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a b s t r a c t
In 1996 we developed an Icon User Interface design for handheld computers that enabled non-literate trackers to
enter complex data. When employed in large numbers over extended periods of time, trackers can gather large
quantities of complex, rich biodiversity data that cannot be gathered in any other way. One signiﬁcant result in
the Congo was that data collected by trackers made it possible to alert health authorities to outbreaks of Ebola
in wild animal populations, weeks before they posed a risk to humans. Trackers can also play a critical role in
preventing the decimation of large mammal fauna due to poaching. Collectively, the seven case studies reviewed
in this paper demonstrate the richness and complexity of scientiﬁc data contributed by community-based citizen
science. Furthermore, trackers can also make novel contributions to science, demonstrated by scientiﬁc papers
co-authored by trackers. This may have far-reaching implications for the development of an inclusive citizen science. Community-based tracking can signiﬁcantly contribute to large-scale, long-term monitoring of biodiversity
on a worldwide basis. However, community-based citizen science in developing countries will require international support to be sustainable.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
With the advent of the Anthropocene the world is experiencing a period of rapid environmental change linked to human development
(Corlett, 2015), such as habitat change, pollution, and climate change,
which may affect ecosystem services gained from wildlife (Roy et al.,
2015). Current rates of extinction are about 1000 times the background
rate of extinction (Pimm et al., 2014). Monitoring biodiversity hotspots
with high levels of diversity, as well as larger coldspots that are home to
rare species (Kareiva and Marvier, 2003; Mouillot et al., 2013; Marchese,
2015) is therefore of increasing importance for informing conservation
management (Sutherland et al., 2015).
There are too few professional ecologists to deal with the scale of environmental challenges. The development of citizen science has dramatically increased the extent and efﬁciency of data collection for studies in
ecology and conservation (Dickinson et al., 2012; Pocock et al., 2015).
Despite considerable differences in countries and cultures Danielsen
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et al. (2014a) found that community members and scientists produced
similar results for the status of and trends in species and natural resources. Promoting community-based citizen science could therefore
signiﬁcantly enrich monitoring within global environmental conventions and enhanced decision making at all levels of resource management (Danielsen et al., 2014b).
However, global biodiversity conservation is seriously challenged by
gaps in the geographical coverage of existing information. Wealth, language, geographical location and security each play an important role in
explaining spatial variations in data availability. (Amano and
Sutherland, 2013). Yet locally based monitoring is particularly relevant
in developing countries, where it can lead to rapid decisions to solve
the key threats affecting natural resources, and empower local communities to better manage their resources to improve local livelihoods
(Danielsen et al., 2008; Danielsen et al., 2014c).
Large mammal fauna in Africa and Asia is being decimated by illegal
hunting and loss of habitat. In the future trackers can play a critical role
in preventing poaching of endangered species such as rhino, elephant
and tigers.
The case studies discussed in this paper will demonstrate the value
of employing trackers using smartphones in large-scale, long-term
monitoring of ecosystems for conservation management, especially in
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areas in the developing world where there are gaps in the geographical
coverage. In particular, trackers can be of great value for monitoring rare
and endangered species.
2. The art of tracking and scientiﬁc reasoning
The art of tracking involves the creation of a working hypothesis on
the basis of initial interpretation of signs, knowledge of the animal's behavior and knowledge of the terrain (Liebenberg, 1990). Since tracks
may be partly obliterated or difﬁcult to see, they may only exhibit partial
evidence, so the reconstruction of the animal's activities must be based
on creative hypotheses. To interpret the footprints, trackers must use
their imagination to visualize what the animal was doing to create
such markings. With a hypothetical reconstruction of the animal's activities in mind, trackers anticipate and predict the animal's movements
and look for signs where they expect to ﬁnd them. When their expectations are conﬁrmed, their hypothetical reconstructions are reinforced.
When their expectations prove to be incorrect, they must revise their
working hypotheses and investigate other alternatives.
Tracking involves a continuous process of conjecture and refutation,
a characteristic feature of a theoretical science (Popper, 1963), and uses
hypothetico-deductive reasoning (Liebenberg, 1990). Some of the predictions made by trackers may result in novel discoveries about animal
behavior (Liebenberg, 2013). A signiﬁcant feature of science is that testable hypotheses enable scientists to predict novel facts that would not
otherwise have been known (Lakatos et al., 1978a).
The various continuities between tracking and science seem to be
sufﬁcient to warrant the claim that anyone having a capacity for sophisticated tracking will also have the basic cognitive wherewithal to engage in science (Carruthers, 2006). Scientiﬁc reasoning may therefore
be an innate ability of the human mind (Liebenberg, 2013). This may
have far-reaching implications for the development of an inclusive citizen science.
2.1. An inclusive citizen science
Non-literate trackers, or “oralate trackers” (Sienaert, 2006), have
made original contributions to science and have co-authored scientiﬁc
papers (Berger et al., 1993; Berger et al., 1994; Liebenberg et al., 1998;
Liebenberg et al., 1999; Stander et al., 1997a; Stander et al., 1997b;
Elbroch et al., 2011; Pastoors et al., 2015; Pastoors et al., 2016).
Inclusion, however, should not only be understood from the point of
view of professional scientists. It should also be seen from the point of
view of communities who may include professional scientists into
their traditional knowledge systems. For example, over the last
20 years we have been developing the CyberTracker tracker certiﬁcation system to recognize traditional tracking skills (Liebenberg et al.,
2010; Liebenberg et al., 2013). While the tracker certiﬁcates have been
mostly awarded to African trackers, we have an increasing number of
trackers in the USA and Europe receiving tracker certiﬁcates, including
professional scientists. From an oralate African tracker perspective, “inclusion” means including professional scientists, among others, into traditional tracking.
In particular, Dr. Mark Elbroch, who received his PhD at the University of California, Davis, is the ﬁrst tracker outside Africa to receive the
Master Tracker certiﬁcate, the highest level recognized by CyberTracker.
He came to Southern Africa to track with traditional African trackers and
now uses his tracking skills to do research on mountain lions in the USA
(in addition to using satellite telemetry collars and video camera traps).
Co-author Liebenberg ﬁnds himself mid-way between these opposite ends of the inclusive citizen science spectrum and has strived to
act as a bridge between these two world views, or paradigms as Thomas
Kuhn (1962) would have described them. Born in Africa, he is a selftaught tracker with no formal academic qualiﬁcations. As an independent citizen scientist he has published scientiﬁc papers in high impact
peer-reviewed journals (for example Liebenberg, 2006, 2008, of which

the ﬁrst paper has been cited more than 120 times), and has been
appointed as an Associate of Human Evolutionary Biology at Harvard
University.
Two centuries ago, almost all scientists made their living in some
other profession. The rise of science as a paid profession is a relatively
recent phenomenon, dating from the later part of the 19th century.
Today, most citizen scientists work with professional counterparts on
projects that have been designed to give amateurs a role (Silvertown,
2009). In the future most citizen science projects will rely on standardized ﬁeld protocols to collect and visualize data necessary to monitor
socioecological systems at multiple spatial and temporal scales
(Newman et al., 2012).
Shirk et al. (2012) divide “public participation in scientiﬁc research”
(PPSR) projects into ﬁve models based on degree of participation: Contractual projects, where communities ask professional researchers to
conduct a speciﬁc scientiﬁc investigation and report on the results; Contributory projects, which are generally designed by scientists and for
which members of the public primarily contribute data; Collaborative
projects, which are generally designed by scientists and for which members of the public contribute data but also help to reﬁne project design,
analyze data, and/or disseminate ﬁndings; Co-Created projects, which
are designed by scientists and members of the public working together
and for which at least some of the public participants are actively involved in most or all aspects of the research process; and Collegial contributions, where non-credentialed individuals conduct research
independently with varying degrees of expected recognition by institutionalized science and/or professionals.
The contractual and collegial models lie at the far boundaries of the
PPSR spectrum. Shirk et al. (2012) focus on the center three models,
while acknowledging that programmatic innovation often occurs at
the boundaries.
The Biological Records Centre, established in 1964 in the United
Kingdom, is volunteer led and involves an estimated 70,000 people.
Their datasets are long-term, have large geographic extent and are taxonomically diverse. Signiﬁcantly, many recorders undertake ‘individual
research projects’ on their own or with others or make observations on
novel interactions or behavior. They publish these in various journals
and newsletters. The aspiration to involve volunteers in all aspects of
the scientiﬁc process (from design to outputs) has been fulﬁlled in
natural history in the UK for well over a century (Pocock et al., 2015).
The collegial model is exempliﬁed by amateur astronomers,
archeologists, and taxonomists, who often work on their own to make
important contributions to science (Stebbins, 1980; Hopkins and
Freckleton, 2002). In this model, professional and amateur researchers
may collaborate only when an amateur writes and submits ﬁndings
for peer review and publication. Although often overlooked or highly
critiqued, committed amateurs can make critical contributions that
may not otherwise transpire owing to a lack of resources, time, skills,
or inclinations in the professional scientiﬁc community. As such, their
work demands a reconsideration of expertise as exclusive to traditionally credentialed scientists (Taylor, 1995; Ellis and Waterton, 2005). In
these cases, the degree of amateur participation in the research process
is so extensive and independent that expert amateurs arguably adopt
the traditional role of scientist-as-knowledge-producer (Shirk et al.,
2012).
Inclusive citizen science recognizes that there is continuity from professional science on the one end of the spectrum through traditional
knowledge among oralate communities on the other end of the spectrum. It strives to break down the barriers between professional scientists and amateur citizen scientists, thereby extending the range and
capacity of the scientiﬁc community. Charles Darwin, after all, was an
amateur citizen scientist.
Developing an inclusive citizen science will enable participants, regardless of their level of education, whether or not they can read or
write, regardless of their cultural background, to make original contributions to science.
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2.2. From theory to practice
Since hunter-gatherer culture is an oral tradition, traditional trackers
cannot read or write. To overcome this barrier, the CyberTracker software was developed with an Icon User Interface that enabled expert
oralate trackers to record complex geo-referenced data on animal behavior (online Appendix; Figs. 1 and 2).
In 1980 co-author Liebenberg discontinued his formal academic
studies in Physics and Mathematics to conduct research on the art of
tracking as an independent citizen scientist. In 1985 Liebenberg started
working with co-author Brahman, as well as his father !Nam!kabe
Molote (who was the inspiration for the Master Tracker certiﬁcate),
Kayate and Boroh//xao of Lone Tree in the central Kalahari, Botswana.
In 1991 Brahman asked Liebenberg to help them. Wildlife in the central
Kalahari has been decimated by fences that cut off migration routes
(Owens and Owens, 1984). They could no longer survive as huntergatherers and the art of tracking was dying out. After discussions around
the ﬁre, we decided that we should try to ﬁnd ways to create employment for trackers. Only by developing tracking into a modern profession, will tracking itself survive into the future.
The CyberTracker ﬁeld computer project started in 1996 as an
Honors project under Professor Edwin Blake at the Department of Computer Science at the University of Cape Town, South Africa (Edge et al.,
1996). In 1997 Liebenberg and Steventon founded CyberTracker to develop and distribute free software for conservation. CyberTracker was
ﬁeld tested by co-authors Benadie and Minye in the Karoo National
Park in South Africa. In addition to monitoring a wide range of species,
they also collected behavioral data by tracking individual rhinos. The
ﬁrst version of the CyberTracker software ran on an Apple Newton
PDA which was hand-wired to an external Garmin GPS. As far as we
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know, this was the ﬁrst time that an Icon User Interface was developed
that enabled non-literate users to enter complex data.
From 1999 the CyberTracker was used by Khwe trackers in the
Kalahari to conduct wildlife transects in the Caprivi, Namibia (Mayes,
2002). They used Version 2 of the CyberTracker software, which ran
on a PalmPilot PDA that was hand-wired to an external Garmin GPS.
At that time maintenance of hardware and software in the Kalahari
was a great inhibiting factor which seriously challenged the sustainability of CyberTracker counts (Mayes, 2002).
In 2001, a pilot research project was initiated at Lone Tree in the central Kalahari in Botswana. A Handspring Visor PDA with an attachable
Magellan GPS Companion was used. A desktop computer, a solar
panel and charger was set up in the village of Kagcae. This gave coauthor Langwane, together with Brahman and Xhukwe, the opportunity
to demonstrate that he can master the CyberTracker technology — not
just collect data, but download the data, view the data on maps
(Fig. 3), and recharge the batteries. While the project successfully demonstrated his ability to use the technology, the project lacked sufﬁcient
funding to pay trackers to collect data on an ongoing basis.
In 2008 the Western Kgalagadi Conservation Corridor (WKCC)
Project was initiated with !Xo and /Gwi trackers in Botswana
(Liebenberg, 2011). Version 3 of the CyberTracker software was used
on a Windows Mobile PDA with an internal GPS. Community members
were employed to use the CyberTracker to conduct animal track counts.
The WKCC Project was sponsored by Conservation International and
managed by Moses Selebatso over a three-year period.
After the CyberTracker engagement with the WKCC project the
trackers have been employed in wildlife research projects to conduct
animal track surveys (Derek Keeping, personal communication;
Keeping, 2014; Keeping and Pelletier, 2014). However, we still need to
overcome signiﬁcant socio-economic challenges to make communitybased citizen science viable among indigenous communities in Africa.
Perhaps one of the most signiﬁcant outcomes of this project was a
paper on rhino feeding behavior published in the journal Pachyderm
(Liebenberg et al., 1999). This may be the ﬁrst paper co-authored by
two non-literate trackers (Benadie and Minye), based on a hypothesis
Benadie proposed and conﬁrmed with data that they gathered independently. This demonstrates that non-literate trackers can make novel
contributions to science, and that scientiﬁc reasoning may therefore
be an innate ability of the human mind.
2.3. Social and cultural beneﬁts

Fig. 1. Karoha Langwane using the CyberTracker (Photo: Rolex/Eric Vandeville).

Co-authors Brahman and Langwane were the key players in the creation of CyberTracker. Ideas for developing CyberTracker came about
through their involvement in researching the depth of tracking knowledge in the Kalahari. The two, especially Langwane, also played an integral role in its pilot testing. This is tremendously important to the
trackers and has major implications in the way that they have incorporated this technology into their lives, to the extent that they have come
to consider themselves ‘Cyber trackers.’ Brahman took pride in his
involvement in the development of CyberTracker and was quick to
mention it when discussing CyberTracker. The work that they did together led to the development of a technology that utilizes Brahman's
knowledge, while also recognizing that of his ancestors. Though he
has had relatively little interaction with computers, he had computer
software designed speciﬁcally for his knowledge that he often regarded
as an extension of himself. Brahman often referred to his ‘knowledge’ as
his ‘CyberTracker.’ CyberTracker owes its very existence to the world of
tracking and, to a degree, has been embraced by the trackers as such.
Pierre du Plessis (2010) noted that during his ﬁeldwork with them it
was immediately evident that all of the trackers took pride in calling
themselves ‘Cyber trackers.’
Empowered by their role as data collectors, CyberTracker was a domesticated technology for the trackers of the WKCC project. It became
their own rather than just a tool of appropriation through the extension
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Fig. 2. Examples of Icon User Interface designs.

of a scientiﬁc and resource management network. As a tool that utilizes
the knowledge of the trackers, it allowed them to continue learning at a
time when there would otherwise be little opportunity to practice their
skills to such a degree. Langwane said, “I like CyberTracker because I am
learning a lot. I like using the technology. I like that I can use it to track
animals.” Brahman and Langwane often expressed their desire to teach
and pass on their knowledge of animals and plant life. Working with,
and teaching some of the younger trackers were in fact one of the aspects of the WKCC project that they valued the most (du Plessis, 2010).
In addition, the trackers found security with the fact that
CyberTracker stored the information they observed. Brahman said
that: “One thing that I like is that it helps me capture the information.
I like that what I see is being stored in the CyberTracker. I know that
what I am doing will not disappear.” It was evident that the trackers
themselves considered the data-archiving component extremely important (du Plessis, 2010).
Both the trackers and the scientist, Moses Selebatso, were able to
mention ways that they are learning, and therefore beneﬁting, from
one another. A mutual appreciation and respect of knowledge has developed through their co-production of knowledge. The trackers were
inﬂuencing the scientist's understanding on how to engage with
the world and approach conservation. The trackers know things about
the wildlife and have the practical skills to identify those things that

the scientists cannot. They offered a much more in-depth data collection
process (du Plessis, 2010).
Perhaps the most signiﬁcant beneﬁt is the prestige that using the
CyberTracker computer gives to trackers who previously were held in
low esteem. Benadie and Minye found that using the CyberTracker has
given them an incentive to reﬁne their skills and has made their work
in the ﬁeld more meaningful. For the ﬁrst time they were recognized
for the work they have done. Non-literate trackers who have in the
past been employed as unskilled laborers can gain recognition for
their specialized expertise. The employment of trackers provides economic beneﬁts to local communities and will help to retain traditional
skills, which may otherwise be lost in the near future.
2.4. South African national parks
While the Kalahari tracker project demonstrated what is in principle
possible, practical limitations include the lack of sustainable funding. In
contrast, trackers employed as full-time rangers in national parks provide an opportunity to gather large quantities of data on a sustainable
basis.
The potential use of the CyberTracker system for collecting ecological data in Kruger National Park (KNP), South Africa, was recognized
in 2000 and the system was rapidly incorporated into KNP procedures
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Fig. 3. Detail of the map view, showing icons representing the selected data point that show up as a yellow triangle. This enables non-literate trackers to interpret their own data on a map.

for testing and further development. Up to 120 CyberTracker units were
deployed on daily patrols across the KNP (Foxcroft et al., 2009).
CyberTracker is operational in all South African national parks
(Kruger and MacFadyen, 2011). Established databases include ranger
patrols, vegetation condition assessments, animal behavior monitoring,
rare and endangered species listings, and invasive species distribution
mapping. Each database has been customized to facilitate conservation
management, research and monitoring. According to MacFadyen
(2009), the information gathered during these ranger patrols is used
by SANParks management to: plan section patrols for area-integrity
mapping; provide an early warning system for disease outbreaks; identify trends in illegal exit and entry points; and enable the detection and
control of invasive alien species (Dietemann et al., 2006; Foxcroft et al.,
2009; Foxcroft et al., 2010; Hui et al., 2011); and veterinary–wildlife interfaces (Ferguson and Hanks, 2010; Jori et al., 2009). In general, the
ranger patrol system aims to enhance park-speciﬁc environmental
management and research through ﬁeld monitoring (MacFadyen,
2007).
Rhino poaching has reached a crisis level in the KNP. To bring
poaching under control about 500 rangers are receiving intensive, ongoing tracker training. In addition, the CyberTracker software is being
upgraded to provide real-time monitoring for anti-poaching operations.
Scientists use data collected by rangers to facilitate research and assist in making informed management decisions regarding rare species
monitoring (Endangered Wildlife Trust, 2011; Murn, 2009), ﬁre mapping, archeological inventorying, species distribution mapping, and ecosystem interactions (Burkepile et al., 2008; Somers and Hayward,
2009). Scientists also use CyberTracker to conduct their own specialized
surveys and research projects.
The KNP CyberTracker database presents a unique spatial dataset,
covering an extensive area. The full richness of the dataset will only
emerge over time as the data are explored from a number of perspectives (Foxcroft et al., 2009). This illustrates the potential richness and
complexity of data that trackers can gather.
2.5. National Indigenous Ranger CyberTracker Project in Australia
Providing sustainable funding to communities may help to bridge
the gap between indigenous communities such as the Kalahari trackers

(not employed in national parks) and rangers employed on a full-time
basis. This is demonstrated by the success of the National Indigenous
Ranger CyberTracker Project, funded by the Australian Wildlife Services,
one of the largest programs involving indigenous communities in environmental monitoring and land management programs.
The use of CyberTracker permits the rangers, landowners and their
partner agencies to progressively assess activities against land and sea
management goals, entering new problems as they are identiﬁed, tracking the progress of works to ensure follow-up and allowing for adjustments to be made to the work program (Ansell and Koening, 2011).
Aboriginal lands are some of the most biodiverse and structurally intact landscapes in the country (Altman et al., 2007), but face signiﬁcant
environmental challenges (Woinarski et al., 2007; Altman and
Whitehead, 2003). For example, ﬁre management regimes have
changed leaving large tracts of country susceptible to destructive ﬁres
(Russell-Smith et al., 2003), exotic plants and animals are widespread
(Preece et al., 2010; Koenig et al., 2003) and many native species are
in decline (Woinarski et al., 2010).
Indigenous ranger groups have forged partnerships with research
and training institutions, government bodies, corporations and philanthropic organizations. In recognition of the environmental services
that Indigenous ranger groups provide, the Australian Government
has (since 2007) been investing substantial funds to formally employ
Indigenous rangers and fund their operations. This has provided a measure of stability to ranger programs by providing targeted and streamlined funding sources (May, 2010).
CyberTracker software has been shown to be highly useful to the
Rangers as demonstrated by its high uptake. Factors that have contributed to its successful uptake include inherent properties of the software,
the ‘bottom-up’ approach of Ranger staff to the development of
CyberTracker methodologies and the support received from external organizations. As CyberTracker is fully customizable, data applications
were developed to suit the exact purposes of the Ranger programs. A
key to this has been that the rangers themselves had an important
role in designing the questions and the way in which they are asked
in the data applications. CyberTracker enables the Rangers to get instant
feedback for the work they undertake on a daily basis. This feedback also
fosters a sense of pride and satisfaction for all members of the team
(Ansell and Koening, 2011).
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The Federal Government, recognizing its potential to inform their
decision making, has created CyberTracker support positions through
their IPA program. It is anticipated that the organized collection of
such quantitative operational data across Australia will demonstrate
the very large contribution by Indigenous Australians to the management of Australia's land and sea environments (Ansell and Koening,
2011).
2.6. Detecting Ebola outbreaks in Central Africa
A signiﬁcant potential value of long term biodiversity monitoring by
communities is that outbreaks of infectious diseases may be detected in
time to avert the tragic loss of human lives. The employment of trackers
in developing countries may therefore also help to prevent the spread of
infectious diseases to the international community.
The recent outbreak of Ebola in West Africa has resulted in huge cost
in human lives and economic losses. Even the indirect economic impact
in Africa as a whole has been huge, as tourists have canceled visits to
Africa due to the fear of Ebola. In future it may be more cost-effective
to monitor signs of potential outbreaks of Ebola among wildlife, especially along trade routes that may spread Ebola to highly populated
areas.
From 2001 to 2007 the CyberTracker Monitoring Program in central
Africa was funded by the European Commission (CyberTracker
Monitoring Programme, 2007). At the time of the Ebola outbreak in
2001 the only data available was CyberTracker patrol data that showed
the presence of lowland gorilla before the outbreak of Ebola, and the absence of gorilla over a large area after the outbreak. During the Ebola
outbreaks in Gabon and the Republic of Congo from 2001 to 2003
CyberTracker data showed a signiﬁcant drop in animal numbers by
monitoring signs of gorilla, chimpanzee, duiker and bush pig. Wild animal outbreaks began before each of the ﬁve human Ebola outbreaks.
Twice it was possible to alert the health authorities to an imminent
risk for human outbreaks, weeks before they occurred (Rouquet et al.,
2005).
What is signiﬁcant is that this data, based on tracks and signs, cannot
be gathered in any other way, demonstrating the critical role of citizen
science in biodiversity monitoring.
2.7. Socio-economic sustainability of community-based citizen science
Attributes of successful citizen science programs include
fostering long-term community-level involvement, appropriate
cyberinfrastructure, engaging under-represented audiences, ensuring
ﬁnancial stability, and effectively disseminating results (Bonney et al.,
2009). However, as citizen science programs adopt new technologies,
sensitivity to social, cultural, economic, and political factors will be critical to the success of projects that cross boundaries and involve local/
traditional ecological knowledge (Ballard et al., 2008).
Most citizen science projects involve communities in developed
countries where relative wealth allows individuals to volunteer time
for environmental monitoring projects. For example, large numbers of
relatively wealthy people worldwide engage in bird watching in their
spare time, making eBird one of the largest citizen science projects.
eBird engages the global bird-watching community to collect more
than ﬁve million bird observations every month and to submit them
to a central database where they can be analyzed to document the
abundance and distribution of bird populations (Bonney et al., 2014).
In contrast, most indigenous trackers in developing countries live in
communities with high levels of poverty. The most successful programs
involving indigenous trackers are those where government funding has
sustained employment in national parks, protected areas and where
communal land is owned by indigenous communities.
Payments for environmental services (PES) are increasingly promoted as an economic mechanism that could potentially address socioeconomic and environmental conservation objectives in developing

regions. However, the reporting and conditionality requirements of
PES projects can be inhibitory, particularly for people with low environmental monitoring or administration capacity. Indigenous Land and Sea
Management groups in remote northern Australia have combined Indigenous ecological knowledge, Western science and the CyberTracker
technology to record and monitor the ecological outcomes of their
land management activities to facilitate engagement with mainstream
economies in Australia (Ens, 2012).
The Kalahari trackers involved in the CyberTracker research and development program have played a central role in demonstrating the potential value of employing expert trackers in scientiﬁc research and
monitoring. However, due to the lack of sustainable funding, these projects have been short-lived with limited socio-economic beneﬁts. While
trackers in other projects have enjoyed signiﬁcant beneﬁts from the
CyberTracker program, it is a rather sad irony that the Kalahari trackers,
who have made the most important contribution to the development of
the CyberTracker software, have enjoyed the least signiﬁcant socioeconomic beneﬁts.
In many developing countries, community-based citizen science
cannot be sustained by volunteer participation, private donations or
even government funding. Yet the highest levels of traditional tracking
expertise are often found in the poorest, most marginalized
communities.
Global biodiversity conservation is seriously challenged by gaps in
the geographical coverage of existing information. Wealth, language,
geographical location and security each play an important role in
explaining spatial variations in data availability; but these are not necessarily countries with high biodiversity (Amano and Sutherland, 2013).
These barriers can to some extent be overcome by creating employment
for indigenous trackers in developing countries; the use of icons and
alias names to overcome language barriers; the use of CyberTracker in
law enforcement in protected areas; and the proven record of
CyberTracker projects in remote areas like the Kalahari, the Congo and
many other projects in remote areas worldwide (www.cybertracker.
org).
Unless governments and non-governmental organizations involve
local stakeholders, environmental monitoring will tend to remain an
isolated academic exercise that is primarily undertaken for the beneﬁt
of national and international stakeholders. Involving local communities
in monitoring will both enhance management responses across spatial
scales, and improve the speed of decision-making to tackle negative environmental trends (Danielsen et al., 2010).
Within the context of anthropogenic climate change, biodiversity
monitoring should be recognized as a global, international concern.
Just as climate change requires an international solution, communitybased citizen science in developing countries will require international
support to be sustainable.
3. Conclusion
Developing the CyberTracker Icon User Interface design for nonliterate trackers demonstrated that indigenous trackers can gather complex and rich data. When employed in large numbers over extended periods of time, trackers can gather large quantities of biodiversity data
that cannot be gathered in any other way, especially in areas where
there are gaps in the geographical coverage. In particular, trackers can
be of great value in monitoring rare and endangered species, since
they can track down individual animals.
One signiﬁcant result in the Congo was that data collected by
trackers made it possible to alert health authorities to outbreaks of
Ebola in wild animal populations, weeks before they posed a risk to
humans. The employment of trackers in developing countries may
therefore help to prevent the spread of infectious diseases to the international community.
Large mammal fauna in Africa and Asia is being decimated by illegal
hunting and loss of habitat. In the future trackers can play a critical role
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in preventing poaching of endangered species such as rhino, elephant
and tigers.
Scientiﬁc reasoning may well be an innate ability of the human
mind. The implication of this theory is that an inclusive citizen science
will enable participants, regardless of their level of education, whether
or not they can read or write, regardless of their cultural background,
to make original contributions to science.
Within the context of anthropogenic climate change, biodiversity
monitoring is a global, international concern. Community-based citizen
science in developing countries will require international support to be
sustainable.

Dedication

After submitting the ﬁrst draft of our manuscript, co-author !Nate
Brahman passed away on 20 January 2016. Over the last 30 years
!Nate played a central role in the development of the ideas, projects
and software reviewed in this paper. In 1990 !Nate risked his own
life to save the life of Liebenberg who almost died of heatstroke
while running the persistence hunt (Liebenberg, 2006). We would
like to dedicate this paper to his memory.
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