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The Luangwa giraffe (Giraffa tippelskirchi thornicrofti), a subspecies of the Masai giraffe endemic to the
Luangwa Valley of northeastern Zambia, inhabits an increasingly human-modified landscape. Accurate
and current population estimates are critical to evaluating their status and identifying effective
conservation strategies. However, sparse monitoring since the early 1900s has limited inferences about
population size, structure, and range. To address this, we conducted the most spatially extensive and
systematic survey to date of Luangwa giraffe across its distribution, extending survey effort 120 km
south of their officially recognized extent. Using spatial capture recapture modeling, we estimated
651-890 giraffe and an overall density of 0.04-0.05 giraffe/lkm?. Density decreased to nought beyond
7.5 km from permanent rivers, consistent with preferred forage concentrated in riparian areas.
Increasing giraffe density estimates up to a threshold of the Human Footprint Index suggested that
limited human presence may have negligible consequences on movement and resource selection.

This was likely due to suitable habitat and minimal conflict despite human presence. However,

without mitigating land-use planning, rapid land conversion threatens human-giraffe coexistence.

An even sex ratio and small proportion of subadults implied a stable population, but sex-biased and
temporal dynamics in space use, impacts of predation, and stochastic risks necessitate continued
monitoring. This study highlights the value of systematic large-scale monitoring and opportunities for
data integration across long-term monitoring programs to evaluate factors driving Luangwa giraffe
dynamics and to inform science-based conservation of this unique and isolated population.

Keywords Human footprint index, Masai giraffe, Population estimate, Road survey, Spatial capture-
recapture, Search and encounter

The giraffe (Giraffa spp.) is an iconic African megaherbivore with widespread natural distribution across 21
countries in sub-Saharan Africa. However, giraffe have experienced population declines of approximately 25-
30% since the 1990 s!, from an estimated 155,000, to 117,000 in 2020%3. Key threats to giraffe are predominantly
anthropogenic, ranging from habitat loss and fragmentation due to agriculture and urban/infrastructure
development, to poaching, civil unrest, anthroponotic disease, and climate Changel. Historically, giraffe existed
largely outside protected areas, but are now increasingly confined to smaller, isolated protected areas which in
turn threatens population viability (Newmark 2008). Subsequently, the International Union for Conservation
of Nature (IUCN) uplisted giraffe as a single species from Least Concern to Vulnerable in 2016'. Long-term,
accurate, and up-to-date estimates of population density (i.e., abundance and distribution) for all four giraffe
species are critical to monitoring and better managing their conservation status.

The Luangwa (or Thornicroft’s) giraffe (G. tippelskirchi thornicrofti) is a unique subspecies of the Masai giraffe
(G. tippelskirchi)*=%, and consists of a single isolated population in the Luangwa Valley of northeastern Zambia’.
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The Great Rift Valley and its escarpment biogeographically isolate the population from its closest neighboring
populations that are more than 400 km to the northeast in Tanzania. Elevational changes of the continental rift
physically hinder movement and act as a barrier to gene flow for many taxa, ranging from avian®to small and
large mammals®, including giraffe!®. As a result, the endemic Luangwa giraffe at the southern end of the Great
Rift Valley is vulnerable to stochastic risks such as disease and natural catastrophes that can amplify genetic
inbreeding depression, bottlenecking, and the threat of extinction!!. Natural forces such as climate patterns
across multiple time scales'®!? can influence giraffe population viability, while anthropogenic pressures also
threaten giraffe habitat'4, alter their movement'>!¢, and harm their health!”.

Luangwa giraffe are listed as Vulnerable on the IUCN Red List'®, with an apparent stable population size. In
the early twentieth century, abundance estimates of the Luangwa giraffe fluctuated widely due to differences in
survey regions and methodologies. Estimates ranged from fewer than 100 individuals at the turn of the century
to 150 in the 1960s, but also upwards of 500 in the 1920s and more often closer to 30021, In the 1970s, the
population was estimated at approximately 3002, Field efforts in 1973-2003 to survey giraffe using vehicle-based
approaches were generally restricted to their core range along the eastern bank of the Luangwa River in South
Luangwa National Park (SLNP)?. In 2013, following a similar field method, Berry and Bercovitch? estimated
approximately 110 giraffe along the Luangwa River, which they extrapolated to a population size of 500-600
for the entire valley. Their approach involved a density index to partially address imperfect detection but not
sighting distance or the spatial variation in giraffe distribution. Subsequent unstructured road surveys in 2016
2018 estimated 555 Luangwa giraffe in a limited area of SLNP (mean of 407-645 across years?!). However,
variation in spatial survey effort was not modeled, potentially reducing accuracy and precision®>?°. Conservation
partners including research organizations, law enforcement, and private tourism and landowners have also been
collecting giraffe sightings from distance-based surveys, aerial patrols, and opportunistic community science,
with sightings helping to initiate a long-term database of giraffe identities and encounters. Yet, systematic survey
and robust estimation of the entire Luangwa giraffe population that account for variation in effort and their
distribution have been lacking.

Animportant consideration in monitoring population size is accurate range demarcation. Historical (twentieth
century) and contemporary (twenty-first century) accounts indicate that the Luangwa giraffe range extends along
the western bank of the permanent Luangwa River?’, having expanded north and south. However, assessing the
pattern of range expansion has been challenging due to the lack of spatially comprehensive and standardized
surveys and records. Berry and Bercovitch?* described a presumed range centered around the Luangwa River
in SLNP between the Chibembe and Msanzara Rivers (Fig. 1). However, opportunistic and research sightings
in recent decades suggest that the giraffe range extends farther, and on both sides of the Luangwa River across
a patchwork of different land uses. The landscape includes a network of national parks (NPs), private game
reserves (PGRs), and game management areas (GMAs) that buffer NPs while allowing specific, limited human
activities. Multiple non-commercial community forests managed by locally-elected groups also occur within the
range. The most current published range?? extends the presumed range by approximately 50 km north past the
Chibembe River and SLNP to include Luambe NP (LNP) east of the Luangwa River. Sightings farther north in
North Luangwa NP have been rare and are likely vagrants?, but are reflected in the [UCN Red List range’. To
the south, the most current range description maintains the extent of Berry and Bercovitch®??, while the [UCN
Red List range extends farther south into Chisomo GMA'. However, giraffe have been consistently sighted even
farther south for the past two decades, and on both sides of the river by community members (West Petauke
GMA and PGRs on the western and eastern sides, respectively; N. Carruthers personal communications). As the
Luangwa Valley has a matrix of varying habitat and anthropogenic pressures, and given the variation in density
of Luangwa giraffe across its core and broader range, a comprehensive range assessment is needed to support
effective monitoring and conservation.

In 2023, we conducted the most spatially extensive and systematic survey of Luangwa giraffe across their
known distribution. We implemented a road-based search-and-encounter survey during the dry season
along the Luangwa River, including SLNP, LNP, adjacent GMAs, and PGRs (Fig. 1). In search-and-encounter
surveys, detections are made by searching along routes rather using a set of detectors at fixed locations, such
that detections can occur anywhere along the survey routes®. In particular, we extended the survey effort
south of the current range description. We used spatial capture-recapture (SCR) to estimate density, thereby
accounting for imperfect detection probability due to the varying distances between giraffe locations and survey
effort®®!. The SCR framework also enabled assessment of human pressure and resource availability on space
use at multiple ecological scales®***. We considered proximity to permanent rivers, expecting greater giraffe
density closer to water due their dependency on riparian forage’~3¢ and the importance of surficial water
during the dry season when water is scarce. We also evaluated the Human Footprint Index®” to consider the
impact of anthropogenic pressure, ranging from lower in NPs to intermediate and heavy in agricultural and
developed environments. We expected lower giraffe density with larger ranges of individual movement in areas
with increased human footprint!® given the heterogeneous land use!® and associated risks of environmental and
land use change!®. We discuss findings and compare the updated Luangwa giraffe abundance and distribution
against previous estimates, while acknowledging differences in spatial extent and analytical methods. Finally, we
offer recommendations for future research, conservation, and management of the single existing population of
Luangwa giraffe across the extent of its range.

Methods
Study site
The Luangwa Valley is part of the East African Rift Valley and is characterized by the free-flowing Luangwa
River with numerous oxbow lakes, lagoons, and alluvial floodplains. The region includes 58,163 km? of
protected land, comprising four NPs (29%): South Luangwa (9,050 km?), North Luangwa (4,636 km?), Luambe
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Fig. 1. Map of the road-based search-and-encounter survey conducted in August to November 2023 of
Luangwa giraffe in the Luangwa Valley in northeastern Zambia. The region includes four national parks, eight
game management areas, and seven private game reserves. Surveys extended beyond the current documented
range by O’Connor et al.>. The town of Mfuwe (red pin) serves as the primary tourism hub for South Luangwa
National Park. Basemap shows the terrain elevation.

(331 km?), and Lukusuzi (2,614 km?); eight GMAs (69%, 39,915 km?); and seven PGRs (3%, 1,617 km?). With
no major fencelines, wildlife roam freely between NPs, GMAs, and PGRs. Diverse habitat includes riparian
forests (Trichilia emetica, Tamarindus indica, Diospyros mespiliformis, Faidherbia albida, and Kigelia africana),
mopane forests (dominated by Colophospermum mopane), munga woodlands (Combretum, Terminalia and
Vachelliaspp.), thickets, scrub, and open grasslands”.

Photographic surveys

From August-November 2023, we conducted an individual-based photographic survey of Luangwa giraffe. We
divided the road network into 10 fixed survey routes covering SLNP, LNP; Lupande, Lumimba, and Sandwe
GMAs; the Luembe hunting block in West Petauke GMA; and Nyakolwe, Nyamvu, Nkalamu, Munyamadzi, and
Kazumba PGRs (Fig. S1). Teams endeavored to drive the entirety of any given route daily for three consecutive
days, with daily driven lengths ranging 26-120 km. A total of 2,919 km was driven on 1,408 km of track, with
distances up to 25 km from the river to enable sufficient effort along and away from rivers for avoiding alignment
of survey effort with landscape features that could bias abundance estimation®. Surveying across the 4-month
period balanced logistics for maximizing survey area and capturing density patterns over the dry season with
demographic closure for SCR analysis. The survey effort extended southwest along the Luangwa River and 120
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km beyond the southern extent of the range described by O’Connor et al.’. In comparison, the core range,
between the Chibembe and Msanzara Rivers along the Luangwa River, is approximately 170 km long.

Each survey team included at least one dedicated observer and one driver. Driving 20-40 km/h, teams
collected data on all giraffe visible within approximately 300 m of either side of the road. Teams photographed
the right and left lateral sides of each encountered giraffe, documenting age class, sex, and herd composition.
The right flank of giraffe was preferred to increase consistency for identification purposes, but left flanks were
also photographed when the right was not possible (e.g., on the other side of the river). The team’s location upon
observation and distance and bearing to the giraffe were recorded with a rangefinder and integrated GPS and
compass in a Canon 7D Mark II to subsequently project the location of the giraffe. Sex and age classes (adult,
subadult, calf) were determined based on physical characteristics including size, height, genitalia, and ossicone
size and shape.

Giraffe coat patterns are unique and constant, enabling individual identification*'. To determine identities
from photographs, we used a pattern recognition software developed for giraffe called GiraffeSpotter*?
which includes a large database of existing Luangwa giraffe individuals from sightings since 2019. We based
identification on uniqueness of right sides amongst the photographed giraffe or confirming at least the right
side through the database, and excluded detections of individuals with only left-side photographs from the
survey that could not be matched to an individual in the database with both right- and left-side images available.
By discarding left-side-only detections that could not be matched to a known individual, we avoided doubly
counting individuals but may also have introduced slight negative bias in the estimation through unmodeled
individual heterogeneity in detection probability*>.

Spatial capture-recapture (SCR)

We estimated Luangwa giraffe population size and distribution (collectively, density) with an SCR model. SCR
models have separate sub-models for the distribution of individuals’ activity centers and the detection process.
To define the region of inference, or state-space, we applied a 15-km buffer around the survey routes and 263
aerial sightings from independent tracking flights in 2023 (Zambian Carnivore Programme, unpublished data),
with the 15-km buffer exceeding previously observed daily movements of Luangwa giraffe by five times and the
conservative radius of a male home range by three times assuming a circular shape?”. We removed two pixels
(50 km?) in the southern part of the state-space that corresponded to the majority (86%) of a 29 km? fenced
conservation area that excluded giraffe. Three other pixels that contained the remaining 14% of the fenced area
were kept in the state-space as the fenced area made up only 3-7% of each of the pixels, thus leaving the majority
of those pixels accessible to giraffe. As a result, the state-space was a total of 17,000 km?. South of the state-space,
a fenced PGR (Pia Manzi) and unsuitable rocky hills were not considered available habitat for Luangwa giraffe.
This essentially encompassed the entire possible Luangwa giraffe range and ensured inclusion of all individuals
potentially detected over the course of the survey.

We used an inhomogeneous point process to model the distribution of individuals in order to consider habitat
covariates on density*!. We overlaid a 5 x5 km grid over the state-space, resulting in J= 2,242 grid cells. The
intensity u of the point process, representing the number of expected activity centers per grid cell, was modeled
as a log-linear function of habitat covariates 3*>%. Drivers of giraffe resource selection, and therefore where
individuals place their activity centers, include the availability of water with associated woody vegetation, and
anthropogenic impacts. Therefore, habitat covariates on p included the linear effect of distance to the permanent
Luangwa and Chibembe (also known as the Mupamadzi) Rivers, and the linear and quadratic effects of the
Human Footprint Index (HFI*?). Distance to permanent rivers in the surveyed cells ranged 0-36.1 km [mean
=7.7 km, standard deviation (SD) =7.0 km]. HFI is a composite metric at the 1 km? resolution that ranges 0-50
and quantifies human pressure on the landscape®. Areas are considered ‘wilderness’ if HFI <1, intact if HFI
<4, and modified if HFI >4%. HFI values were averaged within each surveyed grid cell (Fig. S2; values ranged
0.6-18.6 ;mean =6.7, SD = 3.1) and were scaled and centered to facilitate parameter estimation. HFI and distance
to river were not correlated (Pearsons r=-0.01, t= -0.35, df= 680, p= 0.73), i.e., areas of higher HFI were not
necessarily close to permanent rivers.

We summarized detections as counts per giraffe per grid cell. Counts were modeled as a binomial distribution
according to survey frequency of the grid cell and a detection probability. Detection probability followed a half-
normal distribution, declining from a baseline probability p, according to a movement parameter ¢ and the
Euclidean distance between the grid center and the individual’s unobserved activity center. Given that male
giraffe generally travel farther than females'”?” and age can influence movement and behavior*, we modeled p,,
as a function of age class and sex covariates («) with a complementary log-log linear regression and as covariates
(6) on o with alog-linear regression. Females and adults were the reference sex and age class. We excluded calves
because they likely violated the SCR model assumption of independence amongst individuals. While SCR can
be robust to moderate levels of cohesion and herd size***° that emerge due to fission-fusion dynamics across all
age classes in giraffe?®!, calves in this study were never detected alone and had identical detection histories with
at least one adult female. We modeled the sex and age class of individuals as Bernoulli random variables with
probabilities¥, , and¥_, .. respectively.

We used a Bayesian approach with data augmentation to implement the SCR model®2. The total population
size N was modeled as a proportion of a theoretical superpopulation M. Individuals of M are members of N
according to a binary indicator modeled as a Bernoulli random variable with probability V. Thus, N is a derived
parameter and calculated as the sum of the binary indicator over M, which must be sufficiently larger than N to
avoid truncating the posterior distribution of N. Here, we used M = 7 * n, where n is the number of detected
individuals.

Data were fit to the SCR model using the nimbleSCR’package v.0.2,1*°in R version 4.4.0°%. A habitat mask
defined the state-space from the rectangular grid generated by the minimum and maximum x and y coordinates
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of the state-space. We used the dbinomLocal_normal’ function to model the observed number of detections per
giraffe per grid cell as a binomial draw from as many trials as the number of times the grid cell was surveyed
(up to 17), thus accounting for variable effort across grid cells due to variation in repeat surveys of routes®.
The dbinomLocal_normal’ function also increased efficiency by considering only the local state-space for each
individual and its detections when evaluating detection probability. Survey routes were discretized according
to the 5x 5 km gridded state-space, and activity centers were estimated in continuous space and then assigned
to the corresponding pixels. We used vague priors (uniform and normal distributions) for parameters, and
ran 3 chains each with 75,000 iterations, a burn-in of 10,000, and a thin rate of 3. This resulted in 64,998 total
posterior iterations. We confirmed chain convergence with the Gelman-Rubin statistic (R-hat < 1.1°°) and visual
inspection of trace-plots, and confirmed minimum effective sample sizes of at least 400 for all parameters.
We reported point estimates and 95% Bayesian Credible Intervals (BCI) for parameters, and the coeflicient
of variation [CoV = log(standarddeviation/mean)]of estimated abundance per grid cell. We assessed
goodness of fit by comparing observed numbers of individual-and-grid-specific encounters against expected
values®® using 5,000 simulations. An observed to expected ratio of 1 suggests perfect fit and deviations indicate
lack of fit*’.

Results

The survey yielded 533 detections of individual giraffe, with a median herd (group) size of 3 (mean =3.9; range:
1-17; interquartile range: 1-5). After removing 24 unidentifiable detections, 36 (7%) uncertain detections based
on only left-side pictures, and 34 detections of 18 calves, 439 detections (82%) of n = 277 unique giraffe remained
for analysis. Slightly more females than males were detected (F/M: 151/126), and more adults than subadults
(adults/subadults: 242/35). Most individuals (165; 60%) were detected once, but the remaining 112 individuals
were detected an average 2.4 times each (maximum 5 times), resulting in redetections making up 37% of the
total detections. Distances between redetections averaged 1.1 km, but reached a maximum of 5.6 km, and 49
individuals (18%) were detected in multiple grid cells (up to 3). Most redetections (93%) of individuals occurred
on the same survey route as their first detection.

Estimated median abundance was IV = 760 giraffe (95% BCI: 651-890) (Table S1), resulting in an overall
density of 0.04 giraffe/km? (95% BCI: 0.04-0.05, Fig. 2). Most individuals were adults (¥, , . = 0.10, 95% BCI:
0.07-0.15), consistent with survey observations, and evenly split across sexes (‘I’mle =0.49, 95% BCI: 0.42-0.57).
Giraffe density decreased with distance from rivers (8. .. .. = —0.45, 95% BCI: -0.69-0.33), reaching 0
giraffe/km? (95% BCI: 0.00-0.003) beyond 7.5 km (Fig. 3). Density increased with increasing HFI (8,,,= 1.82,
95% BCI: 1.53-2.13) up to a maximum of 0.1 giraffe/km? when HFI =13.6 (95% BCI: 11.1-18.1), but then
decreased thereafter due to a significant parabolic effect of HFT on density (Byyp; o1, 400 = —0-86, 95% BCL: —1.14—
—0.61; Fig. 3). See Fig. S3 for CoV of estimated density. h

Estimated movement () varied by age, sex, and HFI (Fig. 4, Table S1). Females and subadults had smaller
ranges of movement than males and adults respectively, so adult males had the largest range of movement (¢
Apm= 25 km, 95% BCI: 2.2-3.0) and subadult females had the smallest range of movement (c sapr= 1.6 km,
95% BCI: 1.3-2.0). Similar to abundance, & initially increased with greater HFI (8= 0.26,95% BCI: 0.04-0.44)
before decreasing due to a significant parabolic effect (8, squared= —0-18, 95% BCL: —0.34-0.01). Estimates of
0, pr réached a maximum of 2.2 km when HFI =11.1 (2.5% lower limit HFI =8.2, no upper limit) (Fig. 5).

Detection varied by age and sex (Fig. 4, Table S1). Males had lower detection (a,,= -0.8, 95% BCI: -1.31-
0.31) than females, while subadults had higher detection than adults (@, ;.= 1.15, 95% BCI: 0.38-2.12).

A goodness of fit statistic =0.97 indicated sufficient model fit (Fig. S4).

Discussion

As the most spatially comprehensive and systematic survey effort of Luangwa giraffe, this study provides a
critical update on the abundance and range of the only population of this Masai giraffe subspecies. The search-
and-encounter survey estimated 651-890 giraffe and confirms that the subspecies’ range extends substantially
farther south than previously documented®!8. Density reached 0.5-1.0/km? in some areas along the river in
SLNP, but overall density across the landscape was 0.04-0.05 giraffe/km?: higher than the desert-dwelling giraffe
of northwestern Namibia (0.01 giraffe/km?®) but lower than many other giraffe populations in Africa, including
elsewhere in Namibia (0.34-0.39/km? in fenced Ongava GR*?), western Uganda (1.1-1.2/km? in unfenced
Murchison Falls NP'7), southern Kenya (1.2 +0.4/km?in partially fenced Tsavo NP®’), and northern Tanzania
(1.9 £0.1/km? in partially fenced Tarangire NPS!). This study also estimated population age- and sex-structure,
reinforced aspects of basic giraffe ecology, and highlighted the need for continued monitoring and human-
giraffe coexistence.

The state-space was 1.8x larger than the current documented range of 9,356 km??. The survey extended 120
km south of the range but excluded 1,095 km? mostly at the northern end of the range towards North Luangwa
NP where rugged terrain likely results in reduced habitat associations with giraffe distribution (Fig. 1). In the
area overlapping the documented range, we detected 222 individuals and estimated a mean of 612, slightly
higher but generally consistent with recent estimates of 500-600%>?*. The population in the documented range
therefore appears stable in recent years, consistent with estimates from various analytical approaches. Where we
targeted survey efforts beyond the southern range border to resolve uncertainties in range limits, we detected 55
individuals and estimated a mean of 150. We expect negligible giraffe densities farther south and farther north
of the study area, due to the presence of rocky hills north and south of the study area that are poor habitat for
giraffe and large distances to permanent river farther north of the study area (average 16 km, with 75% of grid
cells >7.5 km). Therefore, our spatially explicit density estimates are likely to cover most, if not all, areas with
Luangwa giraffe.
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Fig. 2. Estimated (realized) density of Luangwa giraffe in the Luangwa Valley in northeastern Zambia, based
on a spatial capture-recapture analysis of a search-and-encounter survey conducted in 2023. Two crossed out
cells were excluded from estimation as they correspond to the majority of a fenced area (25 km? of 29 km?) that
excluded giraffe.

E 0.04 5
g g
0 )
Q
2003 £ 02
3 3
> 2
s £
§ oo g
> 2
5 % 0.1
: 5
8 0.01 3
3 3
:
£ 0.00 X 00
(-S| m—— 0 0101 WSS o e ——————w
0 10 20 30 40 0 5 10 15 20

Distance to River (km) Human Footprint Index

Fig. 3. Effect of distance to river (left) and human footprint index (HFI, right) on expected density of Luangwa
giraffe in the Luangwa Valley in northeastern Zambia, based on a spatial-capture recapture analysis of a search-
and-encounter survey conducted in 2023. Median estimates (black regression line) with 95% BCI (colored
ribbons) are shown. Rugs display the distribution of habitat values within the state-space.
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Fig. 4. Posterior distributions for sex and age-class specific sigma (left) and baseline detection probability
(right) for Luangwa giraffe in the Luangwa Valley in northeastern Zambia, based on a spatial-capture recapture
analysis of a search-and-encounter survey conducted in 2023.
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Fig. 5. Effect of human footprint index (HFI) on expected range of movement for adult female Luangwa
giraffe in the Luangwa Valley in northeastern Zambia, based on a spatial-capture recapture analysis of a search-
and-encounter survey conducted in 2023. Median estimates (black regression line) with 95% BCI (ribbon) are
shown. Rug displays the distribution of HFI values within the state-space.

Patterns in Luangwa giraffe density and movement demonstrate an ability to persist in and select resources
in moderately and heterogeneously human-modified landscapes. A likely factor is the lack of significant human-
giraffe conflict. Giraffe density (second order resource selection®?) was highest near permanent rivers and
decreased to nonexistent by 7.5 km (Fig. 3), aligning with forage preference of Luangwa giraffe for riparian
woodlands and alluvial areas over mopane and miombo woodlands farther afield*. Indeed, Berry*” noted that
Luangwa giraffe did not travel beyond 7 km from the Luangwa River and giraffe detections in this survey did not
exceed 6.2 km (Fig. S5). Large swathes of these floodplains also support subsistence agriculture®>¢*. Yet, Luangwa
giraffe cause minimal crop damage nor other conflict with humans, in contrast to other megaherbivores such
as African savannah elephant (Loxodonta africana) and hippopotamus (Hippopotamus amphibius), which can
damage crops and infrastructure and directly cause loss of human life®4-¢°.

Reciprocal human-giraffe tolerance is further supported by the effect of HFI on giraffe density. With
widespread human footprint on the landscape and only 16% of grid cells considered wilderness or intact habitat
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(HFI <4), median giraffe density increased slightly with HFI and reached a maximum of 0.1 giraffe/km? when
HFI =13.6 (Fig. 3). In addition to minimal human-giraffe conflict, cultural aversions to consuming giraffe meat
reduce direct poaching threats?*. This differs from giraffe populations such as Masai giraffe in southern Kenya
(Tsavo Conservation Area®”) and other herbivores in the Luangwa ecosystem for which bushmeat poaching
is a key threat — especially in GMAs®. Additionally, Luangwa Valley is host to a significant wildlife tourism
economy®, especially around Mfuwe town (Fig. 1), that encourages tolerance of wildlife presence. Humans
therefore pose minimal direct threat to Luangwa giraffe survival, enabling somewhat higher densities even in
areas with greater human footprint.

Parabolic relationships between HFI and Luangwa giraffe density and movement (third order resource
selection®?) nevertheless indicate some negative effect of human footprint. Below HFI =8.2, both density and
range of movement increased with greater HFI, suggesting individuals overlapping more and travelling farther
to access increasingly limited resources in a human-impacted landscapelé’”. However, above this threshold,
especially after HFI >18.1, fitness risks from increased human pressure may outweigh travel benefits, thus
reducing density and restricting ranges of movement. Similar movement patterns have been documented
with Nubian giraffe (G. camelopardalis camelopardalis) across a gradient of HFI exposure!®. Risks to increased
movement as a result of a larger o, especially in developed areas, include higher snaring by-catch!””? and
powerline electrocutions from rapid electrification and infrastructure growth** Rachel McRobb, Conservation
South Luangwa personal communication). An average of 1.6 (range: 0-4) Luangwa giraffe have been de-snared
annually since 2013 (ZCP, unpublished data). Furthermore, the range in HFI values in which density and
range of movement likely each reached their inflection points and began decreasing (8.2 <HFI <18.1) suggests
complex interplay between individual distribution and space use as a result of human pressure; the degree of
spatial overlap between individuals and ranges of movement likely depend on the interaction of multiple fine
scale environmental features, including predator-prey dynamics and spatial heterogeneity’®. So, while Luangwa
giraffe have and can occur in a moderately human-modified landscape, continued study and strategic and
enforced land-use planning will be increasingly important for habitat protection and ensuring the ecological
and economic benefits of wildlife to communities.

The systematic survey was designed to support precise and accurate inferences about population density of the
Luangwa giraffe. Sufficient redetections are necessary to precisely estimate detection probability and ultimately
density’*”, and repeat surveys on consecutive days increased redetections (37% of total detections) compared to
previous studies that achieved fewer redetections (< 30%) over longer surveys with more effort**. However, the
short interval between repeat surveys limited spatial redetections and restricted the interpretation of the range of
movement to a shorter time frame compared to the more traditional home-range scale of movement when surveys
are conducted over longer periods such as full seasons. Still, almost 20% of giraffe had spatial redetections at the
5x 5 km resolution, estimates of o were precise [(standard deviation/mean) <0.2, Table S1], and males moved
greater distances than females as expected based on previous studies (Fig. 4!>1627). Characterization of full home
range size and estimation of habitat use at finer spatial resolutions would require more repeat surveys or greater
time between repeat surveys, and/or GPS tagging of individuals!>7¢. Surveys extended into the wet season would
also help to capture seasonal variation due to differences in forage availability’!””78. Future surveys may also
consider off-road transects to further increase the degree of two-dimensional sampling® and specialized SCR
models to account for strong associations with habitat patterns in highly structured environments, particularly
linear features like rivers, that can result in non-symmetrical or elongated home range geometries”%.
Approaches like kernel utilization distributions®3? and dynamic Brownian bridge movement models®*#* may
be needed to accurately estimate focal area, space use, and landscape connectivity. Finally, the sex ratio was near
parity during the survey, consistent with that reported by Phillips**in SLNP over a 3-year period. However, the
distribution of sexes across the landscape can vary by season and habitat due to feeding ecology®®, movement
patterns®, and over time from sex-biased sources of predation, mortality, and injury!”#738. While we do not
expect further range expansion in Luangwa giraffe, unless habitat patterns or associations change in the future,
monitoring the distribution of sexes over the landscape may detect sex-biased movements and demographic-
based population processes®. Targeted study of Luangwa giraffe movement over time and space is therefore
recommended to complement density estimation.

The estimated proportion of subadults and observed calves suggest population turnover that is necessary
for population persistence. However, subadults (7-15% of the estimated population) appeared fewer than in
other giraffe populations where they are almost twice as prevalent, such as Nubian giraffe in Murchison Falls
NP (Uganda'’) and Soysambu Conservancy (Kenya®®). Instead, the age structure resembled that of Nubian
giraffe in Lake Nakuru NP (Kenya) where high lion density influenced giraffe age structure®®. With SLNP
being a lion stronghold®!, predation may be contributing to the stable Luangwa giraffe population in their core
range by suppressing recruitment, survival, and population growth. Direct predation events are challenging
to document®®, and we found no evidence at the 5-km scale to suggest calves and subadults selected areas
of greater human presence for safety (e.g., human-shield hypothesis®?). Based on post-hoc exploration, HFI
values were similar across areas where giraffe of different age classes were detected (Tukey-adjusted pairwise
means comparisons: t ;= 031, t 0o o= =119, t e aqu= —1-005 all p> 0.46). Climate variability
and anomalous high rainfall can also reduce giraffe survival by increasing disease prevalence and cover for
predators!?, altering forage nutrition and availability, and potentially even movement patterns®>.

This study provides an important baseline for long-term monitoring to identify density trends, estimate
survival and recruitment rates, and understand predator-prey dynamics of the Luangwa giraffe. Ongoing
Luangwa ecosystem-wide research has generated local datasets (e.g., distance sampling, camera trapping, aerial
surveys, opportunistic sightings) that could be combined in an integrated framework to estimate Luangwa
giraffe population trends and dynamics at scale’*?>. Appealing properties of integrated approaches may include
increased precision and accuracy of estimates from having more data and uncertainty being propagated through
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the model®®. New parameters may also become identifiable despite no explicit data on them being collected®”*,
such that quantifying and understanding processes like source-sink dynamics become more tractable®®!%.
Analytical developments can be leveraged to extract signals from datasets with less individual resolution, such
as detections with entirely or partially missing identities?* and count and presence-absence data from citizen
science efforts'®'~1%, Partner collaborations are particularly valuable for data collection in areas like range
peripheries with sparse data. Integrated analysis frameworks therefore provide an efficient approach for long-
term datasets to estimate population dynamics and trends critical for informing conservation.

Giraffe are ecologically important in the Luangwa Valley ecosystem, engineering habitat and vegetation
structure and promoting biodiversity, in part due to their unique morphology that enables exclusive foraging
access to vegetation!®’. As the only population of this subspecies, the endemic Luangwa giraffe has special
conservation status. This range-wide survey of Luangwa giraffe provides critical updates on their population
density, and underscores the value of systematic efforts to understand patterns in population abundance,
structure, and impact of anthropogenic pressures. Results indicate that human-giraffe coexistence is possible
to a degree, but human presence in the Luangwa Valley — as in many other regions with giraffe populations
— will likely increase and continue to threaten to reduce the availability of natural habitat. Robust monitoring
is critical for conserving vulnerable wildlife species and populations in the face of compounding effects from
habitat degradation, resource overexploitation, climate change, inadequate environmental education, and
uncoordinated or weak land use governance!?>!%. We recommend long-term monitoring of the Luangwa giraffe
and leveraging the range of available datasets and quantitative approaches to better understand its ecology, track
population status, and assess viability through robust analytical approaches.

Data availability
Data and script to run Luangwa giraffe SCR model and calculate GOF can be found on the Figshare repository
at https://figshare.com/articles/dataset/27,752,955.
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