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Summary

1. Photographic mark–recapture is a cost-effective, non-invasive way to study populations. How-

ever, to efficiently apply photographic mark–recapture to large populations, computer software is

needed for imagemanipulation and patternmatching.

2. We created an open-source application for the storage, pattern extraction and pattern matching

of digital images for the purposes of mark–recapture analysis. The resulting software package is a

stand-alone, multiplatform application implemented in Java. Our program employs the Scale

Invariant Feature Transform (SIFT) operator that extracts distinctive features invariant to image

scale and rotation.

3. We applied this system to a population of Masai giraffe (Giraffa camelopardalis tippelskirchi) in

the Tarangire Ecosystem in northern Tanzania. Over 1200 images were acquired in the field during

three primary sampling periods between September 2008 andDecember 2009. The pattern informa-

tion in these images was extracted and matched resulting in capture histories for over 600 unique

individuals.

4. Estimated error rates of the matching systemwere low based on a subset of test images that were

independently matched by eye.

5. Encounter histories were subsequently analysed with open populationmodels to estimate appar-

ent survival rates and population size.

6. This new open-access tool allowed photographic mark–recapture to be applied successfully to

this relatively large population.

Key-words: Giraffa camelopardalis, giraffe, noninvasive methods, photographic mark–recap-

ture, Scale Invariant Feature Transform, survival, Tanzania, Tarangire

Introduction

Perhaps, the most important tool of animal population biol-

ogy is the ability to recognize and follow individual animals

over space and time. Recognizing individuals allows

researchers to estimate vital rates, to quantify fitness and

life-history trade-offs and enumerate social behaviour. Tradi-

tionally, this recognition has been accomplished by capturing

animals and placing visible and unique marks on them. A

rich array of analytical methods, known as mark–recapture

modelling, has been developed to analyse data from marked

populations (summarized by Williams, Nichols & Conroy

2002). Capture-based marking and telemetry are clearly

important methods that provide unique insights and cannot

be fully replaced with less invasive methods. However, the

possible animal welfare consequences (McMahon, van den

Hoff & Burton 2005) as well as the difficulty and cost for

researchers have been a continuing prod to develop noninva-

sive techniques for individual recognition. One such method,

photographic mark–recapture (PMR), has gained popularity

in recent years because of advances in digital photography

and image-processing software. The abundance of species

with variable natural marking patterns makes this an attrac-

tive method for many researchers. PMR has three required

conditions:

1. Individuals can be photographed either while free ranging,

after being captured, or with remotely triggered cameras.

2. Individuals bear patterns on some region of their coat

or skin that are sufficiently variable to discriminate among

individuals.
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3. An individual’s pattern is stable over the duration of the

study period and can be unambiguously photographed under

differing conditions.

Many early applications of PMR employed hard copy cata-

logues of photographs against which new photographs were

visually compared to determine whether the new images were

resightings of previously ‘marked’ individuals or individuals

new to the study. PMR has been employed particularly in the

studies of relatively small populations of marine mammals and

mammalian terrestrial predators (e.g. Karanth & Nichols

1998; Forcada & Aguilar 2000; Langtimm 2004; Silver et al.

2004). However, image matching ‘by eye’ is less feasible for

larger populations. Large catalogues are unwieldy and as the

number of images increases so does the probability of visual

pattern-matching errors (Katonas & Beard 1990; Gamble,

Ravela &McGarigal 2008).

For larger populations, there have been a number of

attempts to use computers to semi-automate the matching

process. Early systems used database software to store and

categorize observer-derived categorical pattern descriptors

(Mizroch & Harkness 2003). More recently, image analysis

algorithms have been used to extract, store and compare

pattern information from digital images (Table 1; see Sherley

et al. 2010 for a fully automated ID system). Most of these

systems include the following three components: a database of

previously acquired images, a pattern extraction method to

extract a reduced amount of pattern information from each

image and a pattern-matching algorithm that compares the

pattern information from each new image to that of the images

in the database and returns a score indicating the relative close-

ness of the match. Researchers then visually inspect a small

number of the highest ranked matching images to confirm

positive matches and reject false-positives. Sightings of individ-

uals can then be compiled into encounter histories and analy-

sed using mark–recapture modelling software (Pradel &

Lebreton 1993;Hines 1994;White &Burnham 1999).

Photographicmark–recapturewill only be useful in studying

population dynamics if it provides capture histories that can be

analysed using mark–recapture modelling in a cost-effective

manner. There are mark–recapture analytical methods for

most study designs, but many are data hungry and often

researchers cannot take full advantage of them because of the

cost and difficulty in gaining sufficient sample sizes. For suit-

able species, PMR allows for larger sample sizes compared

with conventional methods. An important further labour sav-

ings of computer-assisted photo matching is that it greatly

reduces the total number of ‘match’ or ‘no-match’ decisions

that have to be made by a human observer. In a catalogue of

2551 images, Morrison et al. (2011) estimated that computer

matching led to a 38-fold labour savings relative to a com-

pletelymanualmatching process. In amark–recapture context,

this labour savings from computer-assisted systems allows for

a greater number of images to be processed with a given level

of effort, which can translate into higher recapture rates. An

increase in recapture rate improves the power of demographic

estimates and allows a greater number of parameters to be esti-

mated, such as movement or transition probabilities in multi-

state models (Pollock et al.1990; Williams, Nichols & Conroy

2002).

One possible limitation of computer-assisted photo identifi-

cation systems is that they may generate misidentification

errors (Table 1) that can severely bias mark–recapture demo-

graphic estimates (Lukacs & Burnham 2005; Yoshizaki et al.

2009). False-negative errors (failing to match two images of

the same individual) can be common (Morrison et al. 2011)

and positively bias abundance estimates and negatively bias

survival estimates. Therefore, estimating misidentification

error is an important step in evaluating the efficacy of photo

identification software (Hastings, Hiby& Small 2008).

A basic impediment to the wider use of computer-assisted

PMR has been the lack of a widely available software tool to

accomplish this. There is one commercial product (Hiby &

Lovell 1990) and several individual investigators have written

their own code (Arzoumanian, Holmberg & Norman 2005;

Van Tienhoven et al. 2007; Gamble, Ravela & McGarigal

2008; Sherley et al. 2010). Here, we describe the development

of a flexible, open-source software application that can be used

for pattern extraction and imagematching of wild animal pop-

ulations. We apply the software to images of Masai giraffe

(Giraffa camelopardalis tippelskirchi) from the Tarangire Eco-

system of northern Tanzania. We estimate misidentification

error rates and analyse the resulting capture histories using

mark–recapture models to estimate abundance and adult sur-

vival.

Materials and methods

SOFTWARE

Our pattern extraction and matching program employs the Scale

Invariant Feature Transform operator (SIFT; Lowe 2004). SIFT was

designed to find and extract distinctive image features invariant to

image scale, rotation, viewpoint, local distortion and illumination

(Lowe 2004). The scale and orientation invariance are particularly

useful because they allow reduced preprocessing of images (e.g. no

need to put them all at the same scale) and accept a greater range of

images (e.g. tolerates images taken at > or < 90� from the pattern).

We adapted a Java implementation of SIFT (http://fly.mpi-cbg.de/

�saalfeld/Projects/javasift.html).

Given a pair of images our image-matching code proceeds in four

steps:

1. SIFT features are extracted for each image. The major stages of

the operator are as follows: (i) Scale-space extrema detection: The

grey-scale transformed image is searched over all scales and image

locations using a difference-of-Gaussian function to identify potential

interest points. The image is sequentially down-sampled using Gauss-

ian smoothing, then images at adjacent scales are differenced to find

areas that change greatly with a small change in scale; (ii) Keypoint

localization: at each candidate location, at the appropriate scale, Tay-

lor expansions are used to interpolate the subpixel location of the

actual extremum; (iii) Orientation assignment: one or more dominant

orientations (angles relative to image axes) are assigned to each key-

point location based on the gradient in pixel intensity around the key-

point; and (iv) Keypoint description: To provide more information

for the matching process, additional local image gradients are

measured at the selected scale in four regions immediately surround-
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ing each keypoint to generate a keypoint descriptor. The term SIFT

feature refers to a keypoint location together with its scale, orienta-

tion and descriptor.

2. Candidate matched pairs of SIFT features are identified from the

two images. This matching relies on a brute-force comparison of all

features from image 1 against all features of image 2. For each feature

in image 1, the program locates the feature in image 2 that minimizes

the Euclidean distance between the feature descriptors. During this

step, the features’ orientations have no effect on matching, and their

relative scales are allowedwide latitude.

3. A modified version of the RANSAC algorithm (Fischler & Bolles

1981) is employed to find a geometrically self-consistent subset of the

candidate matches from step 2. At each iteration step, the algorithm

randomly chooses three of the candidate matches between image 1

and 2 and determines whether they are geometrically consistent. A tri-

ple of candidate matches forms a triangle in image 1 and, presumably,

a corresponding triangle in image 2. This pair of triangles is geometri-

cally self-consistent if they are approximately similar – meaning that

they contain the same three angles and their edge lengths have the

same proportions. In addition, while some degree of rotation or

rescaling between the two triangles is tolerated, the candidate

matches may be deemed inconsistent if the orientation and scale

information from step 1 differs between the triangles. When a triple

satisfies all the consistency criteria, the algorithm adds the triple to

its pool of geometrically self-consistent matches. This process is

repeated with a large number of randomly selected triples of candi-

date matches. The pool of consistent matches collected during this

iterative process is then used as the basis for an affine transform

between the two images.

4. The goodness-of-fit of the match between image 1 and 2 is

assessed. After experimenting with six different metrics that were

found to have nearly equivalent discriminatory power, we settled on a

metric that we call ‘triangles’ that simply measures the proportion of

random triples considered in step 3 that satisfy the consistency crite-

ria.

Figure 1 illustrates the matching SIFT features between two pairs

of images.

USING THE SOFTWARE

The pattern extraction and matching process works on a set of digital

images contained in a directory (folder). To ensure faster processing

andmore accuratematching, the images should be cropped to include

just the area of interest – the region of the animal with the distinctive

patterns. For giraffes, we used the right side of the body and lower

neck and cropped out most of the neck, head, legs and background

(Fig. 1).

After pattern extraction and matching are complete, the matching

interface presents each focal image in turn (Fig. 2). In addition to the

focal image, the top twenty ranked potential matches are presented as

thumbnails. Any of these can be compared side-by-side with the focal

image by double-clicking on the desired thumbnail. When a match is

found, it is recorded with the press of a button or a no-match result

can be recorded.

In our preliminary work with giraffe images, we realized the

method very reliably ranked matching images as number one. Thus,

we used the system by visually inspecting only the top-matching

image. If this appeared not to be a match, we concluded that there

were nomatching images in the database.

The software, source code and documentation are avail-

able for download by following the Wild-ID link at

http://www.dartmouth.edu/�envs/faculty/bolger.html. It is a Java,

cross-platform application that runs on recent versions of Windows,

MacOS and Linux.

Fig. 1. Visualization of the match between images. Each vertical pair of images is a match identified byWild-ID. The white points on each show

the locations of matching Scale Invariant Feature Transform (SIFT) features identified by the program. Red lines connect these putative

matches. The green lines indicate where the features on the lower image ‘should’ have been located based on the affine transform applied to the

upper image. Large green lines indicate nonlinearities in the mapping between the two images not captured by affine transform. High-scoring

matches have a high density of red lines and short green lines. The pair of images on the left have few matching features, presumably because the

lower image is out of focus, yet this was still sufficient for this match to score highest. The pair on the right is a more typical, high scoring,

matching pair.

816 D. T. Bolger et al.
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STUDY AREA

The Tarangire–Manyara Ecosystem (TME) is in the eastern branch

of the Great Rift Valley in northern Tanzania and encompasses

roughly 20 000 km2 (Fig. 3) defined by themigratory ranges of wilde-

beest and zebra (Kahurananga & Silkiluwasha 1997; Foley & Faust

2010). TME is a savanna-woodland ecosystem that supports one of

the most diverse communities of migratory ungulates in the world

(Bolger et al. 2008). This area includes a variety of human land-uses,

including two national parks (Tarangire (TNP) and Lake Manyara),

a private wildlife conservancy that permits livestock grazing and lim-

ited tourism (Manyara Ranch) and a number of Game Controlled

Areas (Mto wa Mbu, Simanjiro Plains, and Lolkisale) that permit

wildlife harvesting (subsistence and trophy hunting), agricultural cul-

tivation and permanent settlement (Nelson et al. 2010). Since the

1940s, human population and agricultural development have

increased fourfold to sixfold throughout the TME (Gamassa 1995),

causing substantial habitat loss and reducing connectivity (Tarangire

Conservation Project (TCP) 1998, Newmark 2008). As a conse-

quence, a number of migratory wildlife populations appear to be

declining rapidly (Tanzania Wildlife Research Institute (TAWIRI)

2001).

IMAGE ACQUISIT ION

From prior aerial survey data and our own reconnaissance, we knew

that the giraffes were concentrated in the north end of TNP and in

Manyara Ranch, so we focused our efforts there. The two areas are

separated by a major paved road and several kilometres of agricul-

tural land that surrounds the southern areas of the ranch, but migra-

tory wildebeest and zebra move seasonally between them. Images

were taken with a Canon ES 40D and a Canon 100–400 mm f ⁄
4Æ5–5Æ6L zoom lens with electronic image stabilization. Giraffes were

spotted by driving the extensive network of dirt roads in the study

areas (Fig. 3). Visibility in these open savanna areas is excellent.

When individual giraffe or herds were spotted, we drove slowly to

within suitable range (20–50 m) to take high-resolution images. Gir-

affes were generally very tolerant of vehicles and we had little trouble

positioning the vehicle without causing the animals to flee. Thus, we

were able to obtain high-quality images (i.e. good lighting and focus,

Fig. 2. The user interface ofWild-ID.

Fig. 3.Map of the study area within the Tarangire Ecosystem in n.

Tanzania. Dark lines represent reserve boundaries and grey lines indi-

cate the road network used to find and photograph giraffe. For scale,

female giraffe homeranges are 96 km2, approximated by the circle

with a diameter of 11 km. Homerange size is the average of published

estimates (references in Supporting Information): Foster & Dagg

(1972), Langman (1973), Moore-Berger (1974), Berry (1978), Leut-

hold & Leuthold (1978), Pellew (1984), duToit (1990), Pendu &

Ciofolo (1999), Jeugd& Prins (2000) and Fenessey (2009).
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close to perpendicular). Images were taken of the right side of each

individual in the herd from as close to perpendicular as possible. The

sex and age (calf, juvenile, adult based on relative size) of each indi-

vidual was recorded as was herd size and stage ⁄ sex composition.

Images were acquired over three primary sampling occasions: (1) 20

August to 26 October 2008, (2) 10 January to 17 March 2009 and (3)

17 to 20December 2009.

ESTIMATING MIS IDENTIF ICATION ERROR

To evaluate the performance of the image-matching system, we esti-

mated the false rejection rate (FRR: the probability of failing to

match two images of the same individual) and false acceptance rate

(FAR: the probability of matching two images of different individu-

als). These metrics are similar to false-negative and false-positive

error and are often used in biometric performance assessments (Jain

2007). To estimate FRR and FAR, we created test sets of known

matching images. Giraffes were photographed in small herds (c. 1–15

individuals), and we attempted to photograph every individual in the

herd. As a consequence, we often unknowingly photographed an

individual twice or more in the same bout. This made it easy to find

known matches by visually inspecting the set of images from a single

herd and finding matching images. The small number of images from

each herd enabled us to compare each pair of images side-by-side. As

demonstrated in the Results section, when compared in this way

matches are detected and false matches are avoided virtually without

error.

We then assembled a test set of these ‘known’ matches choosing

some that had challenging differences including differences in angle,

lighting and intervening image noise such as vegetation or a tail.

We thus assembled a test set of 100 images comprised of pairs

of photographs of 50 unique individuals. We felt that this test set

provided pairs of images that were as challenging for matching as

pairs collected over a longer period of time (e.g. between sampling

occasions).

We estimated FRR from two sources: error because of the limita-

tions of the image-matching algorithm and observer error. Given that

our threshold for visual inspection was one (only the top-ranked

match was inspected), if true matching images were not the highest

ranked image, we would commit an algorithm-generated false rejec-

tion error. Because of the possibility for declining performance as the

number of nonmatching images in the image database increases

(Gamble, Ravela & McGarigal 2008), we embedded our test set in

databases of increasing numbers of nonmatching images (100, 328,

680 and 1103 images) to see whether FRR was affected by database

size. The latter database (1103 images) was the full image database

for the study.

Even if the identification system reliably ranks true matches as the

highest rank, false rejections and false acceptances are possible if

observers fail to either recognize true matches or discriminate

against nonmatches. To estimate these observer errors conserva-

tively, we used inexperienced assistants. Six assistants were individu-

ally instructed in the use of the program for several minutes and

then, without supervision, allowed to make the designation of match

or no-match. For this test, we combined our 100 image test set with

86 images from another part of Tanzania that we were sure would

not contain matches to the test set. Thus, each observer had 50

opportunities to make false rejection errors and 86 opportunities to

make a false acceptance (because photographs are considered

sequentially, images with a match are matched only once, that is, a–

b but not b–a). FAR and FRR were calculated as the number of

incorrectly matched photographs over the total number of match

evaluations (of top-ranked true nonmatching (86) and true matching

images, respectively (50)).

POPULATION PARAMETER ESTIMATION

We analysed the capture histories that resulted from the PMRdata to

estimate population parameters using the robust designmodel in pro-

gramMARK (White & Burnham 1999). The robust designmodel is a

combination of the Cormack–Jolly–Seber (CJS) model (Cormack

1964; Jolly 1965; Seber 1965) and closed capture models (Kendall &

Nichols 1995; Kendall, Pollock & Brownie 1995; Kendall, Nichols &

Hines 1997). Instead of just one capture event between survival inter-

vals, as in CJS, multiple ‘secondary’ capture events are clustered

together in time in ‘primary’ sampling occasions. Within a primary

occasion, closed population models are used to estimate abundance,

and open population models are used between primary occasions to

estimate survival, temporary emigration and immigration of marked

animals back to the surveyed area.

For each primary capture occasion, we estimated the probability of

capture (pij) and recapture (cij) (where j indexes the number of second-

ary capture events within the ith primary occasion). For the intervals

between primary occasions, we estimated the probability of survival

(Si), the probability of emigration from the surveyed area (c00i ) and the

probability of staying away from the surveyed area given that the

animal has left the surveyed area (c0i).
Population size (Ni), the total number of animals in the population

just before primary occasion i, is a derived parameter computed by

dividing the number of marked and unmarked animals in the popula-

tion just before occasion i by p�i . The quantity p
�
i = probability that

an animal is captured in at least one of the j sampling events in occa-

sion i given that the animal is located in the sampled area during occa-

sion i (i.e. not a temporary emigrant).

We used only the captures fromTarangire National Park and areas

immediately adjacent to its boundaries for this analysis. Because we

devoted more effort to TNP than Manyara Ranch, the recapture

probabilities and sample size were higher there. We used PMR data

to create encounter histories for the three primary capture occasions.

The first primary occasion contained three secondary events: (1Æ1)
20–26 August 2008; (1Æ2) 4–26 September 2008; (1Æ3) 18–26 October

2008. The second primary occasion contained two secondary events:

(2Æ1) 10–17 January 2009; (2Æ2) 5–17 March 2009. The third primary

occasion contained two secondary events (3Æ1) 17–20 December 2009;

(3Æ2) a placeholder event to permit robust design analysis where no

capture surveys were actually performed, so all individuals have a

zero coding for this event in their capture histories and recapture

probability is fixed at zero in this event (W. Kendall pers comm.). The

time interval between primary occasion 1 and 2 was � 5 months and

between primary occasions 2 and 3 was � 10 months, so estimates

were computed for a 5-month time span and we later transformed

them to annual rates. Although secondary sampling occasions lasted

1 to 3 weeks, all captures during a given event were pooled into a

single event (Hargrove & Borland 1994; Pradel et al. 1997a,b).

We defined groups by sex (male and female).

For logistical reasons, our first two primary sampling occasions

were 67 and 66 days. Thus, it is unlikely that the within primary

period closure assumption was strictly met. O’Brien, Robert &

Tiandry (2005) report that survival bias can be a problem if > 50%

of mortality occurs during the sampling period. Survival in giraffe

does not appear to be highly seasonal, so it is very unlikely that this

much mortality could occur in any two-month interval. For move-

ment, bias is only an issue if movement is nonrandom (Kendall 1999).

Our modelling results did not lend strong support to nonrandom
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(Markov) movement (Supporting Information, Table S1). Thus, it

appears unlikely that deviations from the closure assumption caused

bias in our parameter estimates; however, they could affect the

standard errors of the estimates.

Our model set (Supporting Information, Table S1) included mod-

els of survival, emigration and recapture with sex and time structure

as simple effects [e.g. S(sex) & S(t)], additive effects [S(sex + t)] and

multiplicative effects [S(sex · t)]. We included age-like encounter

class structure (denoted by e2) in survival to control for transients

(Pradel et al. 1997a,b; see Results). Emigration was modelled with

random (c00 = c¢), Markovian (c00 „ c¢) and zero emigration

(c00 = c¢ = 0) models (see Kendall, Nichols & Hines 1997). To keep

the number of parameters manageable, we assumed capture and

recapture rates were equal (p = c). With a noninvasive technique

such as PMR, there is no reason to expect capture and recapture

probabilities to differ within an occasion. Capture and recapture

probabilities were modelled as constant, sex- and time-dependent

(c and p estimated separately for each sampling event) and with addi-

tive (sex + t) andmultiplicative (sex · t) structure.We alsomodelled

capture and recapture as varying among primary occasions, but

constant within an occasion [p(occ)].

Goodness-of-fit tests have not been developed for the robust

design, so we assessed goodness-of-fit (GOF) by treating the data as if

they were recaptures only data (Nichols & Pollock 1990). We per-

formedGOF tests with programsU-CARE (Choquet et al. 2005) and

MARK. We ranked competing models in our model set according to

quasi-AICc values (Burnham & Anderson 2002). We constructed a

set of alternative a priori models beginning with a highly parameter-

ized general model {S(sex · e2) c00(sex · t) c¢(sex) p = c(sex · t)}

that we systematically constrained into the most parsimonious form

(Lebreton et al. 1992). First, we ranked competing models of p while

holding c and S in their general form. After identifying themost parsi-

monious model of p, we ranked competing models of immigration (c00

and c¢), and finally survival (S) holding constant previously con-

strained parameters in their most parsimonious form (Lebreton

et al. 1992). Models with DqAICc < 2 are nearly equivalent in

explaining the data and indicate somemodel selection uncertainty.

Results

FAR AND FRR

The true match ranked highest in every trial regardless of the

size of the database. With databases of 105, 328, 680 and 1103

images the known match always ranked highest. Thus, failure

to reliably rank true matches as number one is not a significant

source of error in our protocol.

Observer errors were also rare. Cumulatively, the six assis-

tants committed two false rejections (FRR = 2 ⁄300 =

0Æ67%) and no false acceptances (FAR = 0 ⁄516 = 0Æ00%).

These rates were by far the lowest among the 15 published

PMR studies employing digital pattern matching we found

that contained error estimates (Table 1).

POPULATION PARAMETER ESTIMATES

We collected 1026 suitable images from TNP and Manyara

Ranch. After processing with Wild-ID these reconciled to 568

unique individuals (335 females, 232 males and one individual

of unknown sex). Proportionately, the individuals were 0Æ71
adults, 0Æ20 juveniles and 0Æ09 calves. For mark–recapture

analysis, we used the encounter histories of adults and juveniles

from TNP, which included 375 individuals (200 females, 175

males; 286 adults, 89 juveniles).

We used program U-CARE to test the GOF of model

{S(t) p(t)}, which included time effects, but not sex or

encounter class effects. Program U-CARE global GOF test

indicated a significant transient effect (N statistic = 2Æ05,
P = 0Æ04). Transient effects result from differential probabil-

ity of survival between newly captured individuals and those

that have been resighted at least once after capture. Tran-

sient effects can be controlled for with age-like encounter

class model structure (e2 in model notation; Pradel et al.

1997a,b). Median ĉ and Bootstrap GOF tests in MARK

indicated minor over-dispersion in model {S(sex + t)

p(sex + t)} (ĉ = 1Æ221–1Æ659), likely due to the transient

effects detected by U-CARE. To account for this heterogene-

ity in recapture probabilities, we applied a variance inflation

factor (ĉ = 1Æ659) during model selection (Burnham &

Anderson 2002).

The top-ranked model in our set was constant sex-specific

survival, constant random emigration and fully time-depen-

dent capture according to sex (model #1 in Supporting Infor-

mation Table S1) and was 1Æ7 times more likely than the

second-ranked model to be the best model in our set. We com-

puted model averaged parameter estimates to account for

model selection uncertainty (Table 2; Burnham & Anderson

2002). Apparent survival and temporary emigration estimates

are for a 5-month time interval. Annual (12 month) female

apparent survival = 0Æ9612Æ42 = 0Æ908. Annual male appar-

ent survival 0Æ7642Æ42 = 0Æ521. Population size was estimated

for primary occasion 2 (January–March 2009) to be 193 (±47)

and 265 (±66) for the TNP male and female populations

(adults + juveniles), respectively.

Table 2. Model average estimates of apparent local survival (S),

temporary emigration (c¢, c00) and recapture (p) probabilities as well

as population size (N) with standard errors (SE) of adult male and

female giraffe in the Tarangire ecosystem 2008–2009. Time interval

for S and c is 5 months

Male SE Female SE

S1 0Æ764 0Æ518 0Æ961 0Æ105
S2 0Æ761 0Æ447 0Æ949 0Æ120
c001 0Æ233 0Æ888 0Æ206 0Æ244
c002 0Æ169 0Æ999 0Æ145 0Æ278
c02 0Æ457 0Æ503 0Æ435 0Æ515
p1Æ1 0Æ048 0Æ023 0Æ047 0Æ021
p1Æ2 0Æ096 0Æ036 0Æ043 0Æ019
p1Æ3 0Æ096 0Æ036 0Æ140 0Æ045
p2Æ1 0Æ196 0Æ051 0Æ142 0Æ038
p2Æ2 0Æ196 0Æ051 0Æ230 0Æ055
p3Æ1 0Æ298 0Æ065 0Æ298 0Æ065
N1 188Æ2 45Æ7 257Æ7 64Æ2
N2 198Æ4 49Æ5 271Æ1 68Æ3
N3 191Æ3 46Æ1 266Æ8 66Æ0
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MOVEMENT

Over the 15 months of the study, we documented only three

individuals moving between Manyara Ranch and TNP. One

adult female moved from TNP to Manyara Ranch, two adult

males fromManyaraRanch to TNP.

Discussion

Computer-assisted photographicmark–recapture proved to be

a very useful tool in estimating demographic parameters of the

TME giraffe population. The SIFT algorithm performed

excellently for matching giraffe images. Measured error rates

were very low and unlikely to cause significant bias across the

entire range of possible parameter space (Yoshizaki et al.

2009; Morrison et al. 2011). Relative to other studies con-

ducted with computer-assisted image-matching systems, the

error rates we achieved, FRR and FAR, were comparatively

quite low (Table 1). These rates were realized with inexperi-

enced users, so we anticipate lower error rates with experienced

observers. Recapture rates and standard errors were reason-

able despite the relatively low sampling effort in this prelimin-

ary study: our second primary sampling occasion involved

only 5 days of sampling at TNP and the third occasion only

2 days.

These analyses indicate that our sampling protocols and

methodology yield data that pass goodness-of-fit tests and can

be used to estimate demographic parameters and perform

model selection for giraffe populations in the Tarangire ecosys-

tem. We discuss the parameter values we obtained in the

context of the Tarangire–Manyara Ecosystem in the Support-

ing Information.

The PMR method provides an enormous savings over

conventional mark–recapture techniques in addition to

avoiding possible animal welfare consequences. Morrison

et al. (2011) estimated the cost of darting and marking a wil-

debeest in TME at $250 and that PMR provided a 50-fold

savings over conventional mark–recapture. Owing to their

large size, long neck and associated respiratory and circula-

tory adaptations, giraffes pose additional risks to immobili-

zation (Bush, Grobler & Raat 2002) and thus costs of

conventional marking would be significantly higher. Costs of

aerial surveys would be more comparable with PMR but

would only estimate total population size with higher SE’s

and unknown sources of bias. Estimates of age- and sex-spe-

cific mortality are not possible from aerial survey data. Our

estimates of population size and survival establish baselines

from which we plan to continue to monitor the population,

seek more precise and accurate estimates and monitor for

temporal trends.

The high matching accuracy obtained with the Wild-ID

software may not hold for other types of coat patterns. Morri-

son et al. (2011) applied the system to patterns in wildebeest

using a search criteria that involved comparing the top 20 high-

est scoring candidate matches (as opposed to the top scoring

photograph in this study) and achieved a FRR of 0Æ058. How-

ever, Morrison et al. (2011) also show that these methods do

not need to be error free to adequately estimate population

parameters. While these results are highly encouraging for use

on giraffes and wildebeest, use of PMRwith other animals will

require pilot work to estimate error rates to determine feasibil-

ity. We stress that the use of computer-assisted identification

requires careful consideration of the potential sources of error

(i.e. FRR and FAR) and how these errors violate assumptions

of the parameter estimation models used (Morrison et al.

2011).

The increasing availability of noninvasive methods that

allow cost-effective means of high-resolution demographic

data raises the potential for basing choices of model organisms

on the availability of a noninvasive method for that species.

The giraffe may be such a candidate. Giraffes are strong inter-

actors with Acacia, one of the woody dominants of African

savannas that help shape ecosystem structure and function

(Furstenberg & van Hoven 1994; Miller 1994; Bond & Loffell

2001). Thus, demographic studies of giraffe populations,

enabled by theWild-ID software, may be a useful window into

savanna ecosystem dynamics.

Acknowledgements

This work was supported by the National Science Foundation grant 0754773

to DTB and HF. Support is also acknowledged from the Neukom Institute for

Computational Science at Dartmouth College, Marion and Jasper Whiting

Foundation, the Nelson A. Rockefeller Centre at Dartmouth College. We

thank the Commission for Science and Technology and the Tanzania Wildlife

Research Institute for permission to conduct research in Tanzania, and the

Tanzania National Parks for permission to work in Tarangire National Park

andRobertMollel for his assistance in the field.

References

Ardovini, A., Cinque, L. & Sangineto, E. (2008) Identifying elephant photos by

multi-curvematching.Pattern Recognition, 41, 1867–1877.

Arzoumanian, Z., Holmberg, J. & Norman, B. (2005) An astronomical pat-

tern-matching algorithm for computer-aided identification of whale sharks

Rhincodon typus. Journal of Applied Ecology, 42, 999–1011.

Bolger, D.T., Newmark, W.D., Morrison, T.A. & Doak, D.F. (2008) The need

for integrative approaches to understand and conserve migratory ungulates.

Ecology Letters, 11, 63–77.

Bond, W.J. & Loffell, D. (2001) Introduction of giraffe changes acacia

distribution in a South African savanna. African Journal of Ecology,

39, 286–294.

Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multimodel

Inference: A Practical Information-Theoretic Approach, 2nd edn. Springer-

Verlag, NewYork.

Bush, M., Grobler, D.G. & Raat, J.P. (2002) The Art and Science of Giraffe

(Giraffa camilopardalis) Immobilization ⁄ Anesthesia. Zoological Restraint

and Anesthesia (ed.D.Heard). International Veterinary Information Service,

Ithaca, NewYork, USA, http://www.ivis.org.

Choquet, R., Reboulet, A.M., Lebreton, J.D., Gimenez, O. & Pradel, R. (2005)

U-CARE 2.2 User’s Manual. CEFE, Montpellier, France, http://ftp.

cefe.cnrs.fr/biom/Soft-CR/.

Cormack, R.M. (1964) Estimates of survival from the sighting of marked ani-

mals.Biometrika, 51, 429–438.

Fischler, M.A. & Bolles, R.C. (1981) Random sample consensus: a paradigm

for model fitting with applications to image analysis and automated cartog-

raphy.Communications of the ACM, 24, 381–395.

Foley, C.A.H. & Faust, L.J. (2010) Rapid population growth in an elephant

Loxodonta africana population recovering from poaching in Tarangire

National Park, Tanzania.Oryx, 44, 205–212.

Forcada, J. &Aguilar, A. (2000) Use of photographic identification in capture–

recapture studies of Mediterranean monk seals. Marine Mammal Science,

16, 767–793.

820 D. T. Bolger et al.

� 2012 The Authors. Methods in Ecology and Evolution � 2012 British Ecological Society, Methods in Ecology and Evolution, 3, 813–822



Foster, G., Krijger, H. & Bangay, S. (2006) Zebra fingerprints: towards a com-

puter-aided identification system for individual zebra. African Journal of

Ecology, 45, 225–227.

Furstenberg, D. & van Hoven, W. (1994) Condensed tannin as anti-defoliate

agent against browsing by giraffe (Giraffa camelopardalis) in the Kruger

National Park. Comparative Biochemistry and Physiology Part A: Physiol-

ogy, 107, 425–431.

Gamassa, D.G.M. (1995) Blockade of wildlife migration corridors by agricul-

tural development in northern Tanzania. Integrating People and Wildlife for

a Sustainable Future (eds J.A. Bissonette & P.R. Krausman), pp. 609–613.

TheWildlife Society, Bethesda.

Gamble, L., Ravela, S. &McGarigal, K. (2008) Multi-scale features for identi-

fying individuals in large biological databases: an application of pattern rec-

ognition technology to the marbled salamander Ambystoma opacum.

Journal of Applied Ecology, 45, 170–180.

Gope, C., Kehtarnavaz, N., Hillman, G. & Wursig, B. (2005) An affine invari-

ant curve matching method for photo-identification of marine mammals.

Pattern Recognition, 38, 125–132.

Hargrove, J. & Borland, C. (1994) Pooled population parameter estimates from

mark–recapture data.Biometrics, 50, 1129–1141.

Hastings, K.K., Hiby, L.A. & Small, R.J. (2008) Evaluation of a computer-

assisted photographic-matching system to monitor naturally marked harbor

seals at Tugidak Island, Alaska. Journal ofMammalogy, 89, 1201–1211.

Hiby, L. & Lovell, P. (1990) Computer aided matching of natural markings: a

prototype system for grey seals. Reports of the International Whaling Com-

mission, Special Issue, 12, 57–61.

Hines, J.E. (1994) MSSURVIV User’s Manual. Patuxent Environmental Sci-

ence Center, Laurel,MD.

Jain, A.K. (2007) Biometric recognition.Nature, 449, 38–40.

Jolly, G.M. (1965) Explicit estimates from capture–recapture data with both

death and immigration stochastic model.Biometrika, 52, 225–247.

Kahurananga, J. & Silkiluwasha, F. (1997) The migration of zebra and wilde-

beest between Tarangire National Park and Simanjiro Plains, northern Tan-

zania, in 1972 and recent trends.African Journal of Ecology, 35, 179–185.

Karanth, K.U. & Nichols, J.D. (1998) Estimation of tiger densities in India

using photographic captures and recaptures.Ecology, 79, 2852–2862.

Katonas, K. & Beard, J.A. (1990) Population size, migrations and feeding

aggregations of the humpback whale (Megaptera novaenangliae) in theWes-

tern North Atlantic Ocean. Reports of the International Whaling Commis-

sion, Special Issue, 12, 295–305.

Kelly, M.J. (2001) Computer-aided photograph matching in studies using indi-

vidual identification: an example from Serengeti cheetahs. Journal of Mam-

malogy, 82, 440–449.

Kendall, W.L. (1999) Robustness of closed capture–recapture methods to vio-

lations of the closure assumption.Ecology, 80, 2517–2525.

Kendall, W.L. & Nichols, J.D. (1995) On the use of secondary capture–recap-

ture samples to estimate temporary emigration and breeding proportions.

Journal of Applied Statistics, 22, 751–762.

Kendall, W.L., Nichols, J.D. & Hines, J.E. (1997) Estimating temporary emi-

gration using capture–recapture data with Pollock’s robust design. Ecology,

78, 563–578.

Kendall, W.L., Pollock, K.H. & Brownie, C. (1995) Likelihood-based

approach to capture–recapture estimation of demographic parameters under

robust design.Biometrics, 51, 293–308.

Langtimm, C.A. (2004) Survival estimates for Florida manatees from the

photo-identification of individuals.MarineMammal Science, 20, 438–463.

Lebreton, J.D., Burnham,K.P., Clobert, J. &Anderson, D.R. (1992)Modeling

survival and testing biological hypotheses using marked animals: a unified

approachwith case studies.EcologicalMonographs, 62, 67–118.

Lowe, D. (2004) Distinctive image features from scale-invariant keypoints.

International Journal of Computer Vision, 60, 91–110.

Lukacs, P.M. & Burnham, K.P. (2005) Estimating population size from DNA-

based closed capture–recapture data incorporating genotyping error. The

Journal ofWildlifeManagement, 69, 396–403.

McMahon, C.R., van den Hoff, J. & Burton, H.R. (2005) Repeated handling

and invasive researchmethods in wildlife research: impacts at the population

level.Ambio, 34, 426–429.

Miller, M.F. (1994) Large african herbivores, bruchid beetles and their interac-

tionswith acacia seeds.Oecologia, 97, 265–270.

Mizroch, S.A. &Harkness, S.A.D. (2003) A test of computer-assistedmatching

using theNorth Pacific humpbackwhale,Megaptera novaeangliae, tail flukes

photograph collection.Marine Fisheries Review, 65, 25–37.

Morrison, T., Yoshizaki, J., Bolger, D. &Nichols, J. (2011) Estimating survival

with computer-assisted identification and mark–recapture: the problem of

misidentification error.Methods in Ecology and Evolution, 2, 454–463.

Nelson, F., Foley, C., Foley, L.S., Leposo, A., Loure, E., Peterson, D., Peter-

son, M., Peterson, T., Sachedina, H. & Williams, A. (2010) Payments for

ecosystem services as a framework for community-based conservation in

northern Tanzania.Conservation Biology, 24, 78–85.

Newmark, W.D. (2008) Isolation of African protected areas. Frontiers in Ecol-

ogy and the Environment, 6, 321–328.

Nichols, J.D. & Pollock, K.H. (1990) Estimation of recruitment from immigra-

tion versus in situ reproduction using pollock’s robust design. Ecology, 71,

21–26.

O’Brien, S., Robert, B. & Tiandry, H. (2005) Consequences of violating the

recapture duration assumption of mark–recapture models: a test using simu-

lated and empirical data from an endangered tortoise population. Journal of

Applied Ecology, 42, 1096–1104.

Palmer, T.M., Stanton, M.L., Young, T.P., Jacob R. Goheen, J.R., Pringle,

R.M. & Karban, R. (2008) Breakdown of an ant-plant mutualism follows

the loss of large herbivores from anAfrican savanna. Science, 319, 192–195.

Pollock, K.H., Nichols, J.D., Brownie, C. & Hines, J.E. (1990) Statistical

inference for capture–recapture experiments. Wildlife Monographs, 107,

1–97.

Pradel, R. & Lebreton, J.-D. (1993)User’s manual for program SURGE, version

4.2. Centre D’Ecologie Fonctionnelle et Evolutive, CNRS, Montpellier-

CEDEX, France.

Pradel, R., Hines, J.E., Lebreton, J.D. & Nichols, J.D. (1997a) Capture–recap-

ture survival models taking account of transients.Biometrics, 53, 60–72.

Pradel, R., Rioux, N., Tamisier, A. & Lebreton, J.-D. (1997b) Individual turn-

over among wintering teal in Camargue: a mark–recapture study. The Jour-

nal ofWildlifeManagement, 61, 816–821.

Ranguelova, E., Huiskes, M. & Pauwels, E.J. (2004)Towards computer-assisted

photo-identification of Humpback Whales. Proceedings of the 2004 Interna-

tional Conference on Image Processing. Singapore, 24-27 October 2004,

Institute of Electrical and Electronics Engineers.

Sacchi, R., Scali, S., Pellitteri-Rosa, D., Pupin, F., Gentilli, A., Tettamanti, S.,

Cavigioli, L., Racina, L., Maiocchi, V., Galeotti, P. & Fasola, M. (2010)

Photographic identification in reptiles: a matter of scales. Amphibia-Reptilia,

31, 489–502.

Saraux, C., Le Bohec, C., Durant, J.M., Viblanc, V.A., Gauthier-Clerc, M.,

Beaune, D., Park, Y.H., Yoccoz, N.G., Stenseth, N.C. & Le Maho, Y.

(2011) Reliability of flipper-banded penguins as indicators of climate change.

Nature, 469, 203–206.

Seber, G.A.F. (1965) A note on the multiple recapture census. Biometrika, 52,

249–259.

Sherley, R.B., Burghardt, T., Barham, P.J., Campbell, N. & Cuthill, I.C. (2010)

Spotting the difference: towards fully-automated population monitoring of

African penguins Spheniscus demersus. Endangered Species Research, 11,

101–111.

Silver, S.C., Ostro, L.E.T., Marsh, L.K., Maffei, L., Noss, A.J., Kelly, M.J.,

Wallace, R.B., Gomez, H. & Ayala, G. (2004) The use of camera traps for

estimating jaguar Panthera onca abundance and density using

capture ⁄ recapture analysis.Oryx, 38, 148–154.

Speed, C.W., Meekan, M.G. & Bradshaw, C.J.A. (2007) Spot the match –

wildlife photo-identification using information theory. Frontiers in Zoology,

4, 1–11.

Tanzania Wildlife Research Institute (TAWIRI) (2001) Aerial Census in the

Tarangire Ecosystem. Conservation Information and Monitoring Unit,

Arusha, Tanzania.

Tarangire Conservation Project (TCP) (1998) Analysis of Migratory Move-

ments of Large Mammals and Their Interaction with Human Activities in the

Tarangire Area in Tanzania as a Contribution to a Conservation and Sustain-

able Development Strategy. Final Report. University of Milan, Varese

Branch.

Van Tienhoven, A.M., Den Hartog, J.E., Reijns, R.A. & Peddemors, V.M.

(2007) A computer-aided program for pattern-matching of natural marks on

the spotted raggedtooth shark Carcharias taurus. Journal of Applied Ecol-

ogy, 44, 273–280.

White, G.C. & Burnham, K.P. (1999) Program MARK: survival estimation

from populations ofmarked animals.Bird Study, 46, S120–S139.

Williams, B.K., Nichols, J.D. & Conroy,M.J. (2002)Analysis andManagement

of Animal Populations: Modeling, Estimation and Decision-Making. Aca-

demic Press, SanDiego.

Yoshizaki, J., Pollock, K.H., Brownie, C. & Webster, R.A. (2009) Modeling

misidentification errors in capture–recapture studies using photographic

identification of evolvingmarks.Ecology, 90, 3–9.

Received 16 February 2012; accepted 3 April 2012

Handling Editor: Robert Freckleton

Software for photographic mark–recapture 821

� 2012 The Authors. Methods in Ecology and Evolution � 2012 British Ecological Society, Methods in Ecology and Evolution, 3, 813–822



Supporting Information

Additional Supporting Information may be found in the online ver-

sion of this article.

Appendix S1. Additional details of the model selection process and

discussion of the results for the TarangireNational Park giraffe popu-

lation.

Table S1.Model selection results for apparent survival (S), temporary

emigration (c00 & c¢), and capture recapture (p) probabilities of giraffe

in Tarangire National Park, Tanzania 2008–2009.

As a service to our authors and readers, this journal provides support-

ing information supplied by the authors. Such materials may be

re-organized for online delivery, but are not copy-edited or typeset.

Technical support issues arising from supporting information (other

thanmissing files) should be addressed to the authors.

822 D. T. Bolger et al.

� 2012 The Authors. Methods in Ecology and Evolution � 2012 British Ecological Society, Methods in Ecology and Evolution, 3, 813–822


