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As with many areas in Africa, Kenya has witnessed rapid human development in recent
decades, including an increase in urbanization and an intensification of agriculture. The
impact of these land use changes on wildlife populations have, however, rarely been
examined. The Augur Buzzard is a widespread raptor species, thought to adapt relatively
well to human alterations of habitat. In this study, we explore trends in Augur Buzzard
(Buteo augur) territory occupancy over nearly two decades around Lake Naivasha,
Kenya, in relation to land-use changes, particularly expansion in human housing and
flower farms. We hypothesized that these changes would cause population declines in
this species within our study area. Using remote-sensed satellite imagery, we found that
human development (agriculture and human settlement) increased from 9 to 24% of the
study area from 1995 to 2014. We found a 47% decline in active territories over this
same time period, representing an annualized decline of 3.1%. Based on the length of
three generations this would qualify this species to be uplisted to at least Vulnerable in
our study area, raising our concerns that the same pattern may be occurring across
the species’ range. We then explored whether abandonment of individual territories was
associated with either (i) the current amount or (ii) the change in human development
within a range of buffer circles of varying radii (0.1–5.0 km). Contrary to our expectations,
no associations were found between human development and territorial abandonment,
and thus we could not attribute specific territorial abandonment to these broad scale
anthropogenic land cover changes. We encourage further research to investigate
whether territorial abandonment may be associated with either finer resolution (habitat
specific) changes, or sources of direct mortality, for example human persecution or
electrocutions. These factors might explain the decline in this population better than
broader scale increases in anthropogenic land cover.
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INTRODUCTION

Anthropogenic development is a key driver in ongoing global
defaunation (Dirzo et al., 2014), with far-reaching consequences
for not only species loss, but also ecosystem function and
service (Säterberg et al., 2013). It is one of the main threats
facing bird populations across the globe (Loss et al., 2015;
McClure et al., 2018). Understanding how species cope with
such changes is therefore of critical concern to conservationists
(McKinney, 2002).

Raptors may be particularly sensitive to such development
and many are known to be threatened by changes in land use,
such as urbanization and intensification of agriculture (McClure
et al., 2018). Some raptors, however, have been shown to be
more adaptable than others to di�erent forms of land use change.
For example, some species thrive in urban habitats (Boal and
Mannan, 1998; Suri et al., 2017; Kettel et al., 2018; Muller et al.,
2020), while others are resilient to agricultural change (Cardador
et al., 2011; Murgatroyd et al., 2016).

The Augur Buzzard (Buteo augur) is a relatively common
raptor found throughout East and southwestern Africa. The
species is considered of low conservation concern by the IUCN
Redlist of Endangered Species (BirdLife International, 2012),
and is thought to adapt well to cultivated land and fairly dense
human habitation (Fry et al., 1988; Muhweezi, 1990). However,
high rates of mortality have also been observed in areas with
high human presence (Virani and Harper, 2009) and other
research has identified lower densities in areas with increased
human development (Virani, 1999). These studies suggest that
the species may be negatively impacted by changes in land
use within their distributional range. However, despite their
relative abundance and large distribution, the species has received
relatively little research attention (Virani and Watson, 1998;
Amar et al., 2018; Buechley et al., 2019).

In this study, we explore trends in territorial occupancy in
an Augur Buzzard population around Lake Naivasha, Kenya,
which to our knowledge is the only population which has
been monitored long-term (Virani and Harper, 2004, 2009;
Virani, 2006a). This area is believed to have undergone
rapid anthropogenic development in recent decades and we
hypothesize that these changes may have driven declines in the
population. We predict that: (1) within the study area there
will have been increases in anthropogenic development at the
expense of more natural habitats; (2) Augur Buzzards would
have abandoned territories in the study area, and that (3)
territorial abandonment will be associated with anthropogenic
development. To test this, we used remotely sensed data to
quantify levels of land use change in the study area over this
same period, with a focus on human development (including
both agriculture and human settlements). We explored Augur
Buzzard territory occupancy from surveys carried out in 1995–
97, 2010, and 2014 to examine changes in territory occupancy
rates over a 20 years period. Then, for each territory in our
study area, we quantified the levels of human development
(including both agriculture and human settlements) at di�erent
radii bu�ers surrounding these territories and tested whether
territorial abandonment was associated with levels of human

development or changes in human development over the 20 years
period (Krüger et al., 2015).

MATERIALS AND METHODS

Study Area
Our research was conducted around LakeNaivasha, located in the
eastern Rift Valley of Kenya. The slopes of the Rift Valley above
Lake Naivasha are covered by tropical Setaria spp. Grassland,
which transitions into the Tarchonanthus camphoratus bushland
typical of the Rift Valley floor (Litterick et al., 1979). Upland
Acacia spp. woodland is common in the area surrounding the
lake (Pratt et al., 1966; Virani and Harper, 2009). The land
has a high economic value and accounts for 75% of Kenya’s
horticultural exports (Litterick et al., 1979; Harper et al., 1990,
2011). This intensive agricultural production is made possible
by readily available irrigation water, good quality volcanic soil,
and a tropical climate. There have also been large increases in
development in the Hell’s Gate National Park south of the lake
beginning at the end of the twentieth century for geothermal
energy (Harper et al., 1990, 2011).

Land Cover Change
We explored how land cover has changed in our general study
area and how it had changed in areas surrounding Augur Buzzard
territories. To do this we created maps of land cover for the same
three periods that territorial occupancymonitoring occurred (i.e.,
1995–1996, 2010, and 2014). The classification of the study area
into distinct categories of land cover was conducted using a
random forest algorithm, which is based on ensemble decision
tree classification (Breiman, 2002) and is widely used for land
use and land cover mapping (Haas and Ban, 2014; van Beijma
et al., 2014). The water category was defined as “areas covered
by water,” the human category was defined as “all areas covered
by human development, agriculture and settlements,” the open
category was defined as “savannah and low shrublands,” and the
closed category was defined as “forests, dense shrubs, and brush.”

Classification used 30 m resolution Landsat 5 (L5) Thematic
Mapper (TM) images and Landsat 8 (L8) Operational Land
Imager (OLI), downloaded from Earth Explorer [U.S. Geological
Survey (2015) “Earth Explorer”1]. Landsat Surface reflectance
products from both L8 (OLI) and L5 (TM) missions were used.
These products have been pre-processed, removing atmospheric
and sensor e�ects (U.S. Geological Survey, 2015). Bands 1–7
were used for the L8 images, and bands 1–5 and 7 for the L5
images. During each sampling period, we used these bands from
two cloud free images for processing: 21st Jan 1995 and 4th
December 1994 for the first period; 30st January 2010 and 1st
January 2011 for the second; and 4th July 2014 and 12th January
2015 for the final period (4th July was the only cloud free image
for 2014). The final sampling period used L8 images, while the
others all used L5 images. All bands were processed at a 30
m resolution. The Landsat 5 Thematic Mapper was no longer

1http://earthexplorer.usgs.gov
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operational by 2014, which necessitated the use of L8 images for
the final survey period.

Supervised classification using the random forest algorithm
was implemented using the package randomForest (Liaw and
Wiener, 2002) in R V3.3.1 (R Core Team, 2016). Polygons were
drawn around areas of known land cover type for all sampling
periods and were used to select training pixels for the random
forest algorithm. The process classified land cover into one of
four categories, and we selected training data from each: (1)
human development (including greenhouses, agriculture and
urban development); (2) open natural vegetation; (3) water; and
(4) closed forested or thick bush habitats. Using the training
polygons, 100 training pixels per land cover type were selected,

selecting 100 random training pixels from each type should
reduce misclassification through both spatial autocorrelation and
selection bias (Millard and Richardson, 2015). One thousand
trees were fitted per classification process, in which a majority
of votes among decision trees assigns the class. The number of
variables to be selected and tested for the best fit when growing
trees (Mtry), was set automatically by randomForest in R. The
random forest algorithm uses a bootstrap sample of the data to
train the model. This allows for the creation of an out-of-the-bag-
error (OOB Error), using cross-validation of samples not selected
during the bootstrap sample process. The OOB error provides an
assessment of test set accuracy (Supplementary Table 1). After
classification, accuracy of classification was assessed using several

FIGURE 1 | A map of the southern Lake Naivasha region, with polygons showing the general locations of each study area and points showing centers of buzzard
territories as found in 1995. Esri, Maxar, Earthstar Geographics, USDA FSA, USGS, Aerogrid, IGN, IGP, and the GIS User Community.
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FIGURE 2 | Land use change in the region south of Lake Naivasha from 1995
to 2010. The water class refers to all areas covered by water, the human class
refers to all areas covered by human development, agriculture and
settlements, the open class refers to savannah and low shrublands, and the
closed class refers to forests and dense shrubs and brush. Human
development, agriculture and settlements increased by a large degree over
the course of the study period, particularly to the west of Lake Naivasha.

methods; the OOB error estimate; the proportion of votes for the
correct class for each training pixel; and through visual validation
of the classification product, overlaid on Google Earth.

Training polygons and training pixel selection was refined
over several attempts for each land cover mapping period.
Following the creation of the land cover products, we used a
5 ⇥ 5 focal smoother, which calculated the average value for each
5 ⇥ 5 raster neighborhood to reduce the variation in local land
cover. Finally, all rasters were clipped using the 2014 lake high
water level; the Naivasha lake level changes over time depending
on various environmental conditions, and the lake was at its
highest in 2014. Clipping the area allowed us to remove land from
consideration that may have been covered by water due to rising
lake levels in 2014.

Using the four land cover categories produced from the above
process, land cover around nesting territories was then calculated
between 1995 and 2014 at several scales. Within our study area,
the center locations of active buzzard pair territories were on
average 0.86 ± 0.33 km apart from each other (where 0.86 is
the mean value of the Nearest Neighbor Distance; Virani, 1999),
suggesting home range sizes with radii that ranged between
0.25 and 0.6 km. However, the home range size of raptors are
correlated with their body size, and holarctic raptors with similar
body sizes to buzzards can have much larger home range sizes
(Peery, 2000). Therefore, we quantified human development at
the five di�erent radii: 0.1, 0.5, 1, 2.5, and 5 km; allowing for
conditions where we under and overestimate the buzzard’s home
range size. To allow us to further explore whether territorial
occupancy or abandonment was related to increases in human
development within a pairs home range, the change in land cover
between the first and last survey period was calculated. For each
radii, we calculated the percentage of pixels belonging to each
land cover classification at each survey period. Change in human
development was then calculated as the di�erence in percentage
of that land cover type between the survey periods.

Augur Buzzard Monitoring
We monitored Augur Buzzards in order to count the number of
active territories per study year in five areas in the Lake Naivasha
region (Figure 1): (1) Hell’s Gate National Park (Hell’s Gate)
characterized by large cli�s, which are important nesting areas
for raptors (Lester, 1991), (2) Olkaria Geothermal Power Station,
located on higher ground in the southwest part of Hell’s Gate with
numerous steam vents. While power has been generated here for
decades, recent years have seen large increases in construction
of the station into three separate facilities. (3) Mundui area to
the west of Lake Naivasha, which consists of Acacia woodland
with tall, open-canopyAcacia xanthophloea trees intermixed with
open grasslands. Agricultural activities are limited to subsistence
use, domestic livestock grazing is minimal to moderate, and
human settlement is moderate. (4) Sulmac, and (5) Oserian
areas have considerable horticultural activity (flower farms) and
higher human settlement levels. There are several small open and
closed canopy woodlands dominated by Acacia xanthophloea in
residential areas and around the lake edge.

Augur Buzzard breeding surveys were conducted for a
cumulative total of 5 non-consecutive years between 1995 and
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2014. Surveys from 1995 to 1997 from April–July provided
a comprehensive baseline of territories in the region. These
territories were revisited more than a decade later from April–
July 2010, and then again in May–July 2014. Additionally, to
ensure no new territories were missed, we also conducted a full
census for potential new occupied territories (occupied with at
least one buzzard) within the entire study area in each of the two
later re-survey periods.

Surveys were conducted via bike or foot during all daylight
hours, although primarily in the morning. Observations were
mainly conducted from existing roads, with routine stops
being made approximately every 200 m (depending on habitat
type and visibility) to scan for Augur Buzzards. Whenever an
Augur Buzzard was sighted, the time and specific location was
recorded, plumage patterns were documented (e.g., morph),
legs were checked for bands, and if possible, a photo of the
individual was taken. With subsequent re-sightings of birds,
plumage patterns were cross-referenced to existing photos and
descriptions, and location, direction of travel, and perch data
assisted in the delineation of territories. Distinct plumage
patterns from the species’ polymorphism led to a high level of
confidence in recognizing individuals within breeding territories
(Krüger et al., 2001). Territorial pairs were often seen in pair
flight. In many cases, Augur Buzzards were observed that did
not belong to an established pair. This was determined by
closely monitoring behavior. Evidence that individuals were
non-residents included high, directional flight through multiple
territories, having no re-sightings of the individual in a location,

and/or having sightings of multiple unique individuals in
an area. These birds were not counted to be part of an
occupied territory.

Statistical Analysis
We explore whether human development was linked to
abandonment of territories using a Generalized Linear Model
(GLM), implemented in R version 3.3.1 (R Core Team,
2016). The response variable in these analyses was territorial
abandonment between our first (1995–1996) and last survey
period (2014), which was fitted as a binary response variable,
where 1 = occupied and 0 = abandoned. We explored whether
changes in human development between 1995 and 2014 were
associated with abandonment. For this analysis, our explanatory
variables were: (1) the initial % of human development, (2)
the % of change in human development and (3) the five-
level categorical “location” term. We fitted the initial levels
of human development, since we thought it was potentially
important to control for this term before fitting the levels of
change. For example, 20% change might be important in driving
abandonment if initially there is already considerable human
development surrounding a territory but may be less important
in more pristine areas. Again, we ran this analysis separately for
the five di�erent radii.

We explored the evidence for an association between
territorial abandonment and the explanatory variables
at each radii using an information theoretic approach
(Anderson et al., 1998), ranking all possible models by

FIGURE 3 | Percent coverage of open, closed, and human development land types in each region of our study, split across 1995, 2010, and 2014.
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their AICc scores. In this way all variables, singularly and
in combination with all other variables were examined.
When there were competing models, we calculated their
model average estimates and 95% confidence limits for the
plausible models (<21AICc) using the MuMIn package
(Barton, 2020). We then assessed their relative importance
scores, and whether their model average parameter estimates
overlapped zero.

RESULTS

Land Cover Change
Total land cover use within the study area changed considerably
over the course of the study (Figures 2, 3). Human development
had the largest change, increasing from 9 to 24% between 1995
and 2014 (Figures 3, 4). Sulmac had the largest increase in human
development, increasing from 21.5 to 34.6%, while Hell’s Gate
National Park had the lowest increase in human development
across the study period (0.1–0.8%). Much of this land change
occurred in the beginning of the twenty-first century, before the
second re-surveys in 2010. At the territory scale change in human
development within 1 km varied considerably, but the majority of
sites (62.2%) showed an increase, with 43.4% showing an increase
of > 10% (Figure 5).

Change in Augur Buzzard Territorial
Occupancy
A total of 38 occupied territories were found in the study area in
1995. This had declined to 24 occupied territories in 2010, and
by 2014, only 20 territories remained occupied. This equates to
a decline of 47% in the number of occupied territories over a
19 years period from 1995 to 2014 (Figure 6), or an annualized
decline of 3.1%. This would translate over three generations
time period (24.3 years) to a decline of 54%, generally in areas
with greatest change in land cover. Between 1995 and 2014,
declines were evident at all of the 5 areas. The greatest declines
occurred in the Sulmac region, where the numbers of occupied
territories declined from 11 to 3 and human development had
the largest increase. However, even in the protected area of Hell’s
Gate National Park, the number of occupied territories declined
from 10 to 6, while Mundui Estates fluctuated in the number
of occupied territories, dropping from 8 to 6 and then rising to
7 (Figure 6).

Association Between Territorial
Abandonment and Current Levels of
Human Development
The current levels of human development (Human) appeared in
all plausible models (with 1AICc < 2) for the radii of 500 m to

FIGURE 4 | Estimates of landcover for classifications of 1995, 2010, and 2014.
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2.5 km. The best fitting model (i.e., lowest AICc) from all the
analyses was for a linear negative association between current
human development and probability of occupancy at the 1 km
radii. This term was also the variable with the highest relative
importance weighting (0.69) (Figure 7 and Supplementary
Table 3). However, in all models the confidence limits of the
human development variable overlapped zero (Supplementary
Table 3), and in all models the null model was within1AICc< 2.
For models exploring the 5 km radius, the human development
term became uninformative, not featuring in any of the plausible
models. Location did not appear in any of the plausible models
(Supplementary Table 2).

Association Between Territorial
Abandonment and Change in
Human Development
We found little evidence supporting the hypothesis that changes
in percentage of human development between 1995 and
2014 surrounding a territory influenced the probability of its
abandonment (Supplementary Table 2). Indeed, this change
term only featured in plausible models at two radii (2.5 and
5 km), and even in these models, the terms had a relatively low
importance score (0.14 and 0.44, respectively) with parameter
estimates that overlapped zero. Initial human development
featured in all top plausible models (<21AICc) for all radii.
The best fitting model with the lowest AICc was the linear e�ect

of initial human development at the smallest radius (0.1 km).
However, again in all models the parameter estimates overlapped
zero, suggesting that the term was only weakly informative
(Supplementary Table 2).

DISCUSSION

During our survey period, remotely sensed data showed
substantial changes in land use within our study area around Lake
Naivasha, with human development showing the largest increases
in area. Such increases are not unique to this area in Kenya, as
30% of the land-cover in East Africa has been converted for use by
humans (Jacobson et al., 2015). During this same time period, we
found that Augur Buzzards in the region south of Lake Naivasha
had declined by 47% or an annualized decline rate of 3.1% per
annum. Based on a generation length of 8.2 years (Bird et al.,
2020), this translates into a decline of 54% over three generations.
Thus, if this rate of change was representative of declines for
the species across their distributional range, it would qualify
the species to be up-listed from Least Concern to Vulnerable
(Butchart et al., 2004; BirdLife International, 2020).

Although we confirmed our hypothesized changes in
land cover and buzzard occupancy, we found that at the
level of individual territories, territorial abandonment were
not associated with current or increased levels of human
development. This survey only represents a small portion of

FIGURE 5 | Histogram of changes in total percent human development for each buzzard territory at 1 km.
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FIGURE 6 | Numbers of occupied territories over in 1995, 2010, and 2014s in five study areas around the south of Lake Naivasha. Overall numbers declined from
38 occupied territories in 1995 to only 20 occupied territories in 2014, a decline of 47%.

FIGURE 7 | Relationship between territorial abandonment in relation to (A) current human development (humanc), from best fitting model (1 km radii); and in relation
to (B) longer term percentage change in human development (ihumanc), from the best fitting model (0.1 km radii).

the species range, and therefore more studies are needed to
see if these trends can be generalized. However, the lack of a
clear association between territorial abandonment and human
development surrounding a territory does not necessarily mean
that human development is not responsible for the overall
decline in the number of occupied Augur Buzzard territories.
We found that Sulmac had both the largest amount of human
development and the largest increase in human development
(21.5–34.6% over the course of the study period), and prior
published mark-and-recapture research from 1995 to 2009 in

these same study areas showed that Augur Buzzards in Sulmac
had a mortality rate of 20.8% (Virani and Harper, 2009). On
the other hand, Oserian had the second-largest amount of
human development but did not increase in said development
over the course of the study, lost a net total of 1 territory, and
was found to have 3.3% buzzard mortality in prior research
(Virani and Harper, 2009).

Although our models do not directly support the idea that
human development is responsible for buzzard declines, our
observations of abandonment in the Sulmac region coupled
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with prior mark-and-recapture results suggest that humans
activities may still be responsible for declines. There are several
possible alternate explanations for why our models did not
support this conclusion. For example, the horticulture company
in Oserian operates a wildlife sanctuary next to their farm,
which may have altered the e�ect of human development
or infrastructure on buzzards in this region. Furthermore, it
is possible that abandonment is a relatively poor proxy for
buzzard mortality. Overall increased human numbers in the
region could have resulted in an increase in persecution of
the species more generally, or an increase in collision within
energy infrastructure, including immature and non-breeding
floaters. Any such increase could have led to a unsustainable
rates of adult mortality and ultimately to a decline in the
overall population. Persecution of buzzards is known to occur
in this region, with local people actively cutting down nest trees
or killing adults (Virani and Harper, 2009). If persecution is
responsible for ongoing buzzard abandonment, we would expect
to see more abandoned nests at closer proximity to human
settlements, which we examined. Indeed, our best fitting model
describing buzzard loss was with increasing human development
at the 0.1 km scale, which weakly supports the notion that
proximity to human infrastructure is a driver of abandonment.
Furthermore, most of the electricity distribution pole designs
used in the Lake Naivasha area pose high electrocution risks
for raptors (Smallie and Virani, 2010). An increasing number
of buzzards are being electrocuted by distribution lines and
associated transformer utility poles in the Naivasha region
(Thomsett, in prep). Ten raptors were reported killed over
a 20 years period between 1970 and 1999, 5 cases over
an 11 years period between 2000 and 2010, and 20 cases
in only a 3 years period between 2015 and 2017 (six in
2017 alone). At least 75% of all the electrocuted birds were
Augur Buzzards (Thomsett, S. in prep). It is unclear, however,
whether this is associated with an increase in the number
of distribution lines being established to service the growing
Geothermal Power originating from Hell’s Gate National Park,
or whether it is an artifact of increased monitoring of the
area. Finally, while traditional grazing by livestock can make
mammalian prey more accessible to buzzards in this region
through reduced grass cover (Virani, 2006a), overgrazing of
grass and pest control is correlated with lowered buzzard
productivity due to the subsequent lowered abundance of
rodent prey (Virani and Harper, 2009). In many cases, farms
employ sta� for the sole purpose of killing these rodents
(Virani, 2006a,b).

CONCLUSION

Our data show that Augur Buzzards are not necessarily pushed
out of an area by anthropogenic development, which could lead
to the conclusion that they have the potential to be successful
in human-altered environments. However, our data also show
that the species is showing large declines in Naivasha, with an
increase in territory abandonment in regions that Virani and
Harper (2009) discovered had high mortality. We encourage
further research to investigate whether human persecution,

electrocutions, and/or other causes of acute mortality may be
driving population declines.

Our observations of buzzard decline within our study area are
particularly concerning given McClure et al. (2018) conclusion
that more than half of the world’s raptor species are in decline,
with Least Concern species experiencing the greatest decline
rates. Indeed, augur buzzards were once considered a common
species, and our observations of the species’ decline in our
study area raise concerns that this species is following the
pattern outlined by McClure et al. (2018). We encourage greater
conservation focus not only on augur buzzards across their range,
but also on all raptor species of Least Concern.
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