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Vultures are globally threatened, yet reliable population data on these birds are few, thus measuring their response 
to change is difficult. Kruger National Park (KNP) in South Africa is an important stronghold for many avian species, 
particularly vultures. In this study we generate population estimates for three vulture species in KNP using two 
plotless density estimators (PDE): a distance estimator based on nearest-neighbour distance and T-square sampling. 
We flew aerial censuses over large (c. 3 500 km2) sample areas in two ecogeographically separate parts of KNP and 
counted vulture nests visible within predetermined transects. In total 416 White-backed Vulture Gyps africanus, 
22 Lappet-faced Vulture Torgos tracheliotos and 24 White-headed Vulture Trigonoceps occipitalis nests were 
recorded. The nearest-neighbour distance PDE performed poorly, and we used a T-square PDE calibrated with aerial 
survey counts to extrapolate across KNP and estimate breeding population sizes. There are an estimated 904 (95% 
CI  162) pairs of African White-backed Vultures, 78 (95% CI  18) pairs of Lappet-faced Vultures and 60 (95% CI  13) 
pairs of White-headed Vultures in KNP. These results provide a basis for investigating how large vultures respond to 
ecosystem change and understanding their resilience within a broader environmental change scenario.

Keywords: aerial survey, density estimator, population estimate, Kruger National Park, vulture

Vultures are threatened across large parts of Africa 
 (Rondeau and Thiollay 2004, Thiollay 2007, Virani et al. 
2011) and in many other parts of the world (Ogada et al. 
2012). In southern Africa, vulture species are monitored 
at varying degrees of intensity, with the cliff-nesting 
endemic Cape Griffon Gyps coprotheres and the Bearded 
Vulture Gypaetus barbatus being monitored most closely  
(Brown 1997, Borello and Borello 2002, Krüger and van 
Zyl 2004, Boshoff and Anderson 2008, Boshoff et al. 
2009, Whittington-Jones et al. 2011). Of the three larger 
tree-nesting vultures in southern Africa, only the African 
White-backed Vulture Gyps africanus (AWbV) has been 
monitored to any significant exten t (Murn et al. 2002, 
Monadjem and Garcelon 2005, Herholdt and Anderson 
2006), whilst the Lappet-faced Vulture Torgos tracheliotos 
(LfV) and the White-headed Vulture Trigonoceps occipi-
talis (WhV) are comparatively poorly monitor ed (Bridgeford 
and Bridgeford 2003, Monadjem 2004). All three of these 
tree-nesting species have an unfavourable conserva-
tion status: AWbV Endangered, LfV and WhV Vulnerable 
(BirdLife International 2012). In this paper we focus on 
these three species that breed in Kruger National Park, 
located in northeast South Africa (Figure 1). 

Kruger National Park (KNP) is the largest protected 
area in South Africa and one of the largest (c. 20 000 km2) 
national parks in Africa. Knowledge about the population of 
vultures in KNP and how they change over time is important 
because the park is a national and regional stronghold for 
several vulture populations (Kemp 1980), particularly the 
three large tree-nesting species, and has been for many 
years (Kemp 1969). Furthermore, given the size of KNP, 
the generally unfavourable conservation status of vultures 
in Africa, and the fact that vultures are often more common 
in protected areas (Herremans and Herremans-Tonnoeyr 
2000), it is an internationally important site.

However, there are no recent or reliable data on vulture 
populations for KNP. Although population estimates have 
been made (Kemp et al. 2001), and some sections of the 
park studied intensively (Kemp and Kemp 1975), breeding 
populations of vultures have never been surveyed system-
atically across KNP. The most recent estimates involving 
actual counts are approximately 20 years old and were 
opportunistic counts done at the same time as aerial large 
herbivore censuses (Deacon 2004).

Estimating vulture populations and the densities at 
which they occur across large areas such as KNP can be 

Introduction
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problematic, given that vultures can travel vast distances 
each day in response to the high degree of spatial and 
temporal variation in their food resources. Timed species 
counts and counts at feeding events (i.e. carcass counts) 
are potentially useful ways of estimating numbers, but 
because of the mobile behaviour of vultures, these 
methods are likely to yield inaccurate results unless they 
are coordinated across a large area to account for vulture 
movements (Pomeroy et al. 2012). Overall, spatiotemporal 
variability in food supply and resultant variation in vulture 
occurrence means that counting vulture nests is a preferred 
method of estimating population sizes and their rates of 
change over time.

Counting large tree-nesting vultures by helicopter is 
practical because they build conspicuous nests on the top 
of trees. However, estimating the densities at which nests 
of the different species occur is problematic because of 
the large areas involved and the differing spatial charac-
teristics of nests between the species. AWbV generally 
breed in groups, sometimes called ‘loose colonies’ (Mundy 
et al. 1992), which are often found at high densities along 
rivers and drainage lines (Monadjem 2003a), but also at 
lower densities in savanna areas (Murn and Anderson 
2008). Lappet-faced Vultures and WhV are solitary-
nesting species that are, in KNP at least, found in
open savanna areas. 

Estimating the density of stationary and sparsely distrib-
uted points across large areas (such as vulture nests) 
using quadrat or plot-based sampling is time-consuming 
and often not feasible because the quadrats must be 
large, and high in number, to account for the size of the 
area being surveyed. Plotless density estimators (PDEs) 
are distance-based methods of density estimation that 
were developed as an effective way to overcome the 
limitations imposed by sparse populations on plot-based 
sampling methods (Engeman et al. 1994). PDEs are thus 
likely to be suitable for estimating densities of vulture 
nests occurring over large areas.

In this paper we report the results of aerial surveys in 
two large parts of KNP that were conducted specifically 
to provide census counts of large tree-nesting raptors, 
and particularly vultures. These census counts are used 
to assess the accuracy of density estimates derived using 
two types of PDE: a distance estimator based on nearest-
neighbour distance (NND) and T-square sampling. Using 
the resultant calibrated density calculations, we extrapo-
late across the entire KNP to provide breeding population 
estimates for the three species of large tree-nesting vultures.

Methods

Aerial surveys
Between 2007 and 2011, the occurrence and distribution of 
vultures and their nests over large parts of KNP have been 
monitored by road, foot and helicopter (CM unpublished 
data). From this monitoring, two areas of KNP with notice-
ably different vulture nesting densities were selected for 
census surveys: a higher-density (HD) southern area of 
c. 3 350 km2 and a lower-density (LD) northern area of 
c. 3 600 km2 (Figure 1). The census survey areas are 
approximately 85 km apart. 

These two areas were surveyed completely by helicopter 
in September 2011. Weather in KNP during September 
is usually dry and clear and survey flights were only 
conducted in these conditions. A maximum of two flights 
per day were flown with a survey team consisting of a 
pilot and three observers. Nine survey flights that varied 
in length between approximately 250 km and 850 km 
followed predetermined routes at a ground speed of 
c. 140 km h−1 and an altitude of c. 300 m above ground 
level. Flight routes were spaced to maintain an effective 
viewing distance of 1 200 m. The survey flight parame-
ters of travelling speed, altitude and effective viewing 
distance were all determined by a series of trial and error 
flights using known nest positions and the same helicopter 
and survey team in 2010. The survey routes were straight, 
with small deviations occurring only to check or georefer-
ence accurately nests that were more than c. 200 m from 
the helicopter, or where aggregations of nests occurred. 
All nest positions and flight routes were logged with a 
hand-held GPS using waypoint and track log functions, 
and a PDA/Smartphone running CyberTracker software
(http://cybertracker.org). Distinguishing between nests of 
the three species is readily achieved from the air using a 

Figure 1: Location of aerial survey areas in Kruger National Park, 
South Africa. Lines show direction of survey flight routes
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combination of nest shape, size, cup size, construction 
material and tree position, and a nest was recorded as 
active for the year if it contained an adult sat in an incubating 
posture, a chick, an egg or egg remains. Tenanted nests 
(i.e. one or more adults perched at the nest with no visible 
sign of an egg or chick) were noted and their positions 
recorded but these were not included in the analyses.

Testing spatial randomness of nests
Prior to the calculation of density and population estimates, 
the nest positions of each of the three species recorded 
during the aerial survey were tested for randomness of 
spatial pattern. Complete spatial randomness cannot be 
assumed automatically for nests and, similar to other ar eas 
(Murn et al. 2002, Monadjem 2003b), information obtained 
from field work between 2007 and 2011 suggested that 
AWbV in KNP show evidence of clumping, particularly in 
riparian zones. 

A number of tests are available for assessing random-
ness in spatial point patterns, and because some are 
sensitive to either large or small inter-point distances we 
compared three: (1) mean of the squared NNDs (large 
values associated with regular spacing); (2) squared coeffi-
cient of variation of the squared NND (low values are 
associated with regular spacing); and (3) the ratio of the 
geometric mean to the arithmetic mean of the squared 
NND (the maximum value for this statistic is unity, which 
occurs where all NNDs are equal, therefore large values 
indicate regular spacing) (Brown and Rothery 1993).

For each species we took the number of nests recorded 
during the census and used this figure as the sample size to 
generate 200 Monte Carlo repetitions of the same number 
of random points within the boundaries of the survey areas. 
Two hundred repetitions were considered sufficient to 
generate mean test statistics that would offer a meaningful 
comparison to the observed values from the nests. The 
mean values of the test statistics for the 200 random 
samples were compared to the observed values obtained 
from the census data.

Density and population estimates
Two PDE techniques were used. Prior to the density and 
population estimate calculations, each census area was 
reduced to create a smaller subarea approximately 60% of 
the original size (north 2 209 km2, south 2 130 km2). This 
was done to take account of the possibility that the nearest 
neighbour of any nest may have been immediately outside 
the census area (Greenwood and Robinson 2006).

The first PDE was a basic distance estimator using NND 
between random points and nests, and between nests. 
However, for clumped or clustered populations, using 
NNDs can result in spurious density estimates; point to nest 
estimates will underestimate density, whilst minimum inter-
nest distances will overestimate density. To compensate 
for this, we used a compound nearest-neighbour density 
estimator using the following equations:

and

where m is the sample size, C is the distance from each 
random point to the nearest nest and d is the distance 
from each nest to its nearest neighbour. The compound 
nearest-neighbour density (CNND) is calculated as 
the average of the two estimators: distance to closest 
individual (DCI) and distance to nearest neighbour (DNN) 
(Cottam and Curtis 1956). 

The second PDE was T-square sampling, which starts at 
a random point and measures the distance to the nearest 
point of interest (i.e. nest) and then the distance to that 
nest’s nearest neighbour, but on the opposite side of a plane 
divided by a perpendicular line running through the first nest 
(Figure 2). Similar to the CNND estimator, the combination of 
distances between random points and nests, and nests and 
their nearest neighbour, generally makes T-square sampling 
more robust to non-random distributions (Greenwood 
and Robinson 2006). However, although complete spatial 
randomness is not a requirement of T-square sampling, the 
accuracy of density estimates is likely to be compromised if 
the distribution of nests is either heavily clustered or signifi-
cantly more regular than random. 

To compensate further for any biases because of 
clustering, we used Byth’s robust T-square estimator TSRB 
(Byth 1982), which was developed to cope with non-random 
distributions:

where N is the number of nests, Ri is the distance from the 
ith random point to the nearest nest (line RC in Figure 2) 
and Ti is the distance from the nearest nest to its nearest 
neighbour (line CN in Figure 2). 
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Figure 2: T-square sampling. Black circles represent nests. Nest 
C is the closest nest to random point R. Nest N is nest C’s nearest 
neighbour on the opposite side of line AB, which runs perpendicular 
to line RC
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To generate breeding population estimates (pairs) 
across the whole of KNP we selected the PDE (CNND 
or T-square) that generated results most closely matched 
to the census counts. Using the selected PDE, nest 
densities were calculated for the southern high-density 
(HD) and the northern low-density (LD) areas that were 
surveyed. A correction factor was applied to these 
calculated densities, which represented the amount by 
which the PDE figure differed from the census counts 
to create an estimated density for the high-density area 
and the low-density area. Within KNP overall, the total 
size of the high-density area and the low-density area 
were calculated using a GIS (DIVA-GIS) and data based 
on landscape-level information about KNP (Gertenbach 
1983). Using this information, the high-density area 
was calculated to be approximately 10 500 km2 and the 
low-density area approximately 7 200 km2. Known gaps 
in vulture breeding distribution, such as mountainous 
areas where these vultures do not breed (e.g. the 
Lebombo Mountains in the east of KNP) were excluded. 
The population estimate for each area was the product 
of the estimated density and the size of the area. The 
estimates from each area were added together to 
generate population estimates (pairs) for each species for
the whole of KNP. 

Results

In total, 40 h of survey flights were completed across the 
two survey areas, covering a distance of approximately 
4 200 km. Across both survey areas there were 416 active 
AWbV nests, 22 active LfV nests and 24 active WhV
nests recorded.

Spatial randomness of nests
Tests for spatial randomness of nests for each species 
indicated that AWbV nests show a non-random distribu-
tion compared to mean values generated by the 200 sets 
of random points. Clustering of nests is a feature of this 
species, particularly in the southern survey area (Table 1).

The spatial arrangement of LfV and WhV nests was 
generally widely spread and comparable to a random 
distribution in terms of variability in NND and extent 
of clustering. Variability in NND between WhV nests 
in the southern area was high and ranged from 1.5 to 
19 km, compared with LfV, which ranged from 1.4 to 
7.9 km. Variability in NND of AWbV nests was very high 
(0.04–9 km southern area; 0.16–11 km northern area). The 
general spatial characteristics of the nests for each species 
derived from the tests in Table 1 are shown in Table 2.

Density and population estimates
The CNND estimator performed poorly and, compared 
with the aerial census figures, overestimated densities 
for all three species in the southern area. The largest 
discrepancy was the CNND estimate of 2 153 pairs of 
AWbV in the southern area versus 216 pairs recorded 
in the census. Conversely, CNND densities of LfV and 
WhV in the northern area were underestimated compared 
to aerial census figures. The accuracy of the CNND 
estimator was reduced with non-random distributions 
and underestimated the density of nests of species with 
a high mean NND (LfV and WhV) and overestimated the 
density of nests of species with a low mean NND (AWbV). 
The CNND estimator was excluded from subsequent 
analyses and not used to generate population estimates. 
The T-square estimator was less affected by variation in 

Table 1: Results of three tests for spatial randomness of nest locations of three vulture species in Kruger National Park (KNP), South Africa. 
Mean values were obtained from 200 replicated random samples and compared with observed (Obs.) values obtained from aerial censuses. 
The aerial censuses were conducted in an area of low nest density (LD; northern KNP) and high nest density (HD; southern KNP). Values 
in parentheses are the number of random samples more extreme than the observed value. Test statistics are: MNN  mean of squared 
nearest-neighbour distance; SqCV  squared coefficient of variation of the squared nearest-neighbour distance; GMR  ratio of geometric 
mean to arithmetic mean of squared nearest-neighbour distance

Test statistic
African White-backed Vulture Lappet-faced Vulture White-headed Vulture

LD HD LD HD LD HD
Obs. Mean Obs. Mean Obs. Mean Obs. Mean Obs. Mean Obs. Mean

MNN 14.17 3.94 1.32 3.68 357 3.87 25.06 3.64 399 3.87 49.92 3.71
(Obs.) (0) (200) (0) (0) (0) (0)
SqCV 4.42 1.17 21.75 1.17 2.76 0.72 0.71 1.09 1.15 0.72 4.03 1.00
(Obs.) (200) (200) (199) (49) (168) (199)
GMR 0.14 0.55 0.15 0.55 0.40 0.70 0.62 0.57 0.96 0.70 0.35 0.59
(Obs.) (200) (200) (186) (62) (10) (200)

Table 2: Nest spatial characteristics of three vulture species in two areas of Kruger National Park (KNP), South Africa. LD  Lower nest 
density area in northern KNP, HD  higher nest density southern area. The three test statistics, each measuring a different aspect of spatial 
pattern, are: MNN  measure of nest dispersion; SqCV  variation in nearest-neighbour distance (NND); GMR  extent of clustering

Test statistic
African White-backed Vulture Lappet-faced Vulture White-headed Vulture

LD HD LD HD LD HD
MNN Spread Clustered Very spread Spread Very spread Spread
SqCV Variable Variable Variable Random Random Variable
GMR Clustered Clustered Random Random Even spacing Random
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mean NND than the CNND estimator, and, compared 
with census counts, underestimated density, on average
by 35% (Figure 3). 

Compared to census counts, the performance of the 
T-square estimator varied between species. This is very 
likely because of the different spatial arrangement of nests 
for each species. It performed best for the southern popula-
tion of WhV, estimating a total of 10.5 nests compared 
with a census total of 12. Similar to the CNND estimator, 
T-square sampling performed least well for AWbV, again 
most likely because of the clumped nature of AWbV nests 
(Table 2). However, the T-square estimator was much 
more robust to the non-random distribution of AWbV nests 
compared to the CNND estimator. 

Using the T-square method, the projected breeding 
populations (95% confidence interval) of the three species 
were 904 pairs (162) of AWbV, 78 pairs (18) of LfV and 
60 pairs (13) of WhV (Table 3).

Discussion

Overall the results from this study are important because 
they provide the first systematic data for numbers of 

tree-nesting vultures across large areas of KNP. The aerial 
survey results and the density estimates based upon them 
are repeatable and provide a baseline for investigating 
variation in vulture populations over time.

Population estimates
Although vultures have not been surveyed systemati-
cally across the entire KNP, various population estimates 
for these three species have been made for the park 
(Table 4). The most cited figures are likely to be those 
provided by Tarboton and Allan (1984), who made popula-
tion estimates for KNP within a broader assessment of what 
was then South Africa’s Transvaal province in the north-
east of the country. Other population estimates for KNP 
have been made by Benson (1997), Kemp et al (2001), 
Herholdt (1997) and Deacon (2004). The last two estimates 
are based on the same counts of vulture nests obtained 
during the annual herbivore census in KNP, which was 
done using fixed-wing aircraft between 1982 and 1994. Until 
the current study, the aerial count data from the herbivore 
censuses were the only systematically obtained informa-
tion available on the status of vultures in KNP and those 
results were inaccurate. Deacon (2004) notes that counting 
vulture nests was a secondary activity during these surveys 
and that a large percentage of nests would have been 
overlooked. Herholdt (1997) also notes that nests would 
have been overlooked during the herbivore censuses, and 
cites misidentification as a contributing factor to counts 
that may have underestimated by as much as 50%. The 
estimates provided by Herholdt (1997) accounted for this 
and suggested KNP populations of 600–1 000 pairs of 
AWbV, 100 pairs of LfV and 92 pairs of WhV. 

For WhV, the earlier estimates of 92 pairs are the same for 
Tarboton and Allan (1984) and Herholdt (1997). Our results 
are more conservative, and suggest that 92 pairs is likely to 
be high, and our lower confidence limit (47 pairs) falls within 
the ‘less than 50 pairs’ concluded by Benson (1997). 

Densities of LfV have been considered to be higher in the 
northern third of  KNP (Kemp 1974, Herholdt 1997), although 
there are no published data to support this. However, results 
presented here and our other aerial survey results from 2010 
(unpublished) demonstrate that higher numbers of LfV exist 
in the southern third of the park. This was contrary to the 
expectations of our survey team and is discussed in the next 
section. Tarboton and Allan (1984) concluded there to be  

Figure 3: Variation in estimates of density using different plotless 
density estimators where nearest-neighbour distance varies. 
CNND  Compound nearest-neighbour distance, T-square  
T-square sampling (see Figure 2 and text for explanation of method)
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Table 3: Aerial survey counts, density estimates (obtained using a T-square estimator) and population projections for three species of vulture 
in Kruger National Park (KNP), South Africa. Listed census counts are from census subareas, as opposed to the two study areas in KNP that 
were surveyed completely: LD  northern low-density area in KNP (total size approximately 10 500 km2), HD  southern high-density area in 
KNP (total size approximately 7 200 km2), NND nearest-neighbour distance

Parameter
African White-backed Vulture Lappet-faced Vulture White-headed Vulture

LD HD LD HD LD HD
Census count 36 216 4 17 4 12
Mean NND 2.47 0.70 15.58 4.52 19.78 5.39
Density estimate 0.01191 0.03711 0.00109 0.00528 0.00146 0.00491
Correction factor 0.73 0.36 0.60 0.65 0.81 0.87
Estimated density (nests km−2) 0.0163 0.1014 0.0018 0.0081 0.0018 0.0056
Projected KNP breeding

population (pairs)
904 78 60

(95% CI 162) (95% CI 18) (95% CI 13)
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Murn, Combrink, Ronaldson, Thompson and Botha6

less than 40 pairs of LfV in the KNP area, whilst Herholdt 
(1997), again compensating for undercounting and misiden-
tification, suggests 100 pairs. Our calculated estimate is 
between the two (78 pairs) and, although no population 
estimates are given for LfV, Benson (1997) highlights that 
LfV outnumbers WhV in KNP; the latter are concluded to 
number fewer than 50 pairs. Thus it is likely that the 1984 
estimate of LfV is low. 

The breeding distribution of AWbV is variable in KNP. 
Nests can occur in large numbers along some rivers 
and drainage lines, in addition to high densities in some 
savanna areas. As they are generally ubiquitous and 
an order of magnitude more abundant than the other 
two species, estimating the population of AWbV in KNP 
is challenging. Despite this, our calculated estimate of 
904  162 pairs is within the estimated range of 600–1 000 
pairs provided by Herholdt (1997), and is remarkably similar 
to the estimate of 2 048 birds made by Kemp et al (2001). 
Assuming an additional 0.3 immature and non-breeding 
birds per pair (Mundy et al. 1992), our estimate is 
2 078 birds. This suggests that the population status of 
AWbV in KNP may not have changed dramatically since the 
mid-1990s. However, the earlier estimate by Tarboton and 
Allan (1984) of 1 400 pairs for KNP is higher, and poisoning 
incidents may have impacted these numbers (van Jaarsveld 
1987, Herholdt 1997). It seems likely that, compared 
to the present, numbers of breeding AWbV in KNP have 
declined significantly since the early 1980s, perhaps by
as much as 50%.  

Population densities
Compared to other areas (Table 5), the densities of LfV 
recorded in this study and others for the KNP area are low. 
This suggests that LfV may breed at a lower density in the 
lowveld of southern Africa, but densities in the virtually 
adjacent Gonarezhou National Park in Zimbabwe are 
likely to be the highest recorded for the species (Mundy 
1982, Mundy et al. 1992), although these data are old and 
could now be lower. Similarly, LfV population and density 
data reported by Hitchins (1980) for Hluhluwe/Umfolozi in 
South Africa (15 nests at 0.016 nests km−2) are approxi-
mately double those reported more recently by Bamford 
et al. (2009) (7/8 nests at 0.008 nests km−2) and highlight 
declines in that area. However for KNP, such declines are 
not apparent. As noted above, breeding densities for LfV 
are lower than expected for the northern areas of KNP, but 
prior to this study there are no published data that specifi-
cally compare the density of nesting vultures between the 

northern and southern areas of KNP. Although a latitudinal 
shift in density of breeding LfV could explain a lower nesting 
density in the northern area, we have no access to any 
comparative values and can only conclude at present that 
the overall population and density of LfV in KNP appears 
not to have changed significantly in recent times. This 
highlights the importance of the park as a stronghold for 
the species, situated as it is within a surrounding environ-
ment that is generally unfavourable for LfV and many other 
vulture species (Anderson 2000).

Of all three species, density for WhV is the most 
consistent across all areas. By averaging the values in Table 
5, it is concluded that a mean density of 0.006 nests km−2 in 
protected areas, to where the species is primarily con fined 
(Herremans and Herremans-Tonnoeyr 2000, Thiollay 2006), 
is likely to be accurate.

Similar to the LfV, AWbV breed at lower densities in KNP 
compared to other places. This, and other, low density 
estimates for KNP could be a function of the size of the park. 
In smaller protected areas breeding birds can be ‘crammed’, 
particularly if the surrounding habitat matrix is unfavour-
able for breeding. This is a possible reason why breeding 
densities are higher in smaller protected areas. In general, 
breeding densities tend to increase with decreasing size of 
the area surveyed. The AWbV density reported for Kenya 
(Virani et al. 2010) is possibly an overestimate, as this 
figure was determined using a nearest-neighbour PDE for 
a relatively small sample of nests with a short mean NND 
(0.51 km). We therefore consider the Swaziland density 
(Monadjem and Garcelon 2005) as the highest yet recorded 
anywhere for this species, as it is based on aerial surveys 
and across a relatively small area. 

What is density for?
We recommend the adoption of nests per square kilometre 
(nests km−2) as the measure of breeding density, or 
number of nests per unit area. This is because densities 
by other measures either infer spacing and/or territo-
rial behaviour (e.g. km2 nest−1 or area pair−1) or do not 
necessarily reflect the situation on the ground. For 
example, the highest reported nesting density for AWbV 
of 266 nests per 100 km2 (Monadjem and Garcelon 
2005) is slightly misleading because 266 nests were 
not recorded in an area of 100 km2, but rather 109 nests 
over 41 km2 (2.66 nests km−2). Whilst this density is still 
very high, the clumped nature of AWbV nests means that 
finding other (smaller) patches with nest densities equiva-
lent to this is not unlikely. The density measure of nests 
per 100 km2 does not account for the spatial arrange-
ment of AWbV nests, which is characterised best as 
dispersed clumps, usually over areas of less than 100 km2. 
Conversely, 12 WhV nests found in a hypothetical area 
of 7 500 km2 does not mean that the territory size or area 
per pair is 625 km2. In this example, a reported density 
of 0.0016 nests km−2 describes the situation in the area 
that was surveyed, without making any inference about 
the ecological or behavioural traits of the birds. Density 
estimates are thus best used to describe the number of 
birds per unit area across the entire area of interest, rather 
than as an indicator of spacing or clustering, for which other 
methods of investigation should be used. 

Table 4: Population estimates from previous studies for three 
species of vultures nesting in Kruger National Park (KNP), South 
Africa. AWbV  African White-backed Vulture, LfV  Lappet-faced 
Vulture, WhV  White-headed Vulture

Source (chronologically
arranged)

Number of breeding pairs in KNP
AWbV LfV WhV

Tarboton and Allan (1984) 1 400 40 100
Benson (1997) – – 50
Herholdt (1997) 600–1 000 up to 100 92
Kemp et al. (2001) 2 048 64 64
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Review of the methods and assessing population 
change
For large conservation areas that cannot be compre-
hensively surveyed, we recommend a survey schedule 
and sample density estimation process similar to that 
described here. This process should incorporate prelimi-
nary monitoring because helicopter surveys can be costly 
and should preferentially be used to census large areas 
of different density where they have been identified. The 
census densities we obtained were not used to estimate 
population sizes because the two aerial survey areas 
were samples of high- and low-density areas, which had 
been identified by preliminary monitoring. In other words, 
densities vary across KNP and the two survey areas 
sampled this variation to provide a combined estimate for 
the park. In small protected areas able to be surveyed 
completely, the total number of nests will be recorded, 
and whilst total density for the area can be calculated, 
this will ultimately be of less importance for conserva-
tion monitoring than the total number of nests (on which 
density is based).

Based on the data and analyses in Tables 1 and 2, the 
distribution of AWbV nests in KNP clearly creates difficul-
ties in the detection of spatial patterns and is the most 
likely reason for the poor performance of the compound 
NND estimator. Another possible explanation is the scale 
of investigation; AWbV nests are clearly clumped at local 
scales, but may quite possibly show a random distribution 
on a much larger scale. The use of accurate census data 
demonstrated that density estimates made using NNDs 
inflate dramatically population estimates for clustered 
breeding distributions. We conclude that estimating 
densities using any basic NND estimator (point to nest, 
nest to nest, and/or compound estimators) and extrapo-
lating to larger areas is unreliable and should not be used. 
Our results show that the T-square density estimator was 
adequately robust to non-random distributions of nests 
and consistently underestimated densities, on average 
by 35%. As a result, we conclude that the T-square 

method can be employed to estimate effectively popula-
tion densities of dispersed nests (or groups of nests) 
occurring over large areas that cannot easily (logistically 
or financially) be surveyed completely. Smaller areas 
(e.g. 2 000 km2) should be surveyed exhaustively and 
numbers of nests counted, rather than extrapolating from
sample density estimates. 

The tests of spatial randomness (Table 1) proved 
valuable in terms of quantifying the spatial variation 
exhibited by the nests of the three species. The combina-
tion of the three statistics described well the patterns of 
the nests that were apparent from a visual inspection 
of the points. It is likely that the spatial arrangement of 
nests might vary over time (e.g. AWbV becoming less 
clustered and more dispersed) in response to changes 
in environmental or management scenarios. Future 
tests of spatial pattern and randomness can detect such 
variation and, in combination with robust density estima-
tion, will highlight the resilience of populations of these 
species to changes over time, and the extent of their
response to change. 

It is clear from the population estimates provided here 
that KNP holds internationally significant populations of 
these three species. In a world where the threats outside 
(and inside some) protected areas are increasing all the 
time, continued monitoring will be essential to determine 
how the density and pattern of vulture nests change over 
time in response to these threats and a broader environ-
mental change scenario.
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