
 

 

 
 DEPARTMENT OF BIOLOGICAL AND 

ENVIRONMENTAL SCIENCES 

 

 

 

 

 

Degree project for Bachelor of Science with a major in Biology 

BIO602 Degree course in Biology 15 hec 

First cycle   

Semester/year: Spring 2019 

Supervisor: Donald Blomqvist, Department of Biological and Environmental Sciences 

Examiner: Mats Olsson, Department of Biological and Environmental Sciences 

 

FIT FOR MONITORING 

Introducing a New, Non-Invasive Method for 
Species Monitoring in Scandinavia 

 

 

 

 

 

 

 

 

 

 

 

 

 

Boel Nilsson 

 



 

  

The frontpage photo shows a spoor from a wild cheetah tracked in the field, Namibia 2018. 

Copyright Boel Nilsson 2019.  



 

Table of Contents 

Abstract ...................................................................................................................................... 1 

Swedish Summary ....................................................................................................................... 2 

Introduction ................................................................................................................................ 3 

Background ............................................................................................................................. 3 

Monitoring Species .............................................................................................................. 3 

FIT: Footprint Identification Technique ............................................................................... 4 

The Eurasian Lynx ................................................................................................................ 4 

Purpose ................................................................................................................................... 6 

Questions ................................................................................................................................ 6 

Methods ..................................................................................................................................... 7 

Literature Review .................................................................................................................... 7 

Personal Communication ........................................................................................................ 7 

Methodological Description .................................................................................................... 8 

Descriptive Statistics ............................................................................................................... 8 

Results and Discussion ................................................................................................................ 9 

The Methodology of FIT .......................................................................................................... 9 

Data Collection .................................................................................................................... 9 

Feature Extraction ............................................................................................................. 10 

Algorithm Development .................................................................................................... 11 

Footprint Classification ...................................................................................................... 14 

Method Evaluation ................................................................................................................ 14 

Accuracy of FIT .................................................................................................................. 14 

Applicability ....................................................................................................................... 16 

Costs .................................................................................................................................. 19 

Ethics and Data Quality ..................................................................................................... 20 

Lynx Methodology in Scandinavia ......................................................................................... 20 

Monitoring Techniques ..................................................................................................... 20 

Population Census ............................................................................................................. 21 

Additional Methods ........................................................................................................... 22 

Application of FIT to Lynx Monitoring ................................................................................... 23 

Benefits of FIT .................................................................................................................... 23 

Limitations and Potential Difficulties ................................................................................. 25 

Future Prospects of FIT ......................................................................................................... 26 

Further Development ........................................................................................................ 26 



 

Citizen-Science .................................................................................................................. 27 

Artificial Intelligence (AI) ................................................................................................... 27 

Conclusion ................................................................................................................................ 28 

Acknowledgements .................................................................................................................. 29 

References ................................................................................................................................ 30 

Appendix 1: Personal Communication 

 

 



1 

 

Abstract 
Methods for obtaining reliable data on the numbers and distribution of species are essential for all 
aspects of wildlife management. The Footprint Identification Technique (FIT) developed by WildTrack 
is a new method holding this potential. Based on the knowledge of indigenous trackers this software 
uses footprint images to identify the sex, age-class and individuals of several different species. This 
technique will be presented and evaluated against two established methods for monitoring: radio-
telemetry, which is invasive (i.e. it requires the capture and handling of an animal), and camera 
trapping, which can be classified as non-invasive. In addition, the prospect for an adoption of FIT 
methodology in Scandinavian lynx (Lynx lynx) monitoring will be investigated. This thesis project is 
built on other studies and published literature concerning these techniques, with further material 
received from conducted interviews. Descriptive statistics were used to estimate the accuracy of 
individual and sex identification by the software on data retrieved from previous studies. Benefits of 
the technique include high accuracy, cost-effectiveness, broad applicability and potential for citizen-
scientists to contribute to monitoring. Strong influence of substrate on footprint availability and 
quality constitute the major limitation of the technique. While FIT has some clear advantages over 
radio-telemetry and camera trapping, the method has had limited rigorous field testing. For lynx in 
Scandinavia, FIT could complement and improve the established censusing routines, while also 
providing an alternative way of monitoring lynx in areas where snow-free winters are bound to 
become more common. The author advocates that an FIT algorithm for lynx should be developed, as 
it holds much potential for monitoring in Scandinavia. In a world where numerous species are listed 
as endangered and rates of global biodiversity loss are increasing, robust non-invasive techniques 
such as the FIT are needed for effective conservation management. 
 

Keywords: monitoring, census, footprint, method, non-invasive, lynx 
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Swedish Summary 
För alla former av viltförvaltning och bevarandeprojekt är något av det mest grundläggande att ha 
metoder som genererar pålitliga populationsdata. För att kunna fatta välgrundade beslut om 
lämpliga åtgärder krävs kunskap om inte minst populationers storlek, sammansättning och fördelning 
i landskapet. I den här studien presenteras en ny metod med stor potential att kunna göra skillnad 
för populationsövervakning och inventeringsarbete världen över: The Footprint Identification 
Technique (FIT). Metoden bygger på att spårstämplar från djur fotodokumenteras på ett 
standardiserat sätt och analyseras i en specialutvecklad programvara, som kan fastställa både 
artidentitet, kön och åldersklass, samt vilken individ som spåret tillhör. En utförlig beskrivning av FIT-
metodiken ges, och metoden utvärderas gentemot två etablerade inventeringstekniker: radio-
telemetri och viltkameraövervakning. Fördelar och nackdelar med respektive tillvägagångssätt 
diskuteras. Därtill undersöks potentialen för att implementera FIT i det skandinaviska 
inventeringssystemet för lodjur. Underlaget till studien har hämtats från publicerade artiklar och 
rapporter, som kompletterats med intervjuer. Deskriptiv statistik har även använts för att granska 
metodens precision, som i tidigare studier har bedömts vara hög – något som här kunde styrkas. 
Bred tillämpbarhet, kostnadseffektivitet och goda möjligheter för allmänheten att bidra till 
datainsamling är några av fördelarna med FIT. Den största nackdelen är metodens 
substratkänslighet, som påverkar kvalitén av och begränsar möjligheterna att dokumentera fotspår. 
Artspecifika algoritmer för FIT har utvecklats för flera arter, men än så länge har metoden endast i 
begränsad omfattning använts i fält. De etablerade inventeringsrutinerna för lodjur skulle med fördel 
kunna kompletteras med FIT, och tekniken skulle därtill kunna erbjuda ett sätt att övervaka lodjur i 
snöfria områden, där metoder för övervakning idag saknas. I en värld där antalet hotade arter 
ständigt fortsätter att öka behövs robusta, icke-invasiva sätt att erhålla tillförlitliga populationsdata, 
såsom FIT. 
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Introduction 

Background 

Monitoring Species 
A cornerstone in the fields of population biology and conservation is the monitoring of free-ranging 
animals. Some of the most fundamental questions that researchers and conservationists are trying to 
answer is where, how many, and when. Considerable effort and resources are devoted to population 
monitoring and to assess changes in local populations. Reliable population estimates are key to 
achieve and maintain effective conservation management (Stander, 1998; Gibbs, 2000). 
 
Monitoring entails setting targets (Nichols & Williams, 2006), taking interests and expertise of 
different groups in society into account (Berkes, 2004; Greenwood & Robinson, 2006a). Frequently 
these targets involve reaching or maintaining a desired abundance of a species, in combination with 
an acceptable level of population harvest (Pollock et al., 2002; Williams et al., 2002). Knowledge 
about the achievement of the targets is acquired through continuous or repeated surveillance, 
preferably while also providing understanding for the observed situation. If the management of a 
population is changed in the light of such understanding or scientific experience, it is a form of 
adaptive management (Greenwood & Robinson, 2006a; Hambler & Canney, 2013).  
 
Censusing commonly mean conducting a complete count of animals (Williams et al., 2002; Conn et 
al., 2004), but can also be used in the context of estimating abundance of animals in an area (Fryxell 
et al., 2014), can be performed in various ways. It is often difficult (Gibbs, 2000), if not impossible 
(Krebs, 2006), to obtain accurate estimates of absolute population size (Dice, 1938; McDonald, 2004; 
Conn et al., 2014). Instead, estimates can be derived from direct or indirect sampling, where a 
proportion of individuals in a population is counted (Fryxell et al., 2014). From the samples, provided 
that they are representative, one can extrapolate an estimate of the total population size. Another 
approach is to rely on different types of indices, measures correlated to density but not actual 
estimates of population size (Williams et al., 2002; Greenwood & Robinson, 2006b). Examples of 
indices are spoor counts (Stander, 1998), density of droppings and auditory cue frequencies (Gibbs, 
2000; Krebs, 2006).  
 
Techniques used in monitoring can broadly be categorised as being either invasive or non-invasive, 
based on their degree of disturbance (Kelly et al., 2012; Jewell, 2013). Invasive methods may include 
various forms of physical markings such as tagging, clipping, and implantation or attachment of 
transmitters for individual recognition. In order to artificially mark individuals, they often need to be 
immobilized physically and/or chemically. Direct observation of an animal for extended periods of 
time, particularly if the animal is aware of the presence of the observer, can be another form of 
invasive monitoring (Jewell, 2013). Non-invasive methods do not require handling or direct 
observance of the study animals (MacKay et al., 2008; Kelly et al., 2012). The use of camera traps and 
different biometric approaches where body characteristics are used for identification, for example 
coat-pattern recognition or footprint identification, are examples of such techniques. This also 
includes indirect genetic sampling through collection of faces or hair found in the field (MacKay et al., 
2008; Kelly et al., 2012; Jewell, 2013; Pimm et al., 2015) 
 
In Scandinavia the methods for monitoring of the lynx (Lynx lynx) population are mainly based on 
radio-telemetry and snow tracking (Andrén & Lidberg, 2008). Camera-trapping has been widely used 
for lynx monitoring in central Europe, but so far only as a complementary method in certain areas of 
Scandinavia. However, with climate change making traditional snow-surveys more difficult, the 
potential of using camera traps for lynx monitoring in Norway and Sweden is now being evaluated 
within the SCANDCAM-project (Odden, 2017). In this paper another technique for species monitoring 
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will be presented that, to the best of the author’s knowledge, neither has been evaluated nor 
previously used for any species in Scandinavia: The Footprint Identification Technique (FIT). 
 

FIT: Footprint Identification Technique 

Origin and Development 

The origins of the Footprint Identification Technique are found in Zimbabwe in the 1990’s. Zoe Jewell 
and Sky Alibhai, the founders of WildTrack and developers of the FIT, had been working on black 
rhino (Diceros bicornis) monitoring for several years (WildTrack, 2019a). They had found strong 
indications that the invasive methods used were having negative impacts on female fertility. The 
rhinos were ear-notched and fitted with radio-collars – a procedure that required chemical 
immobilization of the animals, and often had to be repeated when collars failed or were lost and 
needed replacing. It was deemed evident that another type of monitoring strategy was needed; one 
that could work both in conjunction with the established methods and function on its own (Alibhai et 
al., 1996; Jewell et al., 2001; WildTrack, 2019a). 
 
In 1992, development of a technique that used spoor to identify individual rhino began (Alibhai et al., 
1996). Tracking and spoor identification is a cornerstone of our own evolution and history as hunter-
gatherers. This ancient knowledge, passed down through generations, is still a fundamental part of 
many indigenous communities today (Stander et al., 1997). The tracks left by the rhinos were 
ubiquitous; their footprints were telling the bushmen about their activities and which rhino who had 
been there. Each animal’s footprint is unique in its morphometrics – just like our own fingerprints 
are, but even more complex because each individual footprint is unique. The new method would use 
photographic spoor analysis; capturing what the bushmen were seeing on the ground and turning it 
into numbers, giving a geometric profile. Through a customised script in the JMP® data visualization 
software from SAS® Institute, the identification of species, sex, age-class, and individual animals from 
footprints was made possible. (Alibhai et al., 2008; Jewell & Alibhai, 2014; WildTrack, 2019a). 
 

Progress to Date 

The first paper on FIT was published in 2001 (Jewell et al., 2001). Since then, species specific 
algorithms for footprint identification have been developed for 13 species including white rhino 
(Ceratotherium simum), cheetah (Acinonyx jubatus), giant panda (Ailuropoda melanoleuca), Amur 
tiger (Panthera tigris altaica), lowland tapir (Tapirus terrestris) and mountain lion (Puma concolor). A 
United States Patent was issued on March 6, 2018 for the “Classification system for similar objects 
from digital images” (Jewell & Alibhai, 2018) that is the FIT. There are currently 18 FIT projects active 
around the world, operating in 19 different countries (WildTrack, 2019b). One species that has been 
considered suitable for monitoring by the use of the FIT (F. Kistner, pers. comm.), but algorithm 
development not yet initiated for (Z. Jewell, pers. comm.), is the Eurasian lynx (Lynx lynx). 
 

The Eurasian Lynx 

General Information 

The Eurasian lynx is a medium-sized member of the Felidae and the largest of the four species in the 
genus Lynx (WWF, 2019). The legs are long in relation to its short body, with large feet densely 
covered with hair adapted for life in deep snow. Depending on the season, the fur varies in 
colouration from light or yellowish grey to brownish red, with white underparts. The coat pattern 
also varies a lot between individuals; rosettes come in different shapes and sizes and while some lynx 
have many black spots, others can have close to none. The lynx has a short tail with a black tip and 
characteristic black ear tufts (Felidae Conservation Fund, 2016; Cat Specialist Group, n.d.; 
ArtDatabanken, n.d.).  
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Like most cats lynx are polygamous. They are highly elusive; for the most part living solitary lives with 
home ranges that can vary in size from about one hundred to over a thousand square kilometres, 
depending primarily on availability and density of their prey. While a male’s average home range can 
be roughly double the size of a female’s (Andrén & Lidberg, 2008), female lynx appear to show 
greater seasonal variation in the size of their home ranges, with larger ranges during winter (Linnell 
et al., 2001).  
 
The species has one of the widest geographical ranges of all cats, extending from the Atlantic to the 
Pacific; occurring from Fennoscandia and central Europe, throughout Russia and south to the Tibetan 
plateau (Cat Specialist Group, n.d.). In the mid-1900’s much of the European population had been 
extirpated and numbered below one thousand individuals. Successful reintroductions have been 
made in several countries and populations elsewhere have recovered naturally, but many remain 
small and fragmented (WWF, 2019). 
 

The Lynx Population in Scandinavia 

From a broad perspective the size of the lynx population in Scandinavia is regarded with acute 
interest for two main reasons (Andrén et al., 2002). Both are in some ways related to human-wildlife 
conflict. Lynx predation on semi-domestic reindeer is extensive, resulting in loss of income for 
herders. The compensation system is based on the number of large carnivores present in the 
reindeer husbandry area, rather than, as it was previously, actual losses (Linnell et al., 2001; 
Naturvårdsverket, 2014; Naturvårdsverket & Rovdata, 2014a). The second reason is hunting. In 
southern Sweden roe deer constitute the main prey for lynx. This poses an indirect conflict with roe 
deer hunters, since the roe deer population in an area with many lynx becomes strongly decimated 
(Andrén & Lidberg, 2008). Lynx hunting, widely practiced throughout Scandinavia, is in itself also a 
source of conflict (Andrén et al, 2002). 
 
In Sweden, the parliament determines a reference interval within which the lynx population on a 
national level is considered to have Favourable Conservation Status (FCS). The current reference 
value for lynx, set in 2013, is 870 individuals with a 700-1000 interval (Naturvårdsverket, 2014). 
Viability analyses, based on long-term minimum viable population size (MVP) estimates, suggest that 
a Swedish lynx population with a reference value of 800 individuals attain FCS (Nilsson, 2013; H. 
Andrén, pers. comm.). Based on results from the 2017/2018 census, there are 1202 lynx (95% CI = 
1019-1384) in Sweden and a total lynx population size of 1542 (95% CI = 1301-1783) in Scandinavia 
(Tovmo & Zetterberg, 2018). Harvest quotas are set each year based on the previous year’s 
population estimates and vulnerability analyses produced by researchers. If the lynx population is 
found not to have continued FCS, as dictated in the EU Habitats Directive (1992), the Swedish 
Environmental Protection Agency can revoke all legal hunting (Naturvårdsverket, 2014).  
 
According to the latest evaluation of the IUCN Red List criteria from 2015, the lynx is classified as 
Vulnerable (VU) in Sweden and Endangered (EN) in Norway (ArtDatabanken, n.d.). The Scandinavian 
lynx population has declined since 2009, mainly due to a political objective to keep lynx numbers in 
the reindeer husbandry area low (Danell & Andrén, 2010; Naturvårdsverket, 2014). Illegal hunting is 
considered the single most important cause of death for lynx in Scandinavia (Andrén & Lidberg, 
2008). 
 
Studies suggest that the home ranges of lynx in Scandinavia can be far larger than home ranges 
reported from continental Europe; on average at least twice the size or more (Linnell et al., 2001). 
Home range size also vary greatly between different Scandinavian eco-regions (Linnell et al., 2007b; 
Andrén & Lidberg, 2008). Lynx movement patterns are irregular, with high variation in the daily 
travelled distances; ranging from being completely sedentary when consuming a kill, up to over 50 
km when searching for prey (Gervasi et al., 2013). These findings have an important consequence: 
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There are very few protected areas in Scandinavia large enough to sustain more than a few lynx. 
Thus, reserves and national parks cannot serve as reliable sources of unexploited lynx populations to 
buffer against overharvest through hunting. Linnell et al. (2001, 2007a) argues that, as an implication 
of this, the precision of monitoring practices used to estimate population numbers is vital. 
 

Purpose 
The objective of this thesis project is to evaluate a new, non-invasive tool for species monitoring: The 
Footprint Identification Technique (FIT) developed by WildTrack. This will be conducted by reviewing 
published articles and online material, performing interviews, and using descriptive statistics. In the 
first section, my aim is to highlight differences between FIT and two established monitoring 
techniques used for large mammals: radio-telemetry and camera trapping. Implications of these 
differences for conservation practices will be discussed. A thorough presentation of the FIT 
methodology will be provided, with examples from data collected in the field. In the second part, I 
will investigate the prospect for an adoption of this new approach in Scandinavia, with focus on the 
monitoring of the lynx population. 
 

Questions 
I. How does FIT work in practice? 

II. What are the advantages and the limitations of FIT compared to radio-telemetry and camera 

trapping? 

III. How is lynx monitoring conducted in Scandinavia today? 

IV. What are the potential benefits and difficulties of implementing FIT for lynx in Scandinavia?  
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Methods 

Literature Review 
A major part of this work has been the reviewing of published research concerning different 
monitoring techniques used for large mammals. Primarily studies and literature dealing with the use 
of radio-transmitters and camera traps, as well as tracks, were examined. The aim was to gain an 
understanding of the advantages and disadvantages of the techniques in order to then compare and 
evaluate the FIT against these established methods. 
 
Material on FIT was primarily retrieved from WildTrack’s website (WildTrack, 2019c). Literature on 
various monitoring techniques was found through database searches in Google Scholar and Web of 
Science, using different combinations of keywords such as monitoring technique, census, tracking, 
capture, radio-telemetry, transmitter, camera trap, footprint, non-invasive and lynx. Articles not open 
for public were accessed through Gothenburg University Library’s search function ‘Supersearch’, 
which allowed me access through the University’s licence. Further, I looked for material on Zoe 
Jewell’s profile on ResearchGate, the president and co-founder of WildTrack, where I retrieved some 
supplemental information (ResearchGate, 2019). In addition to this, I was provided with a couple of 
articles I had been unable to find online, as well as some unpublished material, by Zoe Jewell (pers. 
comm). 
 
Information regarding Sweden’s monitoring practices was found on the Swedish Environmental 
Protection Agency’s website (Naturvårdsverket, 2019a). All articles listed under Viltförvaltning 
(‘Wildlife management’) concerning surveillance, monitoring and lynx were retrieved. More research 
papers and detailed information were found via Scandlynx (n.d.), the Scandinavian lynx project. 
Publications listed on the website relating specifically to monitoring or the lynx population status 
were retrieved, either directly via the link provided or through the same procedure as before. 
Furthermore, I visited the websites of Skandobs (2019) and Rovbase (2019), the report systems for 
large predators used mutually in Sweden and Norway. 
 
A number of papers subsequently used in this project were located by reviewing the reference lists of 
several research papers previously gone through, both concerning FIT methodology and monitoring 
in Sweden. The publications judged to potentially be relevant for background facts and/or discussion 
topics were retrieved. Relevance was based either on the content of the text that was referenced or 
the title of the reference containing relevant keywords. 
 

Personal Communication 
The people I chose to contact had various backgrounds and different areas of expertise, ranging from 
active researchers to authority administrators. Each communication was initiated via email and the 
different questions were sent separately to all respondents. This excludes Zoe Jewell and Larissa 
Slaney, both of whom I have been in contact with since the initial planning stages of this project and 
continuously throughout its realisation.  
 
When contacting specific researchers and other personnel (Appendix 1), I had two different 
objectives: The first was to gain additional information on subjects that I had either been unable to 
find through published literature, or information that was found too vague to include without further 
clarification. The second reason was to get their personal opinion on a subject, most notably the uses 
of FIT and lynx monitoring. The questions were formulated as open-ended, and it was up to the 
respondent to decide how detailed and how long their answer should be. When an answer was 
received that encouraged follow-up questions, such were sent. In one case it was agreed that the 
emailed questions would be best answered over the phone/Skype, after which a phone meeting was 
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scheduled. In another case, the intended respondent chose to forward the questions to a colleague, 
who subsequently responded to the original questions. 
 

Methodological Description 
A thorough explanation of the methodological basis of the FIT was required in order to achieve the 
aim of this thesis project and answer the questions posed. For the data collection and image feature 
extraction parts, I drew on my personal experience of working with FIT and cheetah tracks in the 
field, online material from WildTrack and published articles wherein the method has been described 
in detail. The same material was then used to describe the process of algorithm development. 
Detailed explanations of the different statistical analyses performed by the software are beyond the 
scope of this review and were thus not provided. For further information, see especially Alibhai et al. 
(2008) for white rhino, Jewell et al. (2016) for cheetah, and Alibhai et al. (2017) for puma. In addition, 
Jewell et al. (2016) provide a complete video description of the FIT methodology.  
 
To illustrate the process of data collection and feature extraction, image data collected on cheetahs 
in Namibia was used. This data was collected in 2016 during one of the FIT sessions I participated in. 
The photographs that are not my own are used with permission from copyright holder Larissa Slaney 
and the FIT Cheetahs research project. Permission to use the image material have also been granted 
by the N/a’an ku sê Foundation in Namibia where the images of the footprints were taken. In order 
to visualise the output of individual identification, footprint data from the original reference library 
developed for cheetah was analysed using the customised FIT script in JMP® data visualization 
software from SAS®. This was done with help from Larissa Slaney and Sky Alibhai, with whose 
permission the outputs of the analyses are included. 
 

Descriptive Statistics 
Data from seven studies describing the development of FIT for different species was investigated 
using descriptive statistics. In six of the studies FIT was used to identify individuals. Two of these 
(Alibhai et al., 2017 and Li et al., 2018) also used FIT to determine sex. One study investigated the use 
of FIT for identifying individuals, determining sex and age-class, as well as discriminating between 
footprints from closely related species (Jewell & Alibhai, 2006). The seventh study only concerned 
the use of FIT for sex determination (Gu et al., 2014). More data on FIT for other species exist, but it 
was either unavailable or decided not to be included in this evaluation because of the results having 
not yet been published (F. Kistner, pers, comm; Z. Jewell, pers. comm).  
 
A confidence interval (CI = 95%) was calculated for the proportion of correctly classified trails by the 
software for each species. The equation used follows Zar (2010) and is shown in Equation 1. Normal 
distribution of the data was assumed. In two cases, for sex determination of Puma and Amur tiger, 
footprints rather than trails were used for assessing clustering accuracy in the studies. 
 

𝑝 =  �̂�  ± 1,96 √
�̂�(1 − �̂�)

𝑛
 

Equation 1: Proportion with a 95% confidence interval assuming normality, where p̂ denotes the sample proportion and n is 
the total number of samples. 

  

https://www.jove.com/video/54034/spotting-cheetahs-identifying-individuals-by-their-footprints
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Results and Discussion 

The Methodology of FIT 
In this section the methodological basis of the Footprint Identification Technique is explained. Since 
an FIT algorithm has not yet been developed for lynx, the process is illustrated by using cheetah 
footprints and FIT values that apply to cheetahs.  
 

Data Collection 

Definitions 

Footprint: An impression of a foot left in a substrate. 
Trail: An unbroken series of footprints made by one individual. 
Track: Commonly used to describe both single footprints and trails (the term will not be used in this 

thesis in any instance where a precise definition is required).  
Library: The total collection of all trails from the footprinted animals in the reference database. 
Geometric profile: The total set of species-specific measurements taken from a footprint. 
FIT algorithm: A set of measurements extracted from the geometric profile, providing high 

discriminative power between species and between individuals. 
 

Footprinting Protocol 

Footprints are collected for the initial reference database from known individuals, usually captive 
animals of the species of interest. From the footprints of these known individuals, FIT derives a 
species-specific algorithm. For animals in captivity, the substrate can often relatively easy be 
manipulated to correspond to the substrate found in the field. For details on how preparation of 
such patches is best conducted, see for example Jewell et al. (2016) and Gu et al. (2014). 
 
The first step in footprint collection is to locate a trail on suitable substrate, where footprints of an 
animal of the species in question are outlined clearly. For the initial reference database, prints from 
only one of the animal’s feet are used. Whether front or back spoor are chosen depends on the 
species and their manner of walking. Back prints are preferred for cheetah, puma and other large 
felids, since they frequently step in their own front prints (‘registration’) when walking at a normal 
pace (Alibhai et al., 2017; pers. obs.). This is also true for large carnivores in general when moving in 
deep substrate such as snow (Aronson, 2011). For other species, such as giant panda and otters, 
front prints are often clearer (Li et al., 2018; Kistner, 2016). Sampling prints from either the left or the 
right foot have mostly been determined arbitrarily (Jewell et al., 2016; Alibhai et al., 2017). 
 
Suitable left hind (LH) prints are identified and their position along the trail highlighted, for example 
by encirclement (Jewell et al., 2016). Excess substrate in the print can be removed if needed and 
judged possible without altering the composition of the footprint (L. Slaney, pers. comm.). A metric 
scale, either two rulers or preferably one L-shaped, is placed approximately one centimetre below 
and to the left of the footprint (Figure 1). Beneath the scale an image ID slip should be placed, 
containing information on the species or animal ID (if known), the location (preferably with GPS 
coordinates), the date and name of the photographer. Each footprint and trail should be given a 
unique ID, which is also noted on the image tag. For example: 1A, 1B, 1C etc., where the number 
denotes the trail and the letter denotes the footprint in the order it was photographed. When a new 
trail with footprints made by the same animal is documented, it is called 2A, 2B etc. If the footprint is 
deeper than 1 cm in the substrate, the depth is measured and recorded on the image tag (Jewell et 
al., 2016; L. Slaney, pers. comm.; pers. obs.). 
 
When photographing the footprint, using either a digital camera or a smartphone, the lens should be 
levelled and placed approximately 20 cm directly above the footprint, avoiding parallax errors. The 
frame should be completely filled with the scale, footprint and image ID tag, with all details visible 
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(Figure 1). If the contrast provided by natural light is insufficient, artificial shade or extra light can be 
applied. However, it is important that prints are not partially shaded. Optimally, 20 good quality 
footprints should be collected from each individual animal, either from one or multiple trails (Jewell 
et al., 2016; Alibhai et al., 2017; pers. obs.). 
 

 

Figure 1: Footprint collection. A good quality left hind (LH) cheetah footprint in sand substrate, photographed according to 
the standardised protocol described above, with the details of the print, the metric scale and the image ID tag clearly visible 
(A). The first ruler is carefully being placed approximately one centimetre beneath the encircled footprint, in alignment with 
the two outermost toes (B). Documentation of the footprint can either be done using a digital camera or a smartphone, with 
the lens pointing directly overhead the footprint (C). 

 

Feature Extraction 
The FIT sits as an add-in to the JMP® data visualization software from SAS® (Jewell et al., 2016). 
Footprint images are imported one at a time into the ‘Image Feature Extraction’ application window. 
The photo is resized and then rotated horizontally by placing markers at the lowest points of the 
outer toes (Figure 2A), which standardises the rotation. Two scale points are identified on the ruler, 
and a substrate depth correction can be added if necessary – first and foremost when working with 
snow prints, where the depth of the substrate can have a major impact (S. Alibhai, pers. comm.). 
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Twenty-five landmark points (Figure 2B) are then placed manually with assistance from a crosshairs 
template (Jewell et al., 2016; pers. obs.). The points should be clearly definable anatomically, in order 
for positioning to be repeatable, and marked sequentially. Fifteen additional landmark points are 
derived by the software (Figure 2B). All the information from the image ID slip can be entered into 
the assigned areas in the image feature extraction window at this point, alternatively in the data 
table later (S. Alibhai, pers. comm.). The complete number of distance, angle and area variables 
calculated from the points by the software, as well as the coordinates for all landmark points, are 
exported to a data table in JMP®. The geometric profile for a cheetah consists of 136 such 
measurements (landmark coordinates not included). 
 

 

Figure 2: The ‘Image Feature Extraction’ window of the FIT add-in to JMP® is shown. An imported footprint image is rotated 
horizontally by having markers placed at the lowest points of the outermost toes (toes 2 and 5), guided by the green cross-
hairs (A). Twenty-five landmark points (black dots with red circles) are manually placed at defined anatomical points (B), as 
are shown in the template to the far left in the figure. Two of these points are the scale points. The software then derives 
fifteen additional landmark points (yellow dots in image B). As can be seen in both image A and image B, the information 
from the image ID tag has been entered in the assigned fields of the window.  

These steps are completed for each footprint image, resulting in one row of measurements in the 
data table for every footprint (S. Alibhai, pers. comm; pers. obs.). When all footprints in the initial 
reference library have been processed, all rows in the data table are copied to generate a ‘Reference 
Centroid Value’ (RCV). 
 

Algorithm Development 

Data Analysis 

To produce the algorithm trails from the initial reference library of known individuals are classified by 
cross-validated pairwise comparison using discriminant analysis (Jewell et al., 2016). This is 
conducted in the ‘Pairwise Data Analysis’ application window. The likelihood of a pair of trails 
belonging to the same individual or two different individuals is determined by a classifier that is 
based on Fisher’s canonical variates, which generates centroid plots. Footprint measurements that 
provide high discriminative power between individuals are selected according to their F-ratios 
through a forward stepwise regression. From these measurements, the first two canonical variates 
are constructed to map pairs of trails in a centroid two-dimensional space (Alibhai et al., 2017; Li et 
al., 2018), as can be seen in Figure 3. 
 
When two trails are compared, centroid values (multivariate least-square means) with 95% 
confidence interval (CI) ellipses are plotted for each trail (Figure 3). The presence or absence of 
overlap between these ellipses is used as a classifier: for self-trails, the ellipses are likely to overlap; 
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for non-self trails, they are not (Jewell et al., 2016). The pairwise comparison is performed in the 
presence of the RCV value, which is based on the all the measurements from the initial reference 
library (S. Alibhai, pers. comm.). The RCV acts as a reference point in the canonical space, stabilising 
the location of the test groups with regard to each other during a pairwise comparison. A 
mathematical explanation for this can be found in the appendix of Jewell et al. (2001). 
 

 
Figure 3: The outcome of a pair-wise comparison between two trails from two different cheetahs (‘Hutch A’ and ‘Aisha A’) is 
shown in a canonical plot (A). The first two canonical variates make up the biplot axes. There is no overlap between the 95% 
CI ellipses (green for Hutch and red for Aisha), suggesting that the trails do not come from the same individual. When two 
trails from the same individual (‘Hutch A’ and ‘Hutch B’) were analysed (B), the ellipses overlap, suggesting that the two 
trails were made by the same cheetah. Each pair-wise comparison is performed in the presence of the Reference Centroid 
Value (RCV), which can be discerned in the middle of the trail cluster in both image A and image B. Each dot in the cluster 
represent one trail of an animal in the original reference database. Red dots represent trails from females and blue dots 
represent trails from males. 

Each pair combination of trails (the ‘test set’) is tested against the rest of the trails in the reference 
library (which constitute the ‘training set’). A table displaying the pairwise comparisons of trails is 
generated, and two outputs are produced: An assigned self/non-self table, describing the 
classification distance between each pair of trails, and a classification matrix window. The result can 
then be visualised as a Ward’s cluster dendrogram (Figure 4), illustrating the classification of trails 
colour-coded (Jewell et al., 2016). 
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The matrix window shows the variables (footprint measurements) used for each comparison, the 
contour probability (the confidence interval of the centroid value), and the distance threshold value 
(or Ward’s distance, which determines the cut-off values for the clusters). These three entities are 
adjustable, and together they determine the accuracy of classification. When the highest 
classification accuracy for the known individuals in the training set is consistently obtained – the final 
algorithm has been identified (Jewell et al., 2016; Alibhai et al., 2017). 
 

 
Figure 4: The output of an FIT analysis for individual classification illustrated as a cluster dendrogram. Trails from five 
cheetahs (Aiko, Aisha, Hutch, Ayla and Kinky) were analysed and classified correctly as five different individuals, as indicated 
by the colour-coded division of the separate trails. The relationship between the trails is based on the Ward’s distance 
between each two trails compared. No trails were misclassified, giving a clustering accuracy for correct trail placement of 
100% in this analysis.  

Algorithm Validation 

Holdback trials are performed for algorithm validation. Individuals in the dataset are randomly 
apportioned into test and training sets, with the identity of the individuals in the test set hidden. For 
cheetahs, the interval size used for sequential partitioning of the dataset is four. The number of 
unique individuals in the test set will be predicted by the pairwise analysis. The process is iterated 
ten times, each with four random individuals composing the test set, after which a predicted mean 
value of the test set size is calculated. Subsequently, the process is repeated with eight individuals in 
the test set, then twelve etc.; for each test size running ten iterations as well as calculating a mean 
predicted value. Plotting the actual test size against the mean predicted value and the predicted 
number of individuals for each iteration, gives an indication of the FIT analysis accuracy (Jewell et al., 
2016). 
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Footprint Classification 

Individual Identification 

In a broad sense, there are two different scenarios of footprint classification that FIT analyses 
address: Firstly, footprints from unknown individuals are sampled and the identities of these 
individuals have to be established (as would typically be the case in a censusing scenario); and 
secondly, footprint observations need to be assigned to one of the individuals in a pool of known 
animals (which could be the case in monitoring). 
 
Every known individual is represented by a set of footprints in the software database. When an 
unknown trail is to be identified, the customised model with the optimised algorithm sequentially 
compares pairs of trails. A two-dimensional canonical plot with the first two canonical variates for 
the present data is produced. For each of the two trails being compared, a centroid with a 95% CI 
ellipse is plotted, together with the RCV value (as seen in Figure 3). If the unknown trail is found to 
overlap the ellipse of one of the trails it is being compared to, the identity of that trail is assigned to 
the unknown trail. If the analysis results in no overlaps between ellipses, the trail remains 
unclassified or can be assigned the identity of a new animal and be added to the database (Alibhai et 
al., 2008). The final output of individual identification, as described in Data analysis, is a Ward’s 
cluster dendrogram (as seen in Figure 4). Individuals predicted to be the same are colour-coded and 
clustered together. A total number of individuals is predicted and the relationship between trails 
illustrated (Jewell et al., 2016; Li et al., 2018). 
 

Sex, Age-class and Species Determination 

Standard linear discriminant analysis (LDA) is used for classifying footprints on the level of species, 
sex and age-class (Gu et al., 2014; Alibhai et al., 2017; Li et al., 2018). In these cases, the individual 
must fit into one of the categories on offer. For example either male or female; species A or species 
B. This would not be possible for individual classification, since the ‘answer’ might be that it is a new 
individual that cannot be found in the species library (Z. Jewell, pers. comm.).  
 
Stepwise selection of the variables with highest discriminating power based on their F-ratios for the 
category in question is performed. The asymptote of number of variables providing effective 
category discrimination is established through plotting the predicted level of classification accuracy 
against the number of variables included. Validation of the discrimination accuracy is conducted 
using holdout methods, such as Jackknifing and partitioning (Gu et al., 2014; Alilbhai et al., 2017), or 
k-fold cross validation (Li et al., 2018). An algorithm consisting of the best discriminating variables is 
generated. The analysis output can be visualised in the form of a centroid plot, where the included 
trails are mapped.  
 
Sex classification could utilise either trails or individual footprints for analysis. This depends on the 
level of accuracy: when there is marked sexual dimorphism in foot shape and size for a species, 
individual footprints can be used. If the level of accuracy is lower, trails (with several footprints) are 
used (S. Alibhai, pers. comm.). 
 

Method Evaluation 

Accuracy of FIT 
FIT has been reported to be able to identify and distinguish between different individuals of a species 
with high accuracy based solely on images of their footprints (Alibhai et al., 2008; Kistner, 2016; 
Jewell et al., 2016; Moreira et al., 2018). This also includes differentiating between sex (Gu et al., 
2014; Li et al., 2018), age-class and footprints left by individuals of closely related species (Alibhai & 
Jewell, 2006; Alibhai et al., 2008). The descriptive statistics used to investigate data on some of the 
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different species that FIT has been developed for suggest that this statement, concerning individual 
and sex identification, is valid. 
 
For individual identification (Table 1) all species except giant panda had a clustering accuracy 
(‘Match’, proportion correctly classified trails) above 90 percent. Including a 95% confidence interval 
(CI) this accuracy was in all cases above 80 percent, with a mean of 95,3 percent for all species. Black 
rhino and giant panda had the largest proportion variance; 93,3 ± 8,95% and 89,6 ± 7,3% 
respectively. For black rhino, this could possibly be derived from the small sample size; both the 
number of footprints and the number of trails, as well as the number of animals these came from, 
are lower than corresponding numbers for the other species investigated. Sexual dimorphism in the 
giant panda is very low (Li et al., 2018), which could be a contributing factor for why individual 
identification sometimes failed. 
 
Table 1. FIT Clustering Accuracy: Individual Identification. Summary statistics on the use of FIT for 
individual identification of six different species of animals.  

Species Individuals, n (F:M) Prints, n (F:M) Trails, n Match (± 95% CI) 

Puma 35 (19:16) 535 (300:235) 77 96,1 (4,32) 

Cheetah 38 (16:22) 781 (386:395) 110 99 (1,86) 

White Rhino 40 1276 159 97 (2,65) 

Black Rhino 15 290 30 93,3 (8,95) 

Lowland Tapir 28 (15:13) 362 63 97 (4,21) 

Giant Panda 30 (16:14) 477 (273:204) 67 89,6 (7,3) 

Mean 31 620 84 95,3 
The number of individual animals from whom footprints were collected with sex ratio in brackets, the total number of 
footprints and the total number of trails used for analysis in the studies are shown. Match shows the proportion of correctly 
classified trails by the software in percent, with a calculated 95% confidence interval (CI). 

Sex determination (Table 2) in the studies examined was conducted using linear discriminant analysis 
(LDA) and validated through hold-out methods or cross-validation. For puma and Amur tiger the 
proportion of correctly classified footprints was above 96 percent (with 95% CI included). The 
proportion of matched trails for sex determination in giant panda varied between 97,3% and 84,7% 
(with 95% CI). This corresponds quite well to the proportion of correctly classified trails for individual 
identification of giant panda, which varied between 96,9% and 82,3%, giving some support for the 
notion that the variance could be due to the low sexual dimorphism in pandas. 
 
The data on lowland tapir was retrieved from a preliminary report of the development of FIT for the 
species (Jewell & Alibhai, 2006). While the proportion of correctly classified trails for individual 
identification was high (Table 1: 97 ± 4,21%), the accuracy of sex determination was lower and had 
higher variance (77 ± 10,4%). The sex determination was conducted using a different method, 
compared to the other studies included, and no validation trial was reported. The other studies 
included are more recent; the method used for determination of sex has since the preliminary tapir 
study been improved and succeeding studies have also been published. Thus, the calculated mean 
for proportion of correct sex determination in Table 2, where the data on lowland tapir is included, 
does not give an authentic view of the accuracy of FIT for sex determination. 
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Table 2. FIT Discriminant Analysis: Sex Determination. Summary statistics on the use of FIT for sex 
determination in four different species of animals.  

Species Individuals, n (F:M) Prints, n (F:M) Trails, n Match (± 95% CI)  

Puma 35 (19:16) 535 (300:235) 77 99* (0,84) 

Amur Tiger 40 (19:21) 523 (277:246) - 97,5* (1,34) 

Lowland Tapir 28 (15:13) 362 63 77 (10,40) 

Giant Panda 40 (21:20) - 79 91 (6,31) 

Mean 32 473 73 91,1 
The number of individual animals from whom footprints were collected with sex ratio in brackets, the total number of 
footprints and the total number of trails used for analysis in the studies are shown. A minus sign denotes when sought 
information was unavailable in the studies. Match shows the proportion of correctly classified trails by the software in 
percent, with a calculated 95% confidence interval (CI). 
* For Puma and Amur Tiger footprints were used in the analysis instead of trails. 

Central to the accuracy of the output is the placement of the initial landmark points on the footprint 
images in the software. This is at present done manually and until an automation of this process is 
developed (see Future Prospects), it is recommended that one operator is responsible for the 
landmark positioning work at each field site to reduce bias (Jewell et al., 2016). 
 

Applicability 

Radio-Telemetry 

Before the 1960s, the ability to monitor elusive species was very restricted. The introduction of 
radio-telemetry allowed researchers to gain insight into many aspects of animal biology previously 
unexplored (Gese, 2001; Fuller & Fuller, 2012). Radio-telemetry in wildlife studies has mainly been 
conducted using VHF (Very High Frequency), but GPS/satellite systems (at Ultra High Frequencies, 
UHF) are becoming increasingly popular. Transmitters can differ in pulse (signal repeat) rate, signal 
strength, operative duration and unit weight and composition – all things that must be considered in 
the early-planning stage of an intended study (Fuller & Fuller, 2012). 
 
Individuals carrying radio-transmitters produce data on distribution and home range size, which in 
turn can be used to estimate population density. Data from radio-marked animals can further give 
information on survival and fecundity, as well as on social behaviour, physiology and predator-prey 
interrelationships (Murray & Fuller, 2000; Fuller & Fuller, 2012). The transmitter itself is also a form 
of marking, which can allow for individual identification in methods such as mark-recapture (Gese, 
2001; O’Brien, 2011). Some information that can be gathered by the use of VHF or GPS/satellite 
transmitters is today unfeasible to obtain by other means. First and foremost, this includes real-time 
data of an individual’s whereabouts (Jewell et al., 2001) In order for an animal to be fitted with a 
transmitter, either externally mounted on a collar or inserted internally, the individual must first be 
located and captured. For large mammals and many carnivores, this procedure generally requires 
anaesthesia (Fuller & Fuller, 2012; Jewell, 2013).  
 
The main trade-offs with battery-powered telemetry are the units’ operational life and signal power 
(Fuller & Fuller, 2012). Stronger batteries entail longer lifespan but are also larger and weigh more – 
increasing the load imposed on the animal, which could have adverse effects. To enhance 
operational life many telemetry units have a ‘duty cycle’, during which it transmits signals and then 
transmissions are turned off. These intervals can determine when an animal can be tracked in-situ 
and when positions are sent to a receiver (Fuller & Fuller, 2012; pers. obs.). This is important to 
consider, since data can be biased if, for example, a collar only transmits during daytime and the 
study species is predominantly nocturnal (Jewell, 2013), or if positions are sent only once every 
second day when an animal could have moved several miles during a single night.  
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Camera Trapping 

Camera traps (CTs) are becoming an increasingly common tool for researchers and other wildlife 
managers to use in different forms of monitoring (Silveira et al., 2003; Rowcliffe & Carbone, 2008; 
Newey et al., 2015). The spectrum of uses for CTs is wide; from documenting presence of a species to 
assessing the status and dynamics of populations, and it has undergone a substantial evolution over 
the years (Kucera & Barrett, 2011; Nichols et al., 2011).  
 
Camera ‘trapping’ relies on fixed cameras being remotely triggered by movement in front of the 
camera registered by infra-red (IR) sensors (Rowcliffe et al., 2008). Passive IR-systems, when sensors 
detect the heat difference between a passing animal and the background, are more common than 
active systems (Kelly et al., 2012), which are tripped when an IR beam stretching between two units 
gets breached by an animal. There are also other forms of CT-systems, for example non-triggered 
systems that record images at pre-determined intervals, and mechanical systems that include 
pressure pads (Gese, 2001; Swann et al., 2011). For night footage some CT models use flash, either 
white or infrared (Kelly et al., 2012).  
 
Large quantities of data can be collected with relatively low effort and the environmental requisites 
for CTs are modest. Camera trapping is also a suitable method for monitoring cryptic or elusive 
species in remote areas that are otherwise hard to locate (Silveira, 2003), and hold great potential for 
large-scale distribution or habitat-use studies (Kelly et al., 2012). However, the range of remote 
cameras is limited (Jewell et al., 2016) and there are no standardized procedures for censusing or 
documenting species presence using camera traps (Kelly et al., 2012). There are also several practical 
aspects of camera trap deployment, operation and data management that could potentially 
jeopardise data quality and quantity, as thoroughly reviewed and presented in Swann et al. (2011) 
and in Newey et al. (2015). 
 
The most well-established method of estimating species abundance with camera traps is to use 
capture-recapture (CR) models. The statistical basis is the same as for more classic mark-recapture 
methods and share the same assumptions, such as equal detectability of all individuals, but 
eliminates the need for animals to be physically captured (Greenwood & Robinson, 2006b). When an 
individual passes a camera trap the first time it is ‘captured’ and can subsequently get ‘recaptured’ 
by the camera if it returns. These methods are dependent on individual recognition of animals 
(Karanth & Nichols, 1998), but see Rowcliffe et al. (2008), and accuracy of identification is critical 
(Greenwood & Robinson, 2006b).  
 
Visual recognition by way of individual markings is possible for many large mammal species. The use 
of natural markers for identification is desirable over artificial ones, such as tagging or collaring 
(Murray & Fuller, 2000). While some species can be identified on individual level based on their coat 
patterns (Karanth et al., 2006; Krebs, 2006; Law et al., 2013), not all species have sufficiently distinct 
natural markings – making identification in the field or on camera trap photos difficult (Herzog et al. 
2007; Pimm et al., 2015; Alibhai et al., 2017). The subjectivity of manual pattern recognition is also a 
potential issue for reliability (Alibhai et al., 2008; Law et al., 2013; H. Andrén, pers. comm) and great 
care must be taken to not confuse similar individuals (Krebs, 2006). 
 
Censusing of large carnivores based on capture-recapture (CR) using camera trap images have 
suffered from low precision, especially in areas with low species density as discussed by Sharma et al. 
(2005). However, in restricted habitats where animal movement routes are predictable, relatively 
accurate estimates of abundance may be obtained from trail cameras (Karanth & Nichols, 1998; 
Heilbrun et al., 2006). 
 
In a Brazilian study on jaguars (Panthera onca) camera traps were used in combination with GPS 
radio-telemetry to estimate population density. The study reported that the area-use reflected by 
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the CTs highly underrepresented the true home range, obtained from telemetry data, when the 
sampling period was short (Soisalo & Cavalcanti, 2006). It is necessary to estimate the area actually 
sampled by camera traps if density estimates are to be obtained from a capture-recapture based CT-
survey. Methods such as the MMDM (mean of the maximum distance moved between captures) 
approach have been used, but also shown to potentially overestimate densities (Soisalo & Cavalcanti, 
2006). This problem is regarded by Karanth et al. (2011) as a weak link in using CTs for density 
estimates. 
 

FIT: Potential and Restrictions 

Identification of footprints is complex at multiple levels (Jewell & Alibhai, 2012; Law et al., 2013): The 
footprint anatomy of every species is unique, the foot of every individual is unique, and each 
individual footprint made by the same foot is unique because it is influenced by a range of factors 
such as the substrate, weather conditions, the pace of the animal walking (Grigione et al., 1999; 
Alibhai & Jewell, 2008; Aronson, 2011; Li et al., 2018). For FIT to work, the complexity and stability of 
the targeted species’ footprint must be sufficient (Alibhai et al., 2008). Consequently, FIT will not 
work for all species. In addition the habitat of the species might not be suitable for maintaining 
footprints (Sharma et al., 2005; Alibhai et al., 2008; Law et al., 2013).  
 
Previous attempts at identifying individual animals by their footprints objectively using 
morphometric measurements have had varying success (Riordan, 1998; Smallwood & Fitzhugh, 1998; 
Grigione et al., 1999; Sharma et al., 2005). Characterised by small sample sizes and lacking validity in 
the processes of data collection and analysis, their potential for broad scale use in the field was 
limited (Jewell et al., 2016; Alibhai et al., 2017). The method reported in Jewell et al. (2001) was, to 
the authors’ knowledge, the first spoor technique able to classify in-situ collected spoor with good 
accuracy, and that can be applied for both monitoring and census purposes. A species-specific 
algorithm, the discriminating set of footprint measurements, must be developed when FIT is adapted 
for a novel species. Once validated, the algorithm can be applied to free-ranging populations (Alibhai 
et al., 2008).  
 
Probably the most decisive factor for the applicability of FIT, apart from a species’ footprint 
complexity, is the environment. Footprints need to be practically possible to locate in enough extent 
and the substrate must be sufficiently able to retain them (Jewell et al., 2016; Alibhai et al., 2017; F. 
Kistner, pers. comm). While the collection of footprints for FIT itself is standardized and straight 
forward, an observer must also be able to follow a track in order to collect enough prints for analysis, 
as well as differentiate between the impressions made by the different feet (left and right, front and 
back paws). From a study on free-roaming cheetahs in Namibia, Laity (2015) report that the overall 
lower quality of prints found in the field, compared to those obtained in controlled environments, is 
likely to reduce the accuracy of FIT. In order to improve accuracy, it is important to use high-quality 
prints and to collect as many footprints from a trail as possible. Long trails can then be separated into 
shorter sub-trails for the analysis (Laity, 2015). 
 
Currently, the full unobscured outline of a footprint is required for FIT analysis, naturally making it 
highly substrate-sensitive (Li et al., 2018). To provide consistency when developing a new species 
algorithm, prints on a single type of substrate are used – preferably the same substrate as 
subsequent work is expected to be conducted with in the field. The algorithm can then be adapted to 
additional substrate types if needed (Z. Jewell, pers. comm.). This has been done for giant panda with 
sand and snow substrate (Li et al., 2018) and the use of snow prints is currently being examined for 
puma (Alibhai et al., 2017). 
 
Another practical limitation of FIT is that footprints change over time. It is unknown whether or not 
the relationship between different footprint measurements is maintained when a subadult is 
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growing up. If the software would be able to recognize and correctly identify such individuals’ 
footprints remains untested (Z. Jewell, pers. comm.). There are also some indications of adult 
individuals’ footprints changing (Alibhai et al. 2008; Jewell & Alibhai, 2006). However, these changes 
seem to be taken into account if footprints are sampled continuously. If the study objective does not 
depend on unique footprints being linked to specific individuals, which could be the case for a 
population census, the growth factor does not present a problem (Z. Jewell, pers. comm).  
 
FIT enables mark-recapture methods to be used with footprints (Jewell et al., 2016). Rather than a 
subjective comparison of measurements or images, identification is based on cross-validated 
statistical analysis performed by a customised JMP® software model (Alibhai et al., 2017; SAS, 2019). 
Footprints are also, where the substrate permits, left by animals continuously throughout both day 
and night (Jewell et al., 2001). The tracks can give valuable information on the animals whereabouts 
and movements, while not being dependent on transmitter activity or an opportunistically placed 
camera trap. 
 

Costs 
Many techniques used for monitoring are costly. Radio-telemetry are among the more expensive 
ones (Murray & Fuller, 2000). Expenses for transmitters, antennas and receivers, along with labour 
and transportation costs for locating, catching and potentially anaesthetise the target animal, must 
be covered. In addition, there can be charges for obtaining and processing the satellite data (Fuller & 
Fuller, 2012; Pimm et al., 2015). Surveillance using VHF or GPS/satellite telemetry can in itself be 
both time consuming and expensive, even more so if routine checks are performed by aircraft (Pimm 
et al., 2015). Transmitters have a limited life-span and if monitoring of the marked individual is to 
continue, the equipment must be replaced. For long-time studies, this might be necessary several 
times, perhaps even on a yearly basis (Alibhai et al., 2001). 
 
Camera-trapping is a relatively expensive methodology, both in terms of monetary costs and effort 
(Nichols et al., 2011; Kelly et al., 2012). Although equipment costs have been reduced, the difference 
in pricing between different brands and models can be substantial. Not rarely does this result in the 
use of cameras less suited for the study objective or the environmental conditions (Karanth et al., 
2001; Newey et al., 2015). A large number of devices are needed for camera trap surveys to be 
efficient over large areas (Karanth et al., 2006, 2011). Cameras are also vulnerable to theft (Sharma 
et al., 2015) and destruction by natural causes, including animals (Karanth & Nichols, 1998; pers. 
obs.). 
 
Tracks on suitable substrates are ubiquitous and inexpensive to collect, since no advanced 
technology or tools are required (Alibhai et al., 2008; Jewell et al., 2016). The FIT software sits as an 
add-in to JMP® statistical analysis software and can be made available free of charge through 
WildTrack (Li et al., 2018; Moreira et al., 2018). 
 
One of the perhaps biggest challenges facing monitoring programmes relying on extensive collection 
of images is the substantial amount of required data processing. This is true for camera-trapping 
(Kelly et al., 2012) and is also relevant for FIT. For the most part, sorting through camera trap data 
still needs to be carried out manually, often with the help of volunteers and citizen-scientists (Pimm 
et al., 2015; pers. obs.). The image feature extraction in the FIT software can take some time, since 
the initial landmark points must be placed manually for each footprint image (Alibhai et al., 2017; F. 
Kistner, pers. comm). Emerging technologies, such as artificial intelligence (AI) and machine learning, 
are likely to help tackle these challenges in the near future (Pimm et al., 2015). This topic will be 
further addressed under Future Prospects. 
 



20 

 

Ethics and Data Quality 
Not least in the context of current rates of global biodiversity loss, it is of crucial importance that the 
data generated by monitoring programmes are reliable (Jewell, 2013). Studies rarely address how the 
employed monitoring techniques may affect the outcome and quality of the collected data. Repeated 
disturbance or the markers themselves can influence the behaviour or physical condition of the study 
animals. If these effects remain undetected or unaddressed, it may bias results and have direct 
implications for management actions (Murray & Fuller, 2000). 
 
Many invasive monitoring techniques can have direct negative consequences for the species that the 
management aims to protect (Greenwood & Robinson, 2006b). Nonetheless, the assumption that 
artificial marking does not affect animals characterises many studies relying on such methods. This 
assumption is critical, since otherwise the data collected from marked animals could not readily be 
applied to the rest of the population or the species in general. For most marker types rigorous testing 
of effects are lacking. Furthermore, effects are often species specific and may only be exhibited 
under certain conditions (Murray & Fuller, 2000; Reeder & Kramer, 2005).  
 
Stress in different forms is more or less unavoidable when free-ranging animals are captured and/or 
handled. It can be caused by getting restrained or chased, triggering an acute stress response 
(Reeder & Kramer, 2005), and can affect animal immunity. The attachment of a marker could amount 
in physical injury, disrupt social hierarchy, and be a liability both for a predator when hunting and a 
prey trying to stay hidden (Jewell, 2013). Anaesthesia is generally required when large mammals and 
carnivores are captured and is never completely free of risk. Increased mortality risk may result from 
the chemical immobilisation itself, be a direct or indirect consequence of capture (Arnemo et al., 
2006), or be related to the marker (Léchenne et al., 2012). Repeated immobilization of an animal, for 
instance when a transmitter needs to be replaced, can also result in increased mortality or have 
negative effect on fertility (Alibhai et al., 2001; Jewell, 2013). 
 
Rather than being classified as ‘non-invasive’, some techniques traditionally described as such would 
perhaps be better named ‘less invasive’ (Kelly et al., 2012). Usually non-invasive approaches presume 
that the targeted animals are unaffected by the data collection – but the true impacts of monitoring 
are rarely known. If monitoring tools induce altered behaviour in the study species, the techniques 
used cannot be considered non-intrusive (MacKay et al., 2008; Meek et al., 2014). Removal of scat 
for genetic sampling might for example affect animal marking behaviour (Kelly et al., 2008). Recent 
evidence from around the word point to behavioural changes in animals in the presence of camera 
traps. CTs may be detected through visual, auditory and/or olfactory cues, and observational studies 
show strong signs of associative learning following device exposure (Meek et al., 2014), sometimes 
leading to direct avoidance or ‘trap-shyness’ by animals (Wegge et al., 2004). 
 
If the objective of a study is to detect presence only, it might not be important whether or not the 
camera trap is detected by the animals. However, if the probability of detection is biased by an 
individual’s avoidance of a camera surveyed location for a study where this is imperative, as in mark-
recapture or frequency of occurrence studies, this can present a problem (Meek et al., 2014). 
Collection of footprints, on the other hand, needs only be as invasive as the presence of the people 
collecting them. Only photographs are taken, and only footprints remain.  
 

Lynx Methodology in Scandinavia 

Monitoring Techniques 
Research studies on lynx in Scandinavia report the use of several different techniques for monitoring 
(Arnemo et al., 1999; Linnell et al., 2001; Andrén et al., 2002). Principal among these has been the 
use of radio-telemetry (Andrén & Lidberg, 2008). Lynx are captured and equipped with radio-collars 
often through a combination of different methods. These include foot snaring, box-trapping, treeing 
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with trained dogs and darting from helicopter (Linnell et al., 2001, 2007b; Andrén & Lidberg, 2008; 
Gervasi et al., 2013). Intraperitoneal radio-transmitters have also been used in lynx studies in 
Scandinavia (Léchenne et al., 2011). Newborn lynx kittens were located in their dens, induced with 
anaesthesia, and implantation of transmitters into their peritoneal cavity was performed in the field 
using standard surgical procedures (Arnemo et al., 1999). The radio-collared lynx in the Scandinavian 
Lynx Project (Scandlynx) were routinely located mainly by aircraft, with different intensity depending 
on the current project objective. Over 200 individual lynx have been radio-collared during the length 
of the project, from its initiation in 1994 until 2008 (Andrén & Lidberg, 2008). The active work with 
radio-telemetry is currently reduced (Odden, 2019). 
 

Population Census 

Field Methodology 

Censusing of the lynx population in Sweden and Norway is conducted during the winter months, 
from 1st of October to 28th of February. Since 2013/2014, the two countries have joint guidelines and 
instructions for lynx population monitoring (Gervasi et al., 2013; Tovmo & Zetterberg, 2018). The 
number of family groups is used as an index for estimates of the total lynx population size. 
Consequently, adult females with dependent kittens are the primary focus of monitoring efforts. 
Total population size estimates, extrapolated from the performed censuses, are produced every year 
for both countries (Andrén et al., 2002; Naturvårdsverket, 2014a; Naturvårdsverket, 2018a). The 
extrapolation factors used differ between eco-regions and are based on reproduction and survival 
data from radio-collared lynx (Andrén et al., 2002). From a global perspective, the ambition to 
conduct such large-scale surveys for lynx on a yearly basis is unique (H. Andrén, pers. comm). 
 
One of the main census techniques for lynx is called ‘snoking’ and is used in Norway and throughout 
the northern part of Sweden; both inside and outside of the reindeer husbandry area (Andrén et al., 
2002; Lidberg et al., 2008). It is not a strictly defined method and is based on unreplicated, more or 
less systematised searches for signs (most notably tracks) in the terrain. Surveys can be conducted on 
foot, by skis, snow scooter or car. The transects should be located where the chances of detecting 
tracks are high, for example along forest roads or game trails (Naturvårdsverket & Rovdata, 2013a). 
 
Another method, that has been used regularly in central and southern Sweden since 1993, is large-
scale ground-based snow tracking known as ‘områdesinventering’. A coherent area with high lynx 
density is divided into transects, which are intensively searched for lynx tracks simultaneously across 
the whole area (Naturvårdsverket, 2013b). This requires a lot of effort in terms of resources, 
manpower, communication and tracking skill (Lidberg et al., 2008). The censusing is carried out two 
days after fresh snowfall when the weather is reported to remain stable for a couple of days 
afterward. Tracking is dependent on suitable snow conditions (Aronson, 2011). Two days after fresh 
snowfall has been judged optimal in order to maximise the chances of finding tracks of all lynx 
present in the area being searched, while still being sufficiently clear to identify and follow (Lidberg & 
Andrén, 2006; Naturvårdsverket & Rovdata, 2014a). 
 
A different version of this method, called ‘rullande inventering’, is used in Norway and other parts of 
Sweden where there is continuous snow cover for longer periods of time. Field personnel advance 
systematically through the landscape, searching for lynx tracks in one area at a time. Fewer resources 
are needed since the census takes place over multiple days or weeks, depending on the weather 
conditions (Naturvårdsverket & Rovdata, 2013c). 
 

Distinguishing of Family Groups 

Having reliable ways to distinguish between tracks made by different family groups is essential for all 
of the employed techniques. Two different approaches are primarily used for separation of trails 
directly in the field: backtracking and ringing (Naturvårdsverket & Rovdata, 2013d). Backtracking 
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entails following a lynx track backwards (opposite of the direction of walking) until snow from the 
last snowfall can be confirmed in the track (Lidberg & Andrén, 2006; Lidberg et al., 2008). The goal is 
to determine the location of the lynx at the time of the last snowfall: If two observed tracks are from 
the same lynx, they will coalesce before this point; If two tracks are from different lynx they will not. 
The method is mainly used during ‘områdesinventering’ and ‘rullande inventering’ (Naturvårdsverket 
& Rovdata, 2013d). Ringing, on the contrary, aims to decide the location of different lynx in real-time. 
An ‘in-track’ to an area where one lynx is expected to be is identified and then widely encircled to 
confirm that no ‘out-track’ or other in-tracks can be found. The following days the same encircling 
route is followed until an out-track is observed. In order to differentiate between observations, this 
procedure is carried out for all different lynx suspected to be present in an area simultaneously 
(Naturvårdsverket & Rovdata, 2013d). 
 
Distance criteria are used when separation of different lynx observations is not possible in the field 
or when otherwise judged appropriate (Linnell et al., 2007b; Gervasi et al., 2013; Naturvårdsverket & 
Rovdata, 2013d, 2013e, 2014a). Observations of family groups are separated on the basis that the 
distance between them is great enough that the tracks are unlikely to be derived from the same 
group. The first formalised distance rules used in Scandinavia were based on home range data from 
radio-collared female lynx (Linnell et al., 2007b). These were later re-evaluated by Gervasi et al. 
(2013). Since lynx movement patterns vary greatly between various regions of Scandinavia, different 
distance criteria are used for different eco-regions. The new distance criteria are based on maximum 
travelled distances, averting the risk of overestimating lynx numbers (Gervasi et al., 2013). 
 

Documentation 

All observations (including tracks, photographs, dead animals and directs sightings) of family groups 
must be documented and validated during the censusing season to be included in the final 
population estimate (Naturvårdsverket, 2018a; Tovmo & Zetterberg, 2018). In Scandinavia the most 
common lynx ‘observation’ is tracks in snow (Linnell et al., 2007b). The contribution of recorded lynx 
observations from the general public, both through sightings directly reported to the authorities and 
registrations in Skandobs, is important (Naturvårdsverket & Rovdata, 2014a, 2014b; Tovmo & 
Zetterberg, 2018; J. Frank, pers. comm.). These reports can then be checked and confirmed by 
county administrative board personnel (in Sweden) or State Nature Inspectorate (SNO) personnel (in 
Norway). When observations have been verified and documented according to instructions they are 
registered in Rovbase (Naturvårdsverket, 2018a; Tovmo & Zetterberg, 2018). 
 

Additional Methods 
While being an established method for monitoring of lynx in central Europe and several other large 
felids (Odden, 2017), the use of camera traps in Scandinavia is relatively new and undeveloped. The 
use of cameras for wildlife monitoring and other practices in general were restricted under the old 
Swedish camera-surveillance law (SFS 2013:406). This law was abrogated in 2018 and replaced with a 
new (SFS 2018:1200), which conveys that private use of cameras on private property no longer 
requires permission (Naturvårdsverket, 2019b). This opens up the possibility for an enlarged 
contribution of image data from the general public (J. Andersson, pers. comm). Permits for camera 
monitoring are still required for administrative authorities (Naturvårdsverket, 2018b). Camera trap 
monitoring has sometimes functioned as a complement to other techniques or been resorted to in 
areas where lack of snow impede monitoring by traditional ways (Naturvårdsverket, 2018a; H. 
Andrén, pers. comm.).  
 
Collecting DNA from wild lynx is difficult, but it has been attempted in various ways over the years. 
Current research within the Scandlynx project aims to map the genetic structure and kinship of lynx 
in southern Sweden, as well as to find efficient ways of extracting DNA from field samples (H. 
Andrén, pers. comm.).  
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Application of FIT to Lynx Monitoring 

Benefits of FIT 
Lynx, both Eurasian (L. lynx) and Iberian (L. pardinus), have been considered suitable for the use of 
FIT (F. Kistner, pers. comm.; Z. Jewell, pers. comm). FIT algorithms have successfully been developed 
for several other felids including puma (Alibhai et al., 2017), cheetah (Jewell et al., 2016), Amur (Gu 
et al., 2014) and Bengal tiger Panthera tigris tigris, lion P. leo, and leopard P. pardus (Z. Jewell, pers. 
comm).  
 
Considering that the lynx census in Scandinavia is largely based on yearly snow tracking during the 
winter months (Tovmo & Zetterberg, 2018), finding enough prints in the wild for FIT to be feasible 
should not present a problem. Furthermore, the snow conditions deemed suitable for censusing 
(Aronson, 2011) correspond well to the requirements for FIT to be applicable. Footprints could be 
collected during the normal census routine with little added effort and virtually no extra cost. 
Possibly with the exception of a pair of metric rulers, the tools needed for data collection (a pencil, a 
camera and a GPS unit) are already part of the equipment necessary for documenting the census 
field work (Naturvårdsverket, 2018a; personal reflection). 
 

Distinguishing of Individual Lynx 

It is of central importance that lynx tracks found in the field during surveys can be distinguished from 
each other and grouped correctly as either belonging to the same or separate individuals/family 
groups (Andrén et al., 2002; Naturvårdsverket & Rovdata, 2013d; 2014a). For this purpose, FIT could 
prove to be a valuable tool. It would be an additional way to distinguish between lynx tracks, along 
with backtracking and ringing, instead of relying on the ad-hoc use of distance criteria. 
 
Many attempts to backtrack and distinguish different trails in the field fall through (Lidberg et al., 
2008). Backtracking is the part requiring the highest level of expertise in lynx surveying. It is the 
ambition that all family groups should be backtracked until snow from the last snowfall can be found 
in the track. Even with a large survey team consisting solely of professional trackers, which is rarely 
the case, this ambition is difficult to reach. The average length backtracked during one census was 
5,7 km, varying from 0,7 km up to 16 km, and there can be many environmental obstructions along 
the way (Lidberg et al., 2008). If the data is to be included in the population census when trail 
separation in the field has failed, a distance criteria must be utilised. 
 
Despite a recent re-evaluation (Gervasi et al., 2013), distance criteria have several weaknesses and 
might be utilised too often (H. Andrén, pers. comm.) Lynx home ranges differ between individuals, 
seasons and regions in Scandinavia and movement patterns are highly irregular. Thus it is very 
difficult to apply a criteria based on data from lynx in one area to animals in another. As the distance 
rules are based on maximum-travelled distances, the risk of overestimating the number of family 
units can be considered relatively low, except in areas with very low lynx density where animals may 
expand their ranges (Gervasi et al., 2013). Underestimation, when two family groups are mistaken for 
one, is more likely to occur and especially in areas with high lynx density (Gervasi et al., 2013; Lidberg 
& Andrén, 2006). 
 
If a backtracking could not be completed, but photographs of clear footprints were taken along the 
way according to the standardised protocol, FIT could be used to distinguish between different trails. 
Trails made by family groups would still have to be separated from those made by lone individuals 
however, potentially through extensive backtracking, since tracks sometimes split and then join 
again. Another instance where FIT could be useful is when a census is performed in adjacent areas 
during different periods. In the cases when a track is found in the border area between different 
survey zones, there is no secure way of knowing if the lynx group has already been accounted for or 
if it is a different family unit. In these instances, distance criteria are used to separate the trails. 
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Applying the FIT could reduce the need to simultaneously survey extensive areas, as different tracks 
could be identified as belonging to different lynx without relying on distance rules. This could 
decrease the number of trackers required for each survey and exploit personnel more efficiently, or 
potentially improve the survey accuracy if more transects could be covered by more than one person 
(Lidberg et al., 2008). With increased monitoring accuracy, management performance could increase 
(Danell & Andrén, 2010). In addition, information about the individuals in the different family units 
could be obtained simultaneously from their footprints. 
 

Quality Control and Citizen-Science 

One important feature of the census methodology for lynx in Scandinavia is the contribution of 
sightings from the general public; ‘sightings’ most commonly being observations of spoor (Lidberg et 
al., 2007b). When someone comes across a lynx track and want to report it, they can either contact 
administrative authority personnel or register the observation in Skandobs. However, each reported 
sighting must be controlled and documented if it is to be included in the population census 
(Naturvårdsverket, 2018a; Tovmo & Zetterberg, 2018). While these reports can be very valuable (J. 
Frank, pers. comm.), a large proportion never becomes evaluated and gets rejected since they lack 
documentation and there is not enough personnel to follow up the observations. Priority is given to 
observations of family groups in areas where less data on these exist (Naturvårdsverket & Rovdata, 
2014b; J. Andersson, pers. comm.). 
 
This is the other part for which FIT has potential to make a major difference. Following the 
standardised data collection protocol for FIT is straightforward and footprints can be photographed 
using either a digital camera or a smartphone. This makes it accessible, not only to trackers and field 
biologists, but also to the general public (Alibhai et al., 2017 Li et al., 2018; F. Kistner, pers. comm.). It 
is clearly stated in the National Management Plan for lynx in Sweden (Naturvårdsverket, 2014) that 
the general public should be able to take part of and be actively involved in censuses. As the routine 
for collection of footprints for FIT is easy to apply, tracks could be collected by practically anyone 
following the instructions – also without previous training. If this method could be incorporated into 
the documentation norms, data from lynx observations all over Scandinavia could become available 
in a much larger extent and, more importantly, directly applicable in monitoring. The requirement of 
in-field validations by administrative authority personnel would decrease, as the software could 
identify both the species and the individual who made the track from photographs. 
 
This has the potential not only to free vital resources for other management tasks, but also to collect 
unprecedented amounts of population data (Jewell et al., 2016); including demographics, habitat 
use, home range and dispersal distances of lynx in Scandinavia – information that previously almost 
exclusively have been obtainable from radio-marked lynx. Hence, FIT could potentially reduce the 
extent of which lynx are being fitted with radio-transmitters, which in turn would lower the risk of 
injuries related to lynx capture or transmitter-induced mortality, as reported by Léchenne et al. 
(2011). 
 
As a consequence of the recent alteration in Swedish law regarding camera surveillance, Jens 
Andersson at the Swedish EPA expects the use of camera devices among private landowners to 
increase (pers. comm.). This could potentially provide valuable data on large predator occurrence 
and contribute to the documentation of lynx family groups in different areas. However, it is regarded 
as uncertain if using CTs to investigate presence of lynx in different areas is a cost-effective method 
(Naturvårdsverket, 2018b; H. Andrén, pers. comm.). Footprints on the other hand, for reasons 
previously stated, could be. 
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Compatibility with Other Methods 

Depending on the monitoring objective, FIT could also be combined with other non-invasive 
approaches, such as camera trapping or DNA collection (Jewell et al., 2016; Alibhai et al., 2017; 
Moreira et al., 2018), to increase confidence in monitoring. It is doubtful whether or not individual 
lynx can be accurately distinguished based on their coat-patterns. These markings can be highly 
variable and, in some cases, non-existent (ArtDatabanken, n.d.). Even known, radio-collared lynx 
have been difficult to separate on images (H. Andrén, pers. comm.). Retrieving DNA from free-
ranging lynx is also a challenge, especially since their faeces are hard to locate. Improved collection 
and the use of eDNA (environmental DNA) and SNPs (single-nucleotide polymorphisms) is something 
the Scandlynx is currently researching (H. Andrén, pers. comm.). 
 
In areas where lack of snow prevents censusing through traditional tracking, other methods need to 
be resorted to. If camera traps were to be deployed in such areas, they could be complemented with 
track plates to register footprints of the animals passing (Jewell et al., 2016; Alibhai et al., 2017). 
Through FIT this could increase confidence in the identification of individuals, especially for those 
that lack distinguishing natural markings. Different forms of ‘footprint traps’ could also be used as 
stand-alone methods for monitoring if placed at locations lynx are known to frequent. Similar 
systems with track plates have been used for fisher (Pekania pennant) and Pacific marten (Martes 
caurina) in California (Zielinsky & Stauffer, 1996; Herzog et al. 2007; Zielinsky et al., 2017). This would 
require an adapted algorithm for the track-plate substrate. Information on the lynx present in the 
area – identity, sex and possibly also age-class – could this way be provided, or a capture-recapture 
method employed for estimating lynx density.  
 

Limitations and Potential Difficulties 

Snow Conditions 

Working with snow prints can be challenging and the difficulties involved differ from those related to 
footprint collection on other substrates (Gu et al., 2014). There is not just one type of snow and 
different conditions will impact the chances of locating and the possibilities of collecting prints 
(Aronson, 2011; Z. Jewell, pers. comm). While fresh thaw-snow or fine-grained cold snow almost 
perfectly can cast spoor prints, older and more coarse snow can be deprived of all spoor detail. 
Tracks with a small amount of new-fallen snow inside may still be adequate, since light fresh snow 
can be carefully blown away, leaving the compressed imprint below unaffected (Aronson, 2011; pers. 
obs.). 
 
These challenges apply to all traditional tracking of animals in snow and are not just factors limiting 
the applicability of FIT for lynx. However, while it might suffice for some tracking efforts to follow a 
trail and identify the species responsible, FIT requires clear photographs of prints showing enough 
detail. Here, the high reflectivity and lack of contrast in bright conditions can present another 
challenge. Both improved contrast and extra light can be applied artificially however, if the 
conditions in the field are suboptimal (Alibhai & Jewell, 2008; Gu et al., 2014; Z. Jewell, pers. comm.). 
Another issue when documenting footprints can be variation in the substrate depth. If a ruler is 
placed on the snow surface, while the print itself is several centimetres down in the snow, a 
calibration mismatch can occur. FIT has a feature that can adjust for such circumstances, however, it 
requires that the depth of the substrate is measured when the footprint is recorded in the field. 
 
Besides the ample difficulties with varying snow conditions, the availability of snow itself is becoming 
an obstacle for lynx censusing in some regions, predominantly in southern Sweden. This is one of the 
main reasons for why the SCANDCAM project is currently investigating the prospect of using camera 
traps for lynx monitoring (Odden, 2017). While FIT should be compatible with lynx tracks on either 
snow or earth substrate, the initial algorithm would be adapted to prints on the substrate most likely 
to be utilised in the field – in this case snow. The algorithm could be further adapted to work with 
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prints on other substrates (Z. Jewell, pers. comm.) or another algorithm optimised for a different 
substrate could be developed. However, it is uncertain if the software would be able to recognize a 
footprint from the same individual on two different substrates as diverse as snow and bare-ground. 
This is something that has not yet been tested. 
 

Algorithm Development 

An FIT algorithm for lynx has not yet been developed. However, the work is at a planning stage (F. 
Kister, pers. comm). This would require access to known individuals, either in captivity or potentially 
free-ranging (Z. Jewell, pers. comm), for footprinting. For application in Scandinavia, the initial 
database should most appropriately consist of footprints in snow substrate. While this goes beyond 
the scope of this thesis project, it is the author’s personal belief that collecting a reference database 
for lynx algorithm development would not present a problem, at least from a resource point of view. 
Throughout Sweden and Norway, there are a number of currently radio-collared female lynx who 
could be used for the initial reference database. Lynx are also held in at least ten of the two 
countries’ different zoo parks (SDF, 2013). Furthermore, a lynx algorithm would naturally not only be 
interesting from a Scandinavian perspective, so the prospects for international collaborations are 
bright (F. Kistner, pers. comm.). 
 

Field Validation 

So far, there have been no attempts to census a free-ranging species in snow conditions using FIT. 
Field validation trials where FIT has been used to determine species numbers have been performed 
with promising results on other substrates (Kistner, 2016; Moreira et al., 2018). The technique has 
also classified free-ranging puma (Alibhai et al., 2017) and Amur tiger (Gu et al., 2014) by sex. For 
determining the presence of Amur tigers in north-eastern China, analysing footprints in snow is 
considered the best approach (Gu et al., 2014). An algorithm for puma footprints in snow substrates 
is currently being validated (Alibhai et al., 2017), as has already been done for giant panda (Li et al., 
2018; Z. Jewell, pers. comm.) and polar bear (Ursus maritimus) (Jewell & Alibhai, 2008). As current 
work continues, and FIT algorithms are developed for more species and adapted to different 
substrates, more published literature should be expected to emerge concerning field validation of 
the FIT for different monitoring purposes. 
 

Future Prospects of FIT 

Further Development 
Apart from FIT algorithms being developed for new species, research into expanding and improving 
the software’s usability on several fronts is underway. One such project is FIT Cheetahs (2017), which 
aims to investigate if the FIT can determine relatedness between individual cheetahs (L. Slaney, pers. 
comm.), as has been indicated in earlier work (Jewell et al., 2016). Footprints along with DNA from 
captive cheetahs are collected for analysis with FIT and genotyping, and the results will then be 
compared. If relatedness could be established from footprints the same way sex, age-class and 
individual identity now can, the impact for conservation practises would be substantial. Without the 
need to locate individuals in order to take DNA samples, FIT could provide a non-invasive way of 
obtaining information on kinship, that would be quicker and less expensive compared to genotyping 
(FIT Cheetahs, 2017; L. Slaney, pers. comm.).  
 
Another advancement of the FIT that is being researched is the use of missing values analysis to 
enable imperfect prints to be analysed by the software (F. Kistner, pers. comm). This would allow a 
greater proportion of collected footprint images to potentially be utilised; for example could a partial 
footprint with a part of a toe is missing still be analysed and classified (Z. Jewell, pers. comm). 
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Drones (unmanned aerial vehicles, UAVs) are becoming increasingly capable for utilisation in wildlife 
monitoring (Pimm et al., 2015). Compared to surveillance by manned airplanes or satellite imaging, 
the data collected could be of higher quality and the collection process more cost-effective in terms 
of both money and effort. WildTrack is currently investigating the possibility of collecting image data 
with drones that could be classified using FIT. At the most basic level, a drone could fly over a large 
and/or potentially inaccessible area, locating any trails that are present, instead of having field 
personnel search the entire area. The next step would be for the drone to be able to identify the 
species that has made the tracks, and then to produce photographs of the individual footprints with 
high enough quality for analysis by FIT (WildTrack, 2019d; pers. obs.). 
 

Citizen-Science 
‘ConservationFIT’ was launched by WildTrack on the International Day for Biological Diversity, 22nd of 
May 2017. It is a global-scale citizen-science project, working with endangered species conservation 
from the ground up (WildTrack, 2019d). One limitation of many monitoring programmes is that data 
can only be gathered from locations where researchers and field biologists go looking for it. Utilising 
the presence of people in all corners of the world to document footprints that they encounter 
augments the potential for data collection on the ranges of endangered species (Pimm et al., 2015). 
Footprints are documented digitally according to the FIT protocol and uploaded to the iNaturalist 
website, where each observation gets mapped. The footprints are then classified with FIT through 
WildTrack, to determine species and potentially also the sex, age-class and which individual animals 
that is responsible for leaving those prints. Footprint data can this way be crowdsourced; with a set 
of instructions and a smartphone, and with no need for tracking skills or software expertise, anyone 
could contribute to monitoring.  
 

Artificial Intelligence (AI) 
In order to handle the rapidly increasing volume of footprint data collected through all these 
different channels, WildTrack is collaborating with SAS (2019), investigating AI solutions. Computers 
are trained through deep learning to recognise and differentiate between patterns that compose 
different footprints. This requires large amounts of data, which is now beginning to be produced and 
made available through crowdsourcing. AI could learn to sort and classify images much faster and at 
an entirely different scale than what is currently possible by human means (SAS, 2019). 
 
Once the software is capable of positioning the landmark points, a step that today must be 
completed manually for each footprint, the process of footprint analysis could be fully automated (F. 
Kistner, pers. comm.). Further improvements entail automatic recognition of footprint laterality; 
separating images of left and right prints, which could be especially useful for species with similar 
feet where distinction in the field is difficult and takes time (Jewell & Alibhai, 2006). 
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Conclusion 
The Footprint Identification Technique is a robust, non-invasive and cost-effective tool for species 
monitoring. By analysing images of footprints the software is with high accuracy able to identify 
unique individuals and classify species on the basis of sex. The technique has broad applicability and 
can be used for many different aspects of monitoring, including censusing.  
 
Compared to radio-telemetry and camera trapping, FIT does not require animals to be handled or 
physically captured in any way. The data collected is not biased by physiological and/or behavioural 
changes induced by the monitoring equipment employed, since only the footprints individuals leave 
behind are used. No expensive field equipment in need of replacing is required for data collection 
and individual animals can be identified without having any distinguishable markings – apart from 
their unique footprints.  
 
For lynx monitoring in Scandinavia, a practice that is heavily dependent on snow tracking, FIT could 
become a valuable supplementary tool. It could provide another way to distinguish between tracks 
from different family groups and reduce the need for distance criteria to be utilised. Footprints, if 
digitally collected according to the FIT protocol, could become directly usable for censusing and 
population analyses, without the need for in-situ validation of observed tracks by administrative 
authority personnel. This approach gives citizen-scientists a whole new opportunity to contribute to 
lynx monitoring. Furthermore, FIT could offer a non-invasive method for obtaining data on lynx in 
snow-free conditions. 
 
As species numbers worldwide continue to dwindle, the accuracy of monitoring techniques used to 
estimate population numbers and distributions is vital. While being a relatively new technique 
among many old and established practices, FIT holds much potential.  
 
In light of all of this and everything that has been reported throughout this thesis, I conclude that FIT 
would be suitable for implementation in the Scandinavian monitoring system for lynx, and that an FIT 
algorithm for lynx thus should be developed.  
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