-2.56
1.08
3.85
-9.76

-0.29
1.59
-2.54
0.42
-0.96
2.51
0.71
-0.29
0.71
-2.29
-1.29

Discussion
The correction equations are fairly accurate at predicting real TDs from observed TDs based on
60 minute FIs, but should become even more so as more as more data are obtained by satellite
tracking because the increased data volume will cause the corrected TDs to cluster around the
mean. The ability of the correction functions to predict real TDs with accuracy decreases as
observed TD decreases. There are two main reasons for this. First, high real TDs occurred when
birds were active within small areas, such as a favoured foraging patch or around the nest,
resulting in patches of convoluted (Figure 4-6). This means that after 60 minutes the birds may
be close or far from their starting position, but the true TD is almost invariably high (so some
corrections will be good, others will be poor). Similar patterns of patch use are evident in the
movements of the APNR groups (Appendix iii). Many of these are probably patches containing
high densities of Imbrasia belins (Theron 2008) because sites of intense foraging activity are
within Colophospermum mopane woodland where these favoured prey occur (Appendix iii).
Indeed, in winter in the Limpopo Valley, the home ranges of ground-hornbills shrink as they
become increasingly to patches of mopane woodland where they feed on buried mopane worm
pupae (Theron 2008).
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In March, the MPGR group behaved in a very similar way to the APNR groups. At this time of
year, when prey is abundant, the habituated MPGR group barely depend on supplementary
food and spent most of the time foraging away from the source of such food (i.e. Jacaranda
Camp). Their movements in June and September, however, are far less natural because they
receive more than their daily energy requirements from supplementary feeding and therefore
do not need to forage with the same intensity as the wild birds, with the result that they travel
less far: between March and September, the area over which they foraged decreased by 43%
(Figures 4-6). Nevertheless, by comparing their average hourly TDs to the corrected TDs in Table
1 for the APNR groups, they are still remarkably similar to those of the APNR groups at the same
time of year. Much of this similarity can be attributed to ignoring time spent in ‘unnatural areas’
when calculating TDs for the MPGR group. In natural circumstances groups must move far
between scattered pockets of food resources in the dry season, producing long, straight paths
between patches of intense convolution events, where they are foraging. This is indeed the case
for many of the excursions by the MPGR birds away from camp during June and September.
Secondly, inactive behaviours contribute to the lower real TDs for some of the low observed
hourly TDs. This is heavily dependent on temperature. During the hot, summer months much
time is spent resting in the shade. In this study, SGHs started to show heat-dissipation
behaviours once the ambient temperature exceeded 25°C, which is very similar to the onset of
heat stress determined by Kemp & Kemp (1980). This explains the extended periods of midday
inactivity in March and September in the MPGR. Heat stress is not only driven by temperature
but also insolation, which has a strong inverse relationship with cloudiness. High insolation
increases the radiant heat load of the birds, causing them to become less active. Insolation is
highest during midday, when the sun is directly overhead but decreases through the afternoon
(Walsberg et al. 1997). Therefore, even though the temperature may be > 25°C, their radiant
heat load decreases and they become more active. Birds were also disproportionately inactive
at temperatures below 8°C, when they typically rested in the open in the sun, presumably to
absorb radiant heat.
Travel distances of APNR birds increased as the dry season progressed (Table 1). This finding is
predictable based on the premise that food abundance decreases (Theron 2008) and food
becomes increasingly patchy as winter aridity sets in (e.g Pyke 1984). The relatively high food
availability in summer, however, means that they can concentrate their efforts in a few
productive regions (Bell 1991), reducing aggregate travel distances, but increasing localised path
sinuosity (e.g. Figures 4-6). The pattern of increasing TDs of the APNR birds during winter (Table
1) was not mirrored in MPGR primarily because of supplementary feeding.
The greatest weakness of the TD correction functions occurs when observed TDs are small: the
minimum corrected TD that can be predicted from correction function 1 is 294.5 m.
Temperature plays a significant role in reducing the predictive ability of this (temperatureindependent) prediction function because it clearly influences TDs when temperatures are
outside the birds’ thermoneutral zone (±8-25°C) because it increases the amount of time they
spend inactive (and thus decreases TD). The final correction function (3), however, has better
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corrective power because it allows the prediction of short TDs (< 294.5) when the observed TDs
low (i.e. at temperatures <10oC or >25oC).This causes greater clustering of the predicted vs true
TDs towards the low TD values and thus ‘pulls’ the regression line down by giving greater weight
to the lower values relative to the higher ones (Figure 12). The corrected values of TD once
Equation 3 has been applied are therefore more representative of reality and improve the
accuracy of the predicted values, but only by a small amount. As the predictability of real hourly
TDs decreases (when observed TDs are low), this will translate into greatest errors at the APNR
when temperatures are high: temperatures at the APNR regularly exceed 30oC, but rarely fall
below 10oC.
The strength of the correction function is maximal when TDs >500 m. This is a greater hourly TD
than the average covered by SGHs, so only a minority of corrected distances will be accurate to
within <5%. Most TDs fall between 200 and 500 m/hr), where the power of the correction
function is less. However, the most significant errors in correction will occur when TDs are less
than 200 m/hr (Figure 8). The average difference between the corrected and real hourly-TDs is
misleadingly low for low observed hourly TDs because the high variability for these TDs results
in an average difference close to zero (Figure 9). Nonetheless, with a large enough sample size,
the corrected TDs, for whatever variable they are being compared with, will cluster around the
mean and thus yield accurate average results. This is similar to what was found by Swain et al.
(2008) where the TD per unit time for cattle had a wide range but the mean did not change with
different FIs.
Habitat preferences
Only about 200 habitat-specific fixes are required to determine habitat use by SGHs, giving
essentially the same result as would be derived from >1000 such fixes (Table 2). Therefore, it is
unlikely that FI would have a significant impact on the robustness of this conclusion unless the
timing of fixes was highly non-random (both at the MPGR and the APNR fixes were spaced
evenly across the day). These results further suggest that even should habitat preference
change across seasons, a minimum of 200 fixes within a season should be sufficient to describe
habitat use in a robust fashion. It must be borne in mind, however, that part of this apparent
robustness doubtless reflects the crude level of habitat categorisation used in this study (n = 3
habitat types). As the number of habitat types increases (the APNR is particularly diverse in this
respect), a proportional increase in the number of fixes will be needed. Circadian rhythms with
respect to habitat use are known to occur in SGHs. For example, during the hottest hours of the
day and mostly during the summer months, birds in the APNR occupy shaded riparian areas. In a
detailed analysis of habitat use, this habitat would form only one of several that were classified
in this study as being ‘closed habitats’.
There are other factors that could weaken the strength of conclusions made about habitat use.
Key among these would be the success with which fixes are obtained in different habitats. This
problem did not exist in the MPGR because albeit was possible to position the PDA/GPS to
obtain the best signal: this option does not exist with a wild, tagged bird where the lowest
success in fixes can be expected from closed habitats. Habitat heterogeneity can also reduce
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confidence in the results simply because it increases the proportional abundance of ecotonal
habitats and habitat transitions and thus the probability of inaccurately ascribing ‘habitat’ to a
particular fix. To calculate habitat preference, of course, it is necessary to know the proportional
area of each habitat type within a ground-hornbill group’s home range.
Recommended fix-intervals
The FI should only be increased if the value of the information obtained exceeds the exponential
increase in the cost and decrease in the study duration. The FI of devices on ground-hornbills at
the APNR would have to be trebled, at the very least, to increase the accuracy by a justifiable
amount (i.e. reducing the underestimation of TD by >50%); this would raise the cost by almost
eight times because each halving of the FI doubles the cost. Small movement events can only
clearly be seen in tracks obtained at an FI of 5-10 minutes, so if actual movement variables, such
as Lévy flights, tortuosity or sinuosity indices are desired (e.g. Adrados et al. 2003), then a
dramatic increase in costs would be incurred. However, given that the primary aim of the APNR
study is to determine seasonal patterns of home-range and habitat use, this cost is not justified.
Determining activity levels and activity types using TDs as a proxy is highly problematic (Ryan et
al. 2004; Ungar et al. 2005). The high variability of real TDs when observed TDs are small makes
it difficult (if not impossible) to determine activity levels using TDs alone. The occurrence of
convolution events by SGHs can still be detected in the path from a 20 min FI (Figures 4-6), so
this is the maximum FI that can be used for this purpose whilst still enabling a reasonably long
sampling duration. It will, however, cost three times as much as the hourly fixes.
Sources of error in interpreting APNR data using calibrations derived from the MPGR
The greatest source of error is the unnatural behaviour of the MPGR group due to their a) being
habituated, and b) received supplementary food during the dry season. The latter factor in
particular undoubtedly affected their movements and the TDs that were determined. These
would also have been biased with time-of-day as they exhibited unnatural behaviour mostly
when they came to Jacaranda camp to be fed (i.e. around sunrise and from 16h00). The second
limitation of using the MPGR group as a ‘calibration’ benchmark relates to the fact that the
vegetation map for the MPGR is crude (low resolution) relative to the vegetation map available
for the APNR. It was thus not possible to test how the determination of habitat use would be
influenced by increasing habitat heterogeneity. However, given the very large positional
database being gathered for the APNR, it is unlikely that this shortfall will signficantly impact
calculations of habitat selectivity at that site.
Further Research
The greatest uncertainty remaining after this study is the correction of short observed TDs –
under what conditions are they accurate (predicted to be at high ambient temperatures) and
under what conditions are they inaccurate (predicted to be when food is highly patchy and local
travel paths are highly sinuous). It will only be possible to distinguish between these two using
the APNR groups themselves. Some of the groups at the APNR carrying satellite devices are also
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equipped with radio transmitters. Following these groups on foot (the Big Five notwithstanding)
and direct comparison of radio and satellite data collected over the same period is probably the
most effective (and accurate) means of resolving this issue.
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Appendix i
Table 3: Case studies of information loss during satellite tracking and the recommended fix-intervals.
Investigated
factor

Author(s)

Fix
interval

Amount of information lost

Travel
Distances

Johnson & Cattle
Ganskopp
(2008)

5 min

About 10% of the distance travelled is ≤ 40 min
lost with each doubling of the fixinterval (i.e. 50% loss with a fix-interval
of 160 min)

Reynolds & Pronghorn
Laundre
Antilocapra
(1990)
americana

30 min

Doubling
the
FI
caused
an ≤ 4 h
underestimated the actual TD by ± 9%.

Species

Recommended
interval

Fix

The TD was underestimated by ± 50%
with a FI of just less than 4 hrs.
Underestimation >70% occurred with a
FI ³ 6 hrs.

Coyotes
latrans

Canis 30 min

The TD was underestimated by ± 50% ≤ 3 h
with a FI of just less than 3 hrs.
Underestimated > 70% occurred with
FIs > 6 hrs.
The TD was underestimated by 91% for
12 hr FI.

Ryan et al African Penguin 1 s
Spheniscus
(2004)
demersus

± 35% of the TD was due to location 1 s but resampled at
intervals of 10-30 s
error for FIs < 30s.
to remove noise.
20% for a 1 min FI and 35% for a FI of 10
min FI.
> 50% during the day and > 30 % at
night for FIs between 1-4 hrs.

Habitat use

Johnson & Cattle
Ganskopp
(2008)

5 min

The information loss using the point Short to relatively
method was ± 20% for 10 min, ± 34% long FIs.
for 20 min, ± 50% for 40 min, ± 63% for
80 min, ± 76% for 160 min, ± 85% for 6
hr, ± 89% for 8 hr, ± 92% for 12 hr and ±
94% for 24 hr FIs.
The information lost using the line As short as possible
method was ± 3% for 10 min, 6 % for 20 if travel corridors are
min, 7% for 40 min, 9% for 80 min, 14% of concern.
for 160 min, ± 24% for 6 hr, ± 29% for 8
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hr, ± 40% for 12 hr and ± 57% for 24 hr
FIs.
D'Eon
(2003)

Activity
Rhythms

Mule
Deer 4 h
Odocoileus
hemionus

±10% of the true habitat use was lost to
the bias of different fix success rates in
different
habitats,
terrains
and
according to activity.

Adrados et Red deer Cervus Continu
al (2003)
elaphus
ous obs.

Habitat dependent behaviors biased the
interpretations of habitat use by undersampling the habitat used during active
periods by ± 6-10% and oversampling
those used during inactive periods by ±
5-10%.

Friar et al. Wapiti
(2004)

For a 6 hr FI habitat use was
underestimated by 30-40% when 10%
of the fixes failed (mostly Type II error).
When ± 30 % of the fixes failed (the
upper bound of fix-failure) habitat use
was underestimated by 50-70%.

30 min

Adrados et Red deer Cervus Continu
al (2003)
elaphus
ous obs.

For a 5 min FI 39% of active and 3% of
inactive bouts are not recorded, this
included 50% of bouts with 10 min
durations, 30 % with 20 min durations,
20% with 30-60 min durations and 0%
with durations > 60 min.

10 and 5 min FIs are
best for recording
inactive and active
bouts, respectively.

For a 10 min FI 14 % of active and 18 % A FI ≤ 5 min should
be used if all bouts
of inactive bouts are not recorded.
of activity must be
For a 15 min FI 38 % of active and 12 %
captured.
of inactive bouts are not recorded.
Pepin et al Red deer Cervus Continu
(2004)
elaphus
ous obs.

For a 10 min FI 97.4 % of active and 51.6
% of inactive bouts were lost.

Ungar et al. Cattle
(2005)

1 min
(with a
motion
sensor)

At a 5 min FI 12-14 % of activities were
not identified correctly and 14-24 % of
activities were not identified correctly
for a 20 min FI.

Steiner et Homing pigeon
al. (2000)
Dog

1&5s

Very little

1&5s

Very little but periodically large when in
thick forest or re-entering the open.
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Home Range

Reynolds & Pronghorn
Laundre'
Antilocapra
(1990)
americana
Coyotes
latrans

30 min

Underestimated by ≤ 0 % after with A minimum of 147
±147 fixes (3 days worth).
fixes over 3 days.

Canis 30 min

Underestimated by ≤ 0 % after with A minimum of 245
±245 fixes (5 days worth).
fixes over 5 days.

Mourao' & Giant anteaters 10 min
Medri
Myrmecophaga
(2002)
tridactyla

Underestimated

* In this case, habitat use is defined as the percentage of total available habitat that is used.

The estimated area
plotted against the
number of fixes must
be asymptotic.
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Appendix ii

Figure 14: Field application used to record variables on the PDA. On
each ‘page’ the appropriate option was chosen on the touch screen
and the ‘next’ arrow selected, to move to the next page. If a variable
was unknown, such as if a bird was lost to sight; the ‘next’ arrow
was pushed without selecting anything. The behaviour, heat stress
behaviour and exposure pages are only shown for the alpha male
(Storm) but are exactly the same for the others. The ‘next’ arrow on
the exposure page goes back to subject selection, where the next bird
was chosen. Once all data have been entered, the downward facing
arrow on the final page was pressed to obtain the GPS coordinates.

40
Table 4: Description of the codes used in the field application in Figure 14.

Code

Description

Subject
Selection

Code

Description

Behaviour

S_

Storm (the alpha male)

_WF

Walking and foraging

K_

Kingfisher (the alpha female)

_F

Fly

T_

Thor (the sub-adult male)

_FO

Foraging

J_

Jac (the juvenile male)

_IRT

In roost tree

_OT

Other

Weather
S

Sunny

_UB

Unnatural behaviour

MS

Mostly-sunny

_RIO

Rest in Open

MC

Mostly-cloudy

_RIS

Rest in shade

C

Cloudy

_W

Walk

R

Raining

_AN

An nest

DAW

Dawn

Exposure

DUS

Dusk

_O

Open (full sun)

SR

Sunrise

_SS

Semi-shade

SS

Sunset

_FS

Full-shade

Table 5: Definitions of the categories used to record behavioural and heat dissipation factors.
Categories

Description

Behaviour
Walking and foraging

Searching for and picking up/eating food whilst walking at an average speed.

Foraging

Any behaviours that are used to obtain food, these include digging, probing,
scraping, jumping, turning over object, breaking up, running/flying after prey,
killing large prey, picking in one place (e.g. termites/ants), searching for prey that
was seen, robbing other individual or separate species and scavenging (Theron
2008). Picking (single motion) was not considered as foraging as the individual did
not have to stop moving, so was considered part of ‘walking and foraging’.

Rest in shade

Stopping in a shaded area for an extended period of time (>1 minute), including
when perched in the shade. Any behaviours exhibited whilst resting in the shade
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(such as comfort/maintenance behaviours and the constant picking at objects)
where considered as secondary and therefore not recorded.

Rest in open

Stopping in the open for an extended period of time (>1 minute), including when
perched in the full sun. As with ‘resting in the shade’, any other behaviours
exhibited whilst ‘resting in the open’ where considered secondary and therefore
where not recorded.

Walk

‘Deliberate’ walking, when the bird is not looking for food.

Fly

Flying over a significant distance, not just to into a tree etc.

At nest

At the nest or nest tree, any other behaviours exhibited whilst there were
considered secondary and not recorded.

Other

These included comfort (grooming, stretching, scratching, drinking), maintenance
(preening, dust/sun or foliage bathing), fright (jump into the air, take flight),
inquisitive (visually scan, pace around object, extended neck/head), vocalising
(breeding call, begging call, contact call), feeding interaction (Feeding another
bird, being fed by another, begging, withholding food, carrying food),
antagonistic (Threat display, biting/chasing another hornbill, pecking reflection)
and play (bill wrestling, biting/ tossing/ carrying objects) behaviours.

Unnatural behaviour

Any behaviour associated with people, including aggression, approaching/
watching or frightened by people, at human-inhabited areas, jumping on vehicles
and pacing along a fence.

In roost tree

Perched in the roost tree either from the proceeding, or for the ensuing night.

Heat Dissipation
Behaviour
Wings raised

The wings are raised well above the body.

Upper wing coverts
erect

The wing coverts (feathers on the top anterior part of the folded wing) are
erected.

Wrists apart

The wrists are held away from the body.

Open bill

The bill is kept open

Drooping primaries

The wings are drooped, so that they lie on the ground/perch exposing the white
primaries.

Watering from the
nostrils

A watery exudate running anteriorly from the nostrils down the beak.
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Group D

Group E

Group B
Group F

Group A

Group C

Figure 15: Paths of the satellite-tracked groups of Southern Ground-Hornbills in the Associated Private
Nature Reserves (APNR) from 1 March – 15 October 2010.

