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A B S T R A C T

Bird species that occupy highly specialised ecological niche are susceptible to environmental and climatic
change. These species can easily be moved into extinction by small anthropogenic or natural changes to their
habitat. It is paramount to understand and assess the uncertainties of the impacts of climate change on the
species to adopt adaptation strategies and provide revised management actions. Based on two emission scenarios
Representative Concentration Pathway (RCP2.6 and RCP8.5) set by the Intergovernmental Panel on Climate
Change (IPCC), we predicted the potential distribution of Blue Swallows (Hirundo atrocaerulea) habitat suit-
ability under current and future scenarios using a maximum entropy (MaxEnt) model. Eight variables were
selected from 21 bioclimatic, elevation and land use/ land cover covariates based on their model percentage
contribution in MaxEnt and correlation analysis. Our results demonstrate that maximum temperature of the
warmest month (Bio5) and precipitation of the warmest quarter (Bio18) are the most important variables in
determining the distribution of potentially suitable habitat for the Blue Swallow. Furthermore, our results
suggest that Blue Swallow suitable habitat will decrease with increase in latitude while decreasing with an
increase in longitude due to climate change. The predicted fundamental niche was much larger than the realised
niche, suggesting that other anthropogenic and ecophysiological parameters may limit occupation of the suitable
habitat; thus, the actual distribution extents may continue to decline in the future. We conclude that there is a
negative impact of climate change on the distribution of Blue Swallow habitat and any increase in temperature
results in the surge of unsuitable areas. Therefore, unless strict protection is awarded to the current suitable
habitat, the suitable habitat and population of the Blue Swallow will continue to decline. Our results can be used
by Blue Swallow conservationists and decision-makers to draft adaptive countermeasures to cope and mitigate
for climate change.

1. Introduction

Climate change is an indisputable phenomenon, currently experi-
enced at different scales globally (Rong et al., 2019). The global annual
temperature has increased by between 0.6° and 0.85°C between 18th
and the 21st century with probable chances of increasing soon. The
atmospheric concentrations of CO2, CH4, and N2O have reached their
highest in the last 800,000 years (Zhang et al., 2019). Africa is con-
sidered the most vulnerable continent to the impacts of climate change
as the continent's temperature is anticipated to increase faster than the
rest of the world because of its already warmer baseline climate, low
precipitation and limited ability to adapt (IPCC, 2014; Kotir, 2010).

Climate projections for Africa suggest that temperatures will increase
by between 3° and 6°C from the temperatures experienced at end of the
20th century, particularly in the in-land sub-tropics (Serdeczny et al.,
2016). These increases in temperature are likely to trigger extreme heat
events, increased aridity and extreme changes in precipitation across
the whole continent particularly the arid and semi-arid regions such as
north Africa and south western South Africa, Botswana and Namibia
(Kotir, 2010; Niang et al., 2014; Serdeczny et al., 2016). While southern
and north Africa will become more arid, east Africa is anticipated to
become wetter and receive extreme rainfall (Niang et al., 2014). Ad-
ditionally, in high topography regions such as the Ethiopian highlands,
projections indicate that these areas will likely receive increased
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rainfall by the end of the 21st century (Kotir, 2010; Niang et al., 2014)
These changes will unequivocally alter both animal and plant spe-

cies diversity, structure, ecosystem functions, and distribution.
Currently, species have already begun to show substantial changes in
species richness, composition and abundance in response to the 0.6°C
increase during the past century with considerable effects likely to
occur soon (Abolmaali et al., 2017; Chunco et al., 2013). Several studies
have attempted to simulate current and potential future occurrences of
species to enhance preparedness for the uncertainties provided by these
environmental deviations (Abolmaali et al., 2017; Azrag et al., 2018;
Makori et al., 2017).

Birds are one of the most diverse taxa within the animal kingdom
and are easily moved into extinction by small anthropogenic or natural
changes in the environment. The Blue Swallow, is one of the birds
threatened with extinction because of its decreasing global population
of less than 1500 breeding pairs and loss of suitable habitat (Evans
et al., 2015). It is classified as “Vulnerable” due to its low population
and has been on the BirdLife International and the IUCN Red List since
2010 (BirdLife International, 2019).

The Blue Swallow (Hirundo atrocaerulea) is an intra-African migrant
bird species with a known range spanning ten African countries. Seven
of these countries are its breeding range (South Africa, Eswatini,
Tanzania, Malawi, Mozambique, Zambia and Zimbabwe) while it
forages during the wintering season in Uganda, Kenya and Democratic
Republic of Congo (DRC) (Evans et al., 2015; Ndang'ang'a, 2007). It is
habitat specific, requiring mountainous rolling mist grasslands and
spends over 80% of its forage time in these wetland habitats and
grasslands (Mudereri et al., 2009; Wakelin et al., 2018). However, an-
thropogenic activities in the urban and agroecological systems have
seriously transformed, fragmented and threatened the habitats of these
birds in all its migration range. Blue Swallow foraging and breeding
sites have been turned into human settlements and agricultural land,
disintegrating their habitat in the process (Evans and Bouwman,
2010a). Threats in the breeding, non-breeding zones and/or along mi-
gration routes constitute the highest cause for most population declines
in migratory birds (Wakelin et al., 2011). However, there is insufficient
data on current population numbers, quantification of their habitat
status, breeding trends and the impact of climate change on the suitable
habitat for this highly specialised bird throughout all its migratory
connections.

The Blue Swallow is characterised by a declining population, a
limited geographic range, and habitat specialisation; therefore, it is
highly sensitive to climate change. We hypothesise that climate change
will further alter the distribution and migration ranges which might
ultimately send the species into extinction. Understanding the trans-
formed distribution ranges of the Blue Swallow is crucial for providing
bases for revised management actions and protection strategies aimed
at maintaining ecological services.

Predicting the possible species distribution using Species
Distribution Models (SDMs) involves combining current location pre-
sence data of a species with appropriate environment variables
(Ayebare et al., 2018; Merow et al., 2013). SDMs are widely used for
many purposes in conservation biology, biogeography and ecology
(Elith et al., 2010a). Most of the frequently used SDMs such as the
Ecological Niche Factor Analysis (ENFA), Genetic Algorithm for Rule-
set Prediction (GARP), Random Forests (RFs) and Maximum Entropy
(MaxEnt) are designed to predict species distribution under current and
potential future climate change (Biber-freudenberger et al., 2016).
Globally, these models have been validated in various applications to
predict for habitat suitability for countless species (Abolmaali et al.,
2017; Jácome et al., 2019; Khadka and James, 2017; Padalia et al.,
2014; Rong et al., 2019; Sang et al., 2016; Stockwell and Peters, 1999;
Zhang et al., 2019).

Contrasted with other models, MaxEnt is reliably better in its pre-
dictive performance and usefulness as evidenced by over 1000 ecolo-
gical applications published since 2006 (Merow et al., 2013). This

utilisation of MaxEnt model is attributable to: (1) ease of use which
allows modellers to view and manipulate default settings in MaxEnt; (2)
interpretability of outputs and a gentle learning curve; (3) requiring
presence only data which is often overwhelmingly available for greater
proportion of the Earth's biodiversity; (4) consistent outputs for re-
search conducted with large or small sample sizes; (5) simultaneous use
of continuous and discrete input data and (6) generating a continuous
probabilistic output, that is befitting to classify species suitability (Elith
et al., 2010a; Zhang et al., 2019).

Despite the extensive use of MaxEnt, relatively few studies have
applied it to bird species predictions research (Moreno et al., 2011).
Herein, we use MaxEnt modelling to predict the suitability of the vul-
nerable Blue Swallow habitat throughout its connected migratory route
in Africa using the currently known presence records contrasted with
the elevation, land use/ land cover (LULC), current and future en-
vironmental covariates from WorldClim (http://www.worldclim.org/).
The specific objectives of the study were to: (1) predict the suitability of
habitat for the species in all its African range (breeding and wintering)
and (2) estimate its suitability areas under the two future scenarios:
2050 and 2070 in Africa.

2. Materials and methods

2.1. Study area

Predictions of the occurrence of the Blue Swallow were conducted
on the entire African continent. Our target was to test all the potential
habitat suitability areas of the Blue Swallow within and outside of its
current known territory Fig. 1.

2.2. Reference occurrence data

The reference distribution data of Blue Swallows was collated by
conducting a literature search in reports, journal publications of surveys
and research on the Blue Swallow (Matsvimbo and Wachi, 2014;
Ndang'ang'a, 2007; Ogoma, 2012; Wakelin et al., 2018). We also ob-
tained additional occurrence points from the Global Biodiversity In-
formation Facility (GBIF: GBIF (2019)). Additional data for validation
of the realised niche was provided by Birdlife International as polygons
(BirdLife International and Handbook of the Birds of the World, 2018).
The “presence-only” samples acquired from the literature search and
GBIF were verified on Google Earth® for positional accuracy. A total of
956 samples were subjected to positional accuracy and spatial filtering
using a standard distance of 5 km between points. The point data were
examined to eliminate redundant and overlapping samples (Elith et al.,
2010a). A total of 850 records were eliminated and we retained 106
presence points that were representative of the entire distribution range
of the Blue Swallow. Although the points appear to be few compared to
the total area of the African continent, research has established that
MaxEnt is effective when predictions are conducted with few data
points (Bean et al., 2012). Furthermore, MaxEnt accuracy is greater for
species with small geographic range and limited environmental toler-
ance (Bean et al., 2012; Hernandez et al., 2006), which are the typical
ecological characteristics of the Blue Swallow. Thus, these points were
enough for use in MaxEnt to predict the occurrence of the Blue Swallow
in Africa. The occurrence points were arranged and formatted for input
in MaxEnt.

2.3. Environmental variables

We used a combination of bioclimatic, elevation and LULC variables
to determine the key environmental variables influencing the dis-
tribution of Blue Swallows in all its range. The current climate data
(1950–2000) and the future climate data for the minimum and max-
imum emission representative concentration pathways (RCP2.6 and
RCP8.5) for carbon dioxide concentrations predicted for 2050 (average
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of predictions for 2041–2060) and 2070 (average of predictions for
2061–2080) were used as predictors in our analysis (Abdelaal et al.,
2019). We downloaded the current and future bioclimatic variables at
2.5 arc-minutes from WorldClim (www.worldclim.org). Four re-
presentative concentration pathways (RCPs) were set by the

Intergovernmental Panel on Climate Change (IPCC) using the total
radio-active forcing of values 2.6, 4.5, 6 and 8.5 watt/m2 (IPCC, 2014).

The elevation data was downloaded from http://srtm.csi.cgiar.org/
in tiles of 30 × 30-degree ESRI ASCII files and mosaicked to cover the
entire African continent. The Shuttle Radar Topographic Mission

Fig. 1. Current distribution of the occurrence of the Blue Swallow in all its migratory range and the location of protected areas i.e. National parks in Africa. The data
is overlaid on the SRTM 90 m elevation map of Africa.
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(SRTM) data is available as 3 arc sec (~ 90 m resolution) Digital
Elevation Models (DEMs) with a vertical error margin of less than 16 m
(CGIAR-CSI, 2019). The elevation data was very relevant as a predictor
since Blue Swallows have been reported to occur in high altitude re-
gions (Evans and Bouwman, 2010a; Mudereri et al., 2009; Wakelin
et al., 2018). We resampled the DEM to similar pixel size of the other 19
bioclimatic variables in preparation for input in MaxEnt.

We included the LULC data in our analysis since the Blue Swallow is
a rare and habitat specific species. We used the Africa land cover,
version 2 data which is downloadable from https://www.usgs.gov/
media/images/africa-land-cover-characteristics-data-base-version-20.
The Africa land cover data comprises 197 legend attributes of the LULC
classes available in Africa. This categorical data was formatted and
resampled to the same standards of the bioclimatic variables for input
in the MaxEnt model.

A multi-collinearity test was conducted on the 21 variables to re-
duce redundancy and overfitting of the model brought by highly cor-
related variables using the Pearson correlation coefficient (r ≥ 0.85)
and the overall percentage contribution of the variables (Merow et al.,
2013). In cases where two predictors were correlated, only ecologically
viable predictors were retained. This reduction of predictor variables
resulted in only 8 variables for modelling, which are highlighted in bold
in Table 1. These selected variables included: annual mean temperature
range (Bio1), maximum temperature of the warmest month (Bio5),
mean temperature of the warmest quarter (Bio10), annual precipitation
(Bio12), precipitation of the driest month (Bio14), precipitation of
warmest quarter (Bio18), elevation and the LULC variables.

Additionally, we corrected for sampling bias (Støa et al., 2018)
using the identified uncorrelated variables (i.e. the 6 selected biocli-
matic variables plus elevation and LULC: n = 8) and the spatially fil-
tered Blue Swallow occurrence points (n = 106) as inputs. We em-
ployed the kernel density estimator i.e. “kde2d” function of the “MASS”
package (Venables and Ripley, 2002) using the “block” sampling ap-
proach in R-software (R Core Team, 2018). The “kde2d” function pro-
vides a two-dimensional kernel density estimate based on the co-
ordinates of the occurrence points to generate a raster bias file
(Venables and Ripley, 2002). It is important to correct for sampling bias

particularly for rare and highly specialised species as often spatial bias
leads to environmental bias (Kramer-Schadt et al., 2013; Merow et al.,
2013), more so when using GBIF data (Beck et al., 2014). MaxEnt
modelling allows the inclusion of bias files in the modelling which fa-
cilitates the choice of background data within similar bias as the oc-
currence data (Phillips et al., 2009).

2.4. MaxEnt model implementation and accuracy evaluation

In our study, we used the MaxEnt algorithm (version 3.4.1) (Phillips
et al., 2006). MaxEnt has been widely used to predict species dis-
tribution because of its statistical robustness procedures, adaptability to
various environments, sample sizes and its high performance across
several niche modelling methods for presence-only data (Marchioro and
Krechemer, 2018). We used the “ENMevaluate” function in the package
“ENMeval” (Muscarella et al., 2014) available in R-software (R Core
Team, 2018) to derive optimum tuning and parameter settings for our
MaxEnt models. This approach calculates multiple metrics to aid in
selecting optimum model settings that balance goodness-of-fit and
model complexity (Muscarella et al., 2014). This approach has been
recommended by many studies (Arthur et al., 2019; Bohl et al., 2019;
Marchioro and Krechemer, 2018). We used the following model para-
meters derived from “ENMeval” to perform the Blue Swallow habitat
suitability modelling in Africa: linear/quadratic/product: 0.141, cate-
gorical: 0.250, threshold: 1.320, hinge: 0.500, Multivariate Environ-
mental Similarity Surface (MESS) analysis, clamping, extrapolate and
fade with clamping. The MESS analysis in MaxEnt quantifies the mea-
sure of projection uncertainty by calculating the similarity of each point
in the projected region to a set of reference points (Mesgaran et al.,
2014). We also cooperated our generated bias file in all the current and
future projection models while the rest of the settings were used as
default.

Furthermore, using the above-mentioned setting parameters, we
replicated our model 10 times and used the average of the 10 prob-
ability outputs to determine the optimum habitat suitability and per-
formance of the models. We used 70% (n = 74) of the occurrence
points for training while 30% (n = 32) were retained for testing the
model (Dube et al., 2014; Mudereri et al., 2019). The comparative re-
levance of each environmental predictor for the models of Blue Swallow
was evaluated using the overall percentage contribution, permutation
importance of each variable and Area Under the Curve (AUC) of the
Jackknife test, all available in MaxEnt (Merow et al., 2013; Phillips
et al., 2006). The Jackknife test analysis has been reported to be the
best comparative index for small sample sizes (Abdelaal et al., 2019).

The prediction precision was validated using the AUC of the
Receiver Operating characteristic Curve (ROC) (Allouche et al., 2006;
Phillips et al., 2006). The sensitivity (true positives) was plotted against
specificity (false positives) to generate AUC. The values of AUC range
between 0 and 1. AUC values closer to 1, suggest perfect performance of
the model whereas an AUC value of 0.50 indicates that model did not
perform better than random (Qin et al., 2017). Herein, we report the
AUC of the current climate scenario, since there are no future occur-
rence points to validate our future predictions. However, we assume
that if the model performs well with the current available data it would
replicate the same strength when used to project predictions into the
future.

The chief graphic outputs of MaxEnt application includes maps,
highlighting the habitat suitability of Blue Swallows with values ran-
ging from 0 (unsuitable) to 1 (optimum). We mapped the area for op-
timum distribution and spatially compared the model predictions with
the current polygons provided by Birdlife International of the Blue
Swallow occurrence recognised sites (BirdLife International and
Handbook of the Birds of the World, 2018). We estimated and inter-
compared the percentages of the suitability area predicted within the
different climate scenarios.

Further, we intercompared the shift in the probability of occurrence

Table 1
Environmental variables used in the MaxEnt models for the Blue Swallow sui-
table habitat prediction. The variables in bold were used in the final prediction
after eliminating the correlated variables.

BioClim Code Environmental variable Unit

Bio1 Annual Mean Temperature °C
Bio2 Mean Diurnal Range [Mean of monthly

(max temp–min temp)]
°C

Bio3 Iso-thermality (Bio2/Bio7) (×100)
Bio4 Temperature Seasonality (standard

deviation ×100)
Bio5 Maximum Temperature of Warmest

Month
°C

Bio6 Min Temperature of Coldest Month 0C
Bio7 Temperature Annual Range (Bio5–Bio6) 0C
Bio8 Mean Temperature of Wettest Quarter 0C
Bio9 Mean Temperature of Driest Quarter 0C
Bio10 Mean Temperature of Warmest Quarter °C
Bio11 Mean Temperature of Coldest Quarter 0C
Bio12 Annual Precipitation mm
Bio13 Precipitation of Wettest Month mm
Bio14 Precipitation of Driest Month mm
Bio15 Precipitation Seasonality (Coefficient of

Variation)
mm

Bio16 Precipitation of Wettest Quarter mm
Bio17 Precipitation of Driest Quarter mm
Bio18 Precipitation of Warmest Quarter mm
Bio19 Precipitation of Coldest Quarter mm
Elevation Elevation m
Land use/land

cover
Landcover Categorical
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as influenced by the longitude and latitudinal location. We used trend
graphs to represent the anticipated decrease in suitability between the
current and future climate scenarios along longitudes and latitudes. We
used up and down bars to quantify and show the magnitude of the loss
for each individual location for all the 106 presence data locations used
in this study. We however, only report the comparison between the
current climate scenario with the RCP 8.5: 2070 as we noted that the
trend is the same for other scenarios studied.

We statistically tested for correlation and significant differences in
the probability of occurrence in the current and future climate scenarios
using the Person correlation coefficient (r2) and the Analysis of
Variance (ANOVA). These statistics were calculated in R-software using
the “agricolae” package (de Mendiburu, 2019). We conducted a Tukey
post hoc test to check and determine the groups that were significantly
different.

2.5. Procedure used to determine the current and future habitat suitability
for the Blue Swallow

Full workflow that provided the basis for the analysis conducted by
this study is summarised in Fig. 2.

3. Results

3.1. MaxEnt models evaluation

All the MaxEnt models for the prediction and projection of the Blue
Swallow potential habitat using the current and future (RCP2.6: 2050;

RCP8.5: 2050; RCP2.6: 2070 and RCP8.5: 2070) provided satisfactory
results (AUC > 0.96), for all the test and training datasets. This de-
monstrates that our models show good predictive performance.

Temperature based variables were the most relevant predictors
compared to precipitation, elevation and LULC. Maximum temperature
of the warmest month (Bio5) contributed the most to the models and
was consistently the most relevant in the modelling as pointed by all the
measures used in our analysis (i.e. Jackknife AUC, overall percentage
contribution and permutation importance). Based on the Jackknife re-
sults, Bio5 recorded the highest gain when used in isolation for the five
tested scenarios and therefore, appears to provide the most useful in-
formation individually (Fig. 3). Similarly, Bio18 contributed the most
among the precipitation variables and had a relatively high permuta-
tion importance (10.1).

3.2. Variable response curves

The response of the occurrence of the Blue Swallow to the tem-
perature variables i.e. Bio1; Bio5 and Bio10 demonstrated that the
suitable habitat for the Blue Swallow ranged between 10° and 25°C in
all its migratory range. Further, Blue Swallows were predicted within
very high precipitation regions with rainfall ranges between ~
1000 mm and 2500 mm/year (Fig. 4). Thus, the model indicates that it
prefers low temperatures and higher precipitation rates. Under climate
change more areas are projected to lose these conditions especially in
east Africa. Our results of the response of Blue Swallows occurrence
predicted that the most suitable habitat occurs in high altitude regions
ranging between 1500 m–3000 m a.s.l. However, a decrease in

Fig. 2. Flowchart of the processing chain for the determination of current and future habitat suitability for the Blue Swallow.
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occurrence was observed beyond the 3000 m altitude. The model pre-
dicted that the most dominant LULC classes were open grasslands and
mixtures of grasslands and shrub lands. On the contrary, probability of
occurrence of Blue Swallows within the other classes such as the

Miombo woodland, cropland and closed forests was very low i.e.
probabilities values of 0.1, 0.1 and 0.3 respectively (Fig. 4).

Fig. 3. Relative contribution and importance of the environmental variables used in the MaxEnt modelling of the Blue Swallow habitat suitability in Africa as
measured by (a) contribution towards Area under the curve (AUC) derived from the Jackknife analysis in MaxEnt and (b) the percentage contribution and per-
mutation importance of each individual variable.

Fig. 4. Response curves derived from MaxEnt Models showing influence of environmental variables: (a) Bio1; (b) Bio5; (c) Bio10; (d) Bio12; (e) Bio14; (f) Bio18; (g)
elevation and (h) land use and land cover on probability of occurrence of the Blue Swallow in Africa.
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3.3. Habitat suitability under current and future climate conditions

Current potential suitable habitat for the Blue Swallow was pre-
dicted in 15 African countries namely: DRC, Ethiopia, Eswatini, Kenya,
Lesotho, Madagascar, Malawi, Mauritius, Mozambique, Reunion Island,
Rwanda, South Africa, Tanzania, Uganda and Zimbabwe. Most of the
identified locations coincided with the sites already recognised by
BirdLife International (Fig. 5). Notably, additional suitable habitats
were identified by our model, based on similar climate envelope. These
additional habitats were predicted in Ethiopia, Lesotho, Madagascar,
the Reunion and Mauritius. However, differences were noted in the
spatial extent covered by the Birdlife International polygons in the
known sites in South Africa, Uganda, Tanzania and Kenya suggesting a
difference in the fundamental and realised niche of the Blue Swallow.
Notably most of the sites and suitable habitat was outside strict

conservation or protected areas.
Although the location and pattern of the future potential habitat of

Blue Swallows is similar to the current potential distribution, our
models' results suggest that the geographic extents would generally
shrink under the tested scenarios of climate change (Fig. 5). The
greatest losses in suitable habitat were observed for the RCP 8.5 for
both 2050 and 2070 when compared to the RCP 2.6 for both 2050 and
2070. Our results suggest that South Africa shall remain the sole and
most suitable location for Blue Swallow breeding while most of the
wintering season sites shall diminish because of climate change as de-
monstrated by Fig. 5.

The Pearson correlation coefficients demonstrated that there were
very high correlations between the RCP 8.5 of 2050 and RCP 8.5 of
2070 (r2 = 0.97). Similarly, the r2 value for the RCP 2.6 of 2050 and
RCP 2.6 of 2070 was also very high (r2 = 0.91). Nonetheless, relatively
low r2 (0.65 and 0.63) values were observed for the correlation between
the current climate scenario with the two RCP 8.5 scenarios for both
periods (Table 2). The results of the one-way ANOVA (F (20.32),
p = .000018) and the Tukey post hoc test showed that there were
significant differences between the RCP8.5 of 2050 and 2070 with the
current climate scenario.

3.4. Predicted habitat suitability along the longitude and latitude

Blue Swallows were particularly predicted to exist within the
bounds above the 30°S latitude but below the 1°N and between the
longitudes 27°E − 38°E (Fig. 6). Generally, Fig. 6 shows that the trend
of the suitable area and probability of occurrence is likely to decline
along the longitude and latitude. The general trend shows that the most

Fig. 5. Prediction of the Blue swallow habitat suitability for: (a) current and (b-e) future climate scenarios. The future predictions are based on two representative
concentration pathways (RCP2.6 and RCP8.5) for 2050 (b, d) and 2070 (c, e).

Table 2
Pairwise comparison using the Person correlation coefficient for the five groups
of probabilities predicted under the current climate scenario, RCP 2.6 (2050),
RCP 2.6 (2070), RCP 8.5 (2050) and RCP 8.5 (2070).

Scenario Current RCP 2.6
(2050)

RCP 2.6
(2070)

RCP 8.5
(2050)

RCP 8.5
(2070)

Current 1
RCP 2.6 (2050) 86 1
RCP 2.6 (2070) 85 91 1
RCP 8.5 (2050) 65a 84 70a 1
RCP 8.5 (2070) 63a 80 69a 97 1

a Significant at p = .01.
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suitable habitat exists in the southern hemisphere, with South Africa
having the most suitable and widespread habitat for the Blue Swallow
than any other country. There is however a consistent suitability from
the 30°S latitude until 28°S. Thereafter, there is a steady decline in
suitability beyond the 28°S latitude until 18°S where the decline is
evidently high towards the equator. The longitudes between 27°E and
30°E show very high probability of occurrence for the Blue Swallow,
while very low probability of occurrence is shown between the long-
itudes 32°E and 35°E. Although the current climate scenario shows high
probability of occurrence between the 30°E and 32°E there is a huge
decline in the probability of occurrence using the RCP 8.5 scenario
within the same longitudes bounds. Quantitative losses between the
current and future climate scenarios are shown by the up and down bars
in Fig. 6. The up and down bars further demonstrated that there were
no anticipated suitability gains due to climate change in the whole of
Africa.

4. Discussion

Climate change impacts on the Blue Swallow habitat pose major
threat to its continued survival in all its migratory and foraging range.
Huge future habitat losses, shrinkage and fragmentation were antici-
pated, suggested and flagged by our MaxEnt modelling. The Blue
Swallow population in Africa will continue to decline and hang in a
balance if sufficient and appropriate habitat is not set aside and strictly
protected to safeguard sustainable populations (Evans and Bouwman,
2010b). It is essential to recognise the spatial dependencies between the
geographic range size of species and the potential threats of habitat loss
may cause high species extinction risk under global climate change
scenarios (Rong et al., 2019). This is a crucial step in adaptive man-
agement of habitat conservation and sustainability of current species
populations and the future. The adaptation, through better conserva-
tion management of the current available habitat and decision making

Fig. 6. Comparative analysis of the Probability of occurrence of the Blue Swallow using the current climate scenario and the future (RCP 8.5: 2070) based on the (a)
longitude and (b) latitude location of the 106 presence-only data used in this analysis. The up and down bars show the magnitude of the reduction in habitat
suitability at every point. Longer bars show huge declines in the Blue Swallow suitability while shorter bars represent small variations in the habitat suitability.
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with consideration of climate change is influenced by the availability of
information on climate change impacts (Biber-freudenberger et al.,
2016).

Therefore, in this study we used environmental variables in com-
bination with presence records obtained from multiple sources to assess
the impact of climate change on the distribution of the vulnerable Blue
Swallow species in Africa. Using SDMs is one of the most reliable and
central tools for determining species distribution and habitat suitability
for threatened species particularly MaxEnt which uses presence-only
data (Chunco et al., 2013; Padonou et al., 2015). MaxEnt performs
better compared to other presence-only models in predicting range
shifts for species (Elith et al., 2010b). We ensured accurate predictions
by cooperating a sampling bias file and using the MESS predictions
approach as highly recommended for small samples and biased location
points when projecting to new environments or time space (Elith et al.,
2010b; Kramer-Schadt et al., 2013; Mesgaran et al., 2014; Owens et al.,
2013; Zurell et al., 2012)

Additionally, model accuracy assessment is an essential component
of any computer-based species distribution modelling (Elith et al.,
2010a). It ensures that the species distribution models represent the
reality on the ground and can be validated by ground truth data
(Merow et al., 2013). Generally, AUC is selected as an accuracy as-
sessment standard for MaxEnt models (Khadka and James, 2017;
Mbatudde et al., 2013; Padalia et al., 2014). Models with AUC values
larger than 0.7 generally suggest good model performance (Elith et al.,
2010a). In our study, AUC values for all the training and testing models
were greater than 0.969, demonstrating that the models were excellent
for simulating the distribution of the species and its present and future
potential habitat. The mean of the replicated models exhibited small
standard deviations which signified perfect fitting of the models.
Therefore, the fundamental findings and outputs from this study can be
relied on.

SDMs reflect the deep interrelationships between species and their
habitat. Our results showed that the variables related to air temperature
(Bio5), precipitation (Bio18) and elevation were central in defining the
suitable habitat for Blue Swallows. Comparatively, previous studies
have demonstrated that distribution of the species is affected by alti-
tude, temperature and precipitation (Evans et al., 2015; Wakelin et al.,
2018). Temperature and precipitation influence the range availability
and range size for the Blue Swallow as it tolerates a strict temperature
and precipitation as highlighted by our study. The response curves of
these variables showed that temperature below 20°C and above 30°C is
not conducive for the occurrence and survival of this species. These
variables are associated with influencing the availability of mist
grasslands on very high altitudes providing the necessary aerial ar-
thropod feed requirements necessary for the Blue Swallows survival
(Evans and Bouwman, 2010b). In addition, Blue Swallows have been
identified to forage more in wetland-grasslands areas more than plain
grasslands (Evans and Bouwman, 2010b). This explains why high pre-
cipitation averages greatly influence the availability and potential ha-
bitat of the species. Therefore, increased temperatures due to climate
change shall lead to a decrease in the distribution of the species while
extremely low or very high temperature cause localised extinctions of
the species. This is constant with results of earlier studies, which sug-
gested that climate change will have adverse effects on species dis-
tribution ranges (Qin et al., 2017; Rong et al., 2019).

The comparison between RCP2.6 and RCP8.5 for the two periods
2050 and 2070 showed that suitable area for the Blue Swallow de-
creased under RCP8.5 much larger than the RCP2.6 due to different
changes of temperature. RCP2.6 is the lowest carbon emission scenario,
and RCP8.5 is an extreme carbon emission scenario (IPCC, 2014). This
is attributed to the fact that the increase in temperature was much
greater under RCP8.5 than RCP2.6. Therefore, adaptation strategies
could focus on maintaining and avoiding invasion of the current sites by
agriculture activities or other land use types that do not promote sur-
vival of Blue swallows as also suggested by Ndang'ang'a (2007). We

suggest that the current areas be formally upgraded to conservation
protection status, particularly the Zimbabwean and Malawian breeding
ranges that have been reported to have the best survival option re-
garding available population (Evans and Bouwman, 2010b). Although
approximately 60% of the Blue Swallow breeding population is re-
ported to be in strict protected areas while the wintering regions are
chiefly unprotected (Evans and Bouwman, 2010b), there is urgent need
to readdress the previous known locations based on climate change
through intensive surveys and ultimately upgrade the protection status
of these suitable regions or areas.

Further, these seasonal variations, increases in temperature and
decline in precipitation will alter the food supply, photoperiod and
circannual rhythms of these birds (Gwinner, 2003). This will influence
their migratory regimes including arrival and breeding dates thus, re-
ducing hatching success and driving population declines (Ndang'ang'a,
2007; Wakelin et al., 2018). Thus, studies of microclimates become very
relevant to establish microclimate envelopes that will cause or have
already caused local extinctions in localities like Busia in Kenya, parts
of Uganda and South Africa where the Blue Swallows have previously
existed (Ndang'ang'a, 2007; Wakelin et al., 2018). We suggest that
governmental environmental institutions and other organisations
working in these areas perform intensive localised analysis and also
adopt citizen science and crowd sourcing information of sites and
breeding successes of this species for effective monitoring. It is neces-
sary to inspect and record nesting and breeding success to initiate
designation of such areas for protection and championing conservation
resources for environmental monitoring of negative activities such as
bush encroachment or invasion by alien species which are likely to
increase and encroach into the suitable grasslands because of climate
change.

Our results show that the suitable habitat will decline as we move
from the 30°S towards the equator because of climate change. This
concurs with the climate predictions reported by Niang et al. (2014)
who reported the temperature in the entire continent to continue rising
particularly areas that already have high temperature. Additionally,
these areas are likely to receive intensive rainfall which is not con-
ducive for Blue Swallow breeding. Since our results suggest that South
Africa will remain relatively suitable for the occurrence of the Blue
Swallow, we recommend that current sites may be extensively and
consistently surveyed for the presence and probable nesting and
breeding success of the species. Prescribed burning of these areas can
improve and promote the growth of various grass species, disturb bush
encroachment and promote introduction of insect for the species to feed
on (Mudereri et al., 2009).

The elevation variable revealed that altitudes between 1000 and
3000 m above sea level were the optimum for the existence of the Blue
Swallow (Evans and Bouwman, 2010b). We discovered that the trend in
the occurrence of Blue Swallows followed the high-altitude areas within
the Afro-montane biome covered by moist savannah in Africa such as
the Drakensberg mountains in South Africa, the Eastern Highlands in
Zimbabwe, the Mitumba mountain ranges in DRC among others. These
results are comparable to some of the ranges identified by BirdLife In-
ternational (BirdLife International, 2019). However, these moist sa-
vannah grasslands have limited foraging range for Blue Swallows. The
areas are often preferred for cash crop agriculture and horticulture
production such as potato farming and tea (Mudereri et al., 2009).
According to Evans and Bouwman (2010b) the preferred minimum
radius for foraging by Blue Swallows is 1.5 km around the nest which
might be reduced due to habitat fragmentation brought by these agri-
cultural activities. Therefore, although our results show vast potential
habitat for the Blue Swallow in Africa, the actual occurrence and sur-
vival could be determined by the local environment, the surrounding
anthropogenic conditions and availability of sinkholes and aardvark
holes for nesting (Mudereri et al., 2009). Wakelin et al. (2018) reported
that Blue Swallows prefer the ecotones of wetlands and grasslands
compared to agricultural areas in South Africa. We therefore,
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recommend localised management plans to consider protecting and
conserving natural habitats and maintaining mosaic of grassland and
wetland to take full advantage of ecotones within conserved areas. Our
results also suggest the occurrence of Blue Swallows to be associated
with open grasslands and shrub lands. The slight difference compared
to the results of Wakelin et al. (2018) could be attribute to the broad
legend of LULC classes used by the Africa land cover data that was used
in our study as a proxy for the vegetation and habitat specific char-
acterisation for the Blue Swallow.

In this study, we used bioclimatic variables to characterize en-
vironmental conditions in combination with elevation and LULC.
However, other important environmental variables, such as distance to
water sources, availability of food sources, soil properties, and con-
servation management interventions (Important Bird Areas: IBAs)
which can influence species distribution were not considered in this
study. While we agree that these variables are key to assess the final
distribution of Blue Swallows, in this study, we however, emphasise on
the necessity to assess only climate change impact to their fundamental
habitat since their distribution very much depends on strict climate
conditions. Hence, we decided to focus on assessing climate change
effects on the habitat suitability only. However, conservation strategies
at local nesting sites and along the migratory corridors and stop over
sites remains vague but are significantly a crucial step in establishing
other threats to the survival of the Blue Swallow. Furthermore, future
studies could improve our modelling approach by conducting a country
by country analysis and cooperating actual population sizes in their
modelling or modelling specifically for breeding and wintering regions
independently. These future studies could also explore influence of lo-
calised changes in LULC to the Blue Swallow species. This was not
possible in this study as we could not secure the current precise po-
pulation data which to our understanding is currently spatially limited
and not current.

5. Conclusions

Our study modelled the potential habitat and distribution of Blue
Swallows for the current and future climate change scenarios. Our re-
sults confirm the hypothesis that climate change will modify the dis-
tribution ranges of the species, which is crucial for understanding the
dynamics of Blue Swallows under climate change scenarios. We re-
commend conservation and restoration prioritisation measures in the
currently known sites and the locally extinct localities where Blue
Swallows used to forage. These conservation prioritisation areas in-
clude the predicted suitable areas which have real distribution of the
species such as the Eastern highlands of Zimbabwe, Eswatini, South
Africa and DRC. Additionally, the restoration areas are the places where
the predicted suitable area has no real distribution but historically used
to house the species such as Busia grasslands of Kenya and Uganda.
Furthermore, the unexplored very high suitability areas identified in
Ethiopia, Mauritius and Madagascar can be earmarked for new in-
troductions in the future. Our results could be used to provide reliable
information on devising adaptive responses for the sustainable man-
agement of the Blue Swallows in all its migration range. This can help
secure the limited range left for the Blue Swallow from any further
urban development or agricultural expansion. The maps produced by
our study can be used as an orientation guide to warrant conservation
protection status for these areas. Integrating SDMs and climate sce-
narios into land management decision making can ultimately help de-
crease biodiversity losses or this species from going into extinction.

Acknowledgements

The authors sincerely appreciate the valuable comments and sug-
gestions provided by two anonymous reviewers. This research was
conducted without any dedicated funds granted by entities from either
public, commercial or non-profit making organisations

References

Abdelaal, M., Fois, M., Fenu, G., Gianluigi, B., Abdelaal, M., Fois, M., Fenu, G., Bacchetta,
G., Catherine, S., Mohamed, A., Fois, M., Fenu, G., Gianluigi, B., 2019. Using MaxEnt
modeling to predict the potential distribution of the endemic plant Rosa arabica Crép
. in Egypt. Ecol. Inform. 50, 68–75. https://doi.org/10.1016/j.ecoinf.2019.01.003.

Abolmaali, M.-R.S., Tarkesh, M., Bashari, H., 2017. MaxEnt modeling for predicting
suitable habitats and identifying the effects of climate change on a threatened spe-
cies, Daphne mucronata, in Central Iran. Ecol. Inform. 43, 116–123. https://doi.org/
10.1016/j.ecoinf.2017.10.002.

Allouche, O., Tsoar, A., Kadmon, R., 2006. Assessing the accuracy of species distribution
models: prevalence, kappa and the true skill statistic (TSS). J. Appl. Ecol. 43,
1223–1232. https://doi.org/10.1111/j.1365-2664.2006.01214.x.

Arthur, F.H., Morrison, W.R., Morey, A.C., 2019. Modeling the potential range expansion
of larger grain borer, Prostephanus truncatus (Coleoptera: Bostrichidae). Sci. Rep. 9,
1–10. https://doi.org/10.1038/s41598-019-42974-5.

Ayebare, S., Mdegela, R.H., Nyakarahuka, L., Ndimuligo, S.A., Mwakapeje, E.R., Nonga,
H.E., Skjerve, E., Mosomtai, G., 2018. Ecological niche modeling as a tool for pre-
diction of the potential geographic distribution of Bacillus anthracis spores in
Tanzania. Int. J. Infect. Dis. 79, 142–151. https://doi.org/10.1016/j.ijid.2018.11.
367.

Azrag, A.G.A., Pirk, C.W.W., Yusuf, A.A., Pinard, F., Niassy, S., Mosomtai, G., Babin, R.,
2018. Prediction of insect pest distribution as influenced by elevation: combining
field observations and temperature-dependent development models for the coffee
stink bug, antestiopsis thunbergii (gmelin). PLoS One 13. https://doi.org/10.1371/
journal.pone.0199569.

Bean, W.T., Stafford, R., Brashares, J.S., 2012. The effects of small sample size and sample
bias on threshold selection and accuracy assessment of species distribution models.
Ecography (Cop.). 35, 250–258. https://doi.org/10.1111/j.1600-0587.2011.
06545.x.

Beck, J., Böller, M., Erhardt, A., Schwanghart, W., 2014. Spatial bias in the GBIF database
and its effect on modeling species’ geographic distributions. Ecol. Inform. 19, 10–15.
https://doi.org/10.1016/j.ecoinf.2013.11.002.

Biber-freudenberger, L., Ziemacki, J., Tonnang, H.E.Z., Borgemeister, C., 2016. Future
risks of Pest species under changing climatic conditions. PLoS One 11. https://doi.
org/10.1371/journal.pone.0153237.

BirdLife International, 2019. Species Factsheet: Hirundo atrocaerulea [WWW Document].
URL. www.birdlife.org.

BirdLife International and Handbook of the Birds of the World, 2018. Bird Species
Distribution Maps of the World. Version 2018.1 [WWW Document]. URL http://
datazone.birdlife.org/species/requestdis.

Bohl, C.L., Kass, J.M., Anderson, R.P., 2019. A new null model approach to quantify
performance and significance for ecological niche models of species distributions. J.
Biogeogr. 46, 1101–1111. https://doi.org/10.1111/jbi.13573.

Chunco, A.J., Phimmachak, S., Sivongxay, N., Stuart, B.L., 2013. Predicting environ-
mental suitability for a rare and threatened species (Lao Newt, Laotriton laoensis)
using validated species distribution models. PLoS One 8. https://doi.org/10.1371/
journal.pone.0059853.

de Mendiburu, F., 2019. Agricolae: Statistical Procedures for Agricultural Research.
https://CRAN.R-project.org/package=agricolae.

Dube, T., Mutanga, O., Elhadi, A., Ismail, R., 2014. Intra-and-inter species biomass pre-
diction in a plantation forest: testing the utility of high spatial resolution spaceborne
multispectral rapideye sensor and advanced machine learning algorithms. Sensors
(Switzerland) 14, 15348–15370. https://doi.org/10.3390/s140815348.

Elith, J., Hastie, T., Dudík, M., Chee, Y.E., Yates, C.J., Phillips, S.J., 2010a. A statistical
explanation of MaxEnt for ecologists. Divers. Distrib. 17, 43–57. https://doi.org/10.
1111/j.1472-4642.2010.00725.x.

Elith, J., Kearney, M., Phillips, S., 2010b. The art of modelling range-shifting species.
Methods Ecol. Evol. 1, 330–342. https://doi.org/10.1111/j.2041-210X.2010.
00036.x.

Evans, S.W., Bouwman, H., 2010a. Historical and current distribution, population size
and possible migration routes of the blue swallow Hirundo atrocaerulea in Africa.
Bird Conserv. Int. 20, 240–254. https://doi.org/10.1017/S0959270910000158.

Evans, S.W., Bouwman, H., 2010b. Habitat selection by blue swallows Hirundo atrocaer-
ulea Sundevall , 1850 breeding in South Africa and its implications for conservation.
Afr. J. Ecol. 48, 871–879. https://doi.org/10.1111/j.1365-2028.2009.01183.x.

Evans, S.W., Monadjem, A., Roxburgh, L., McKechnie, A.E., Baker, E.M., Kizungu, R.B.,
Little, I.T., Matsvimbo, F., Mulwa, R.K., Mwizabi, D., Nalwanga, D., Ndang’ang’a, K.,
Combrink, L., 2015. Current conservation status of the blue swallow Hirundo atro-
caerulea Sundevall 1850 in Africa. Ostrich 86, 195–211. https://doi.org/10.2989/
00306525.2015.1047808.

GBIF, 2019. GBIF Occurence Download [WWW Document]. https://doi.org/10.15468/dl.
jv2bgh.

Gwinner, E., 2003. Circannual rhythms in birds. Curr. Opin. Neurobiol. 13, 770–778.
https://doi.org/10.1016/J.CONB.2003.10.010.

Hernandez, P.A., Graham, C.H., Master, L.L., Deborah, L., Albert, D.L., 2006. The effect of
sample size and species characteristics on performance of different methods species
distribution modeling. Ecography (Cop.). 29, 773–785. https://doi.org/10.1111/j.
0906-7590.2006.04700.x.

IPCC, 2014. Climate change 2014. Synthesis report. In: Versión inglés, Climate Change
2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change, https://doi.
org/10.1017/CBO9781107415324.

Jácome, G., Vilela, P., Yoo, C.K., 2019. Social-ecological modelling of the spatial dis-
tribution of dengue fever and its temporal dynamics in Guayaquil, Ecuador for

B.T. Mudereri, et al. Ecological Informatics 57 (2020) 101082

10

https://doi.org/10.1016/j.ecoinf.2019.01.003
https://doi.org/10.1016/j.ecoinf.2017.10.002
https://doi.org/10.1016/j.ecoinf.2017.10.002
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1038/s41598-019-42974-5
https://doi.org/10.1016/j.ijid.2018.11.367
https://doi.org/10.1016/j.ijid.2018.11.367
https://doi.org/10.1371/journal.pone.0199569
https://doi.org/10.1371/journal.pone.0199569
https://doi.org/10.1111/j.1600-0587.2011.06545.x
https://doi.org/10.1111/j.1600-0587.2011.06545.x
https://doi.org/10.1016/j.ecoinf.2013.11.002
https://doi.org/10.1371/journal.pone.0153237
https://doi.org/10.1371/journal.pone.0153237
http://www.birdlife.org
http://datazone.birdlife.org/species/requestdis
http://datazone.birdlife.org/species/requestdis
https://doi.org/10.1111/jbi.13573
https://doi.org/10.1371/journal.pone.0059853
https://doi.org/10.1371/journal.pone.0059853
https://CRAN.R-project.org/package=agricolae
https://doi.org/10.3390/s140815348
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1111/j.2041-210X.2010.00036.x
https://doi.org/10.1111/j.2041-210X.2010.00036.x
https://doi.org/10.1017/S0959270910000158
https://doi.org/10.1111/j.1365-2028.2009.01183.x
https://doi.org/10.2989/00306525.2015.1047808
https://doi.org/10.2989/00306525.2015.1047808
https://doi.org/10.15468/dl.jv2bgh
https://doi.org/10.15468/dl.jv2bgh
https://doi.org/10.1016/J.CONB.2003.10.010
https://doi.org/10.1111/j.0906-7590.2006.04700.x
https://doi.org/10.1111/j.0906-7590.2006.04700.x
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1017/CBO9781107415324


climate change adaption. Ecol. Inform. 49, 1–12. https://doi.org/10.1016/j.ecoinf.
2018.11.001.

Khadka, K.K., James, D.A., 2017. Modeling and mapping the current and future climatic-
niche of endangered Himalayan musk deer. Ecol. Inform. 40, 1–7. https://doi.org/10.
1016/j.ecoinf.2017.04.009.

Kotir, J.H., 2010. Climate change and variability in sub-Saharan Africa: a review of
current and future trends and impacts on agriculture and food security. Environ. Dev.
Sustain. 13, 587–605. https://doi.org/10.1007/s10668-010-9278-0.

Kramer-Schadt, S., Niedballa, J., Pilgrim, J.D., Schröder, B., Lindenborn, J., Reinfelder,
V., Stillfried, M., Heckmann, I., Scharf, A.K., Augeri, D.M., Cheyne, S.M., Hearn, A.J.,
Ross, J., Macdonald, D.W., Mathai, J., Eaton, J., Marshall, A.J., Semiadi, G., Rustam,
R., Bernard, H., Alfred, R., Samejima, H., Duckworth, J.W., Breitenmoser-Wuersten,
C., Belant, J.L., Hofer, H., Wilting, A., 2013. The importance of correcting for sam-
pling bias in MaxEnt species distribution models. Divers. Distrib. 19, 1366–1379.
https://doi.org/10.1111/ddi.12096.

Makori, D., Mutanga, O., Irungu, J., Mosomtai, G., Odindi, J., Makau, S., Nkoba, K.,
Abdel-Rahman, E., Fombong, A., Ongus, J., Raina, S., Landmann, T., 2017. Predicting
spatial distribution of key honeybee pests in Kenya using remotely sensed and bio-
climatic variables: key honeybee pests distribution models. ISPRS Int. J. Geo-
Information 6, 66. https://doi.org/10.3390/ijgi6030066.

Marchioro, C.A., Krechemer, F.S., 2018. Potential global distribution of Diabrotica species
and the risks for agricultural production. Pest Manag. Sci. 74, 2100–2109. https://
doi.org/10.1002/ps.4906.

Matsvimbo, F., Wachi, T., 2014. Blue Swallow Survey Report. http://www.
birdlifezimbabwe.org/Attachments/Blue%20Swallow%20Survey%20Report.pdf.

Mbatudde, M., Majaliwa, G., Eilu, G., Kakudidi, E., Dalitz, H., 2013. Potential distribution
of vulnerable Entandrophragma angolense (Welw.) C. DC. (Meliaceae) in East Africa.
Afr. J. Ecol. 51, 471–481. https://doi.org/10.1111/aje.12058.

Merow, C., Smith, M.J., Silander, J.A., 2013. A practical guide to MaxEnt for modeling
species’ distributions: what it does, and why inputs and settings matter. Ecography
(Cop.). 36, 1058–1069. https://doi.org/10.1111/j.1600-0587.2013.07872.x.

Mesgaran, M.B., Cousens, R.D., Webber, B.L., 2014. Here be dragons: a tool for quanti-
fying novelty due to covariate range and correlation change when projecting species
distribution models. Divers. Distrib. 20, 1147–1159. https://doi.org/10.1111/ddi.
12209.

Moreno, R., Zamora, R., Molina, J.R., Vasquez, A., Herrera, M., 2011. Predictive modeling
of microhabitats for endemic birds in south Chilean temperate forests using max-
imum entropy (Maxent). Ecol. Inform. 6, 364–370. https://doi.org/10.1016/j.ecoinf.
2011.07.003.

Mudereri, B.T., Chirara, C., Kamanda, M., 2009. Threats to blue swallow ( Hirundo
atrocaerulea ) population in Sanyatwe communal lands of Zimbabwe. J. Sustain. Dev.
Africa 10, 345–356.

Mudereri, B.T., Dube, T., Niassy, S., Kimathi, E., Khan, Z., Landmann, T., Adel-Rahman,
E.M., 2019. A comparative analysis of PlanetScope and Sentinel-2 space-borne sen-
sors in mapping Striga weed using Guided Regularised Random Forest classification
ensemble. ISPRS - Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 701–708.
https://doi.org/10.5194/isprs-archives-XLII-2-W13-701-2019. XLII-2/W13.

Muscarella, R., Galante, P.J., Soley-Guardia, M., Boria, R.A., Kass, J.M., Uriarte, M.,
Anderson, R.P., 2014. ENMeval: an R package for conducting spatially independent
evaluations and estimating optimal model complexity for Maxent ecological niche
models. Methods Ecol. Evol. 5, 1198–1205. https://doi.org/10.1111/2041-210x.
12261.

Ndang’ang’a, K.P., 2007. Blue Swallow Hirundo atrocaerulea in Kenya : Status Survey and
Conservation Options. Scopus.

Niang, I., Ruppel, O.C., Abdrabo, M.A., Essel, A., Lennard, C., Padgham, J., Urquhart, P,
2014. In: Barros, V.R, Field, C.B., Dokken, D.J., Mastrandrea, M.D., Mach, K.J., Bilir,
T.E. ... Mastrandrea, P.R. (Eds.), Climate Change 2014: Impacts, Adaptation, and
Vulnerability. Part B: Regional Aspects. Contribution of Working Group II to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change Barros.
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
pp. 1199–1265. https://doi.org/10.1017/CBO9781107415386.002. Africa.

Ogoma, M., 2012. Local Initiative for Conservation of Blue Swallow , Hirundo atrocaerulea

, and its Habitat Range in Kenya. https://www.rufford.org/files/10277-1 Detailed
Final Report.pdf.

Owens, H.L., Campbell, L.P., Dornak, L.L., Saupe, E.E., Barve, N., Soberón, J., Ingenloff,
K., Lira-Noriega, A., Hensz, C.M., Myers, C.E., Peterson, A.T., 2013. Constraints on
interpretation of ecological niche models by limited environmental ranges on cali-
bration areas. Ecol. Model. 263, 10–18. https://doi.org/10.1016/j.ecolmodel.2013.
04.011.

Padalia, H., Srivastava, V., Kushwaha, S.P.S., 2014. Modeling potential invasion range of
alien invasive species, Hyptis suaveolens (L.) Poit. in India: comparison of MaxEnt and
GARP. Ecol. Inform. 22, 36–43. https://doi.org/10.1016/j.ecoinf.2014.04.002.

Padonou, E.A., Teka, O., Bachmann, Y., Schmidt, M., Lykke, A.M., Sinsin, B., 2015. Using
species distribution models to select species resistant to climate change for ecological
restoration of bow?? In West Africa. Afr. J. Ecol. 53, 83–92. https://doi.org/10.1111/
aje.12205.

Phillips, S.J., Anderson, R.P., Schapire, R.E., 2006. Maximum entropy modeling of species
geographic distributions. Ecol. Model. 190, 231–259. https://doi.org/10.1016/j.
ecolmodel.2005.03.026.

Phillips, S.J., Dudík, M., Elith, J., Graham, C.H., Lehmann, A., Leathwick, J., Ferrier, S.,
2009. Sample selection bias and presence-only distribution models: implications for
background and pseudo-absence data. Ecol. Appl. 19, 181–197. https://doi.org/10.
1890/07-2153.1.

Qin, A., Liu, B., Guo, Q., Bussmann, R.W., Ma, F., Jian, Z., Xu, G., Pei, S., 2017. Maxent
modeling for predicting impacts of climate change on the potential distribution of
Thuja sutchuenensis Franch., an extremely endangered conifer from southwestern
China. Glob. Ecol. Conserv. 10, 139–146. https://doi.org/10.1016/j.gecco.2017.02.
004.

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria URL. https://www.R-project.
org/.

Rong, Z., Zhao, C., Liu, J., Gao, Y., Zang, F., Guo, Z., Mao, Y., Wang, L., 2019. Modeling
the effect of climate change on the potential distribution of Qinghai spruce (Picea
crassifolia Kom.) in Qilian Mountains. Forests 10, 62. https://doi.org/10.3390/
f10010062.

Sang, R., Ahlm, C., Evander, M., Hassan, O.A., Sandström, P., Affognon, H., Mosomtai, G.,
Landmann, T., 2016. Association of ecological factors with Rift Valley fever occur-
rence and mapping of risk zones in Kenya. Int. J. Infect. Dis. 46, 49–55. https://doi.
org/10.1016/j.ijid.2016.03.013.

Serdeczny, O., Adams, S., Baarsch, F., Coumou, D., Robinson, A., Hare, W., Schaeffer, M.,
Perrette, M., Reinhardt, J., 2016. Climate change impacts in sub-Saharan Africa: from
physical changes to their social repercussions. Reg. Environ. Chang. 15, 1585–1600.
https://doi.org/10.1007/s10113-015-0910-2.

Støa, B., Halvorsen, R., Mazzoni, S., Gusarov, V.I., 2018. Sampling bias in presence-only
data used for species distribution modelling: theory and methods for detecting sample
bias and its effects on models. Sommerfeltia 38, 1–53. https://doi.org/10.2478/som-
2018-0001.

Stockwell, D., Peters, D., 1999. The GARP modelling system: problems and solutions to
automated spatial prediction. Int. J. Geogr. Inf. Sci. 13, 143–158. https://doi.org/10.
1080/136588199241391.

Venables, W.N., Ripley, B.D., 2002. Modern Applied Statistics with S, Fourth ed. Springer,
New York ISBN 0-387-95457-0.

Wakelin, J., McKechnie, A.E., Woodborne, S., 2011. Stable isotope analysis of migratory
connectivity in a threatened intra-African migrant, the blue swallow (Hirundo atro-
caerulea). J. Ornithol. 152, 171–177. https://doi.org/10.1007/s10336-010-0562-4.

Wakelin, J., Oellermann, C.G., Wilson, A.-L., Downs, C.T., Hill, T., 2018. Habitat use by
the critically endangered blue swallow in KwaZulu-Natal, South Africa. Bothalia 48.
https://doi.org/10.4102/abc.v48i1.2173.

Zhang, K., Zhang, Y., Zhou, C., Meng, J., Sun, J., Zhou, T., Tao, J., 2019. Impact of climate
factors on future distributions of Paeonia ostii across China estimated by MaxEnt.
Ecol. Inform. 50, 62–67. https://doi.org/10.1016/j.ecoinf.2019.01.004.

Zurell, D., Elith, J., Schröder, B., 2012. Predicting to new environments: tools for vi-
sualizing model behaviour and impacts on mapped distributions. Divers. Distrib. 18,
628–634. https://doi.org/10.1111/j.1472-4642.2012.00887.x.

B.T. Mudereri, et al. Ecological Informatics 57 (2020) 101082

11

View publication statsView publication stats

https://doi.org/10.1016/j.ecoinf.2018.11.001
https://doi.org/10.1016/j.ecoinf.2018.11.001
https://doi.org/10.1016/j.ecoinf.2017.04.009
https://doi.org/10.1016/j.ecoinf.2017.04.009
https://doi.org/10.1007/s10668-010-9278-0
https://doi.org/10.1111/ddi.12096
https://doi.org/10.3390/ijgi6030066
https://doi.org/10.1002/ps.4906
https://doi.org/10.1002/ps.4906
http://www.birdlifezimbabwe.org/Attachments/Blue%20Swallow%20Survey%20Report.pdf
http://www.birdlifezimbabwe.org/Attachments/Blue%20Swallow%20Survey%20Report.pdf
https://doi.org/10.1111/aje.12058
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1111/ddi.12209
https://doi.org/10.1111/ddi.12209
https://doi.org/10.1016/j.ecoinf.2011.07.003
https://doi.org/10.1016/j.ecoinf.2011.07.003
http://refhub.elsevier.com/S1574-9541(20)30032-7/rf0180
http://refhub.elsevier.com/S1574-9541(20)30032-7/rf0180
http://refhub.elsevier.com/S1574-9541(20)30032-7/rf0180
https://doi.org/10.5194/isprs-archives-XLII-2-W13-701-2019
https://doi.org/10.1111/2041-210x.12261
https://doi.org/10.1111/2041-210x.12261
http://refhub.elsevier.com/S1574-9541(20)30032-7/rf0195
http://refhub.elsevier.com/S1574-9541(20)30032-7/rf0195
https://doi.org/10.1017/CBO9781107415386.002
https://www.rufford.org/files/10277-1
https://doi.org/10.1016/j.ecolmodel.2013.04.011
https://doi.org/10.1016/j.ecolmodel.2013.04.011
https://doi.org/10.1016/j.ecoinf.2014.04.002
https://doi.org/10.1111/aje.12205
https://doi.org/10.1111/aje.12205
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1890/07-2153.1
https://doi.org/10.1890/07-2153.1
https://doi.org/10.1016/j.gecco.2017.02.004
https://doi.org/10.1016/j.gecco.2017.02.004
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.3390/f10010062
https://doi.org/10.3390/f10010062
https://doi.org/10.1016/j.ijid.2016.03.013
https://doi.org/10.1016/j.ijid.2016.03.013
https://doi.org/10.1007/s10113-015-0910-2
https://doi.org/10.2478/som-2018-0001
https://doi.org/10.2478/som-2018-0001
https://doi.org/10.1080/136588199241391
https://doi.org/10.1080/136588199241391
http://refhub.elsevier.com/S1574-9541(20)30032-7/rf0270
http://refhub.elsevier.com/S1574-9541(20)30032-7/rf0270
https://doi.org/10.1007/s10336-010-0562-4
https://doi.org/10.4102/abc.v48i1.2173
https://doi.org/10.1016/j.ecoinf.2019.01.004
https://doi.org/10.1111/j.1472-4642.2012.00887.x
https://www.researchgate.net/publication/339418153

	Analysis of potentially suitable habitat within migration connections of an intra-African migrant-the Blue Swallow (Hirundo atrocaerulea)
	Introduction
	Materials and methods
	Study area
	Reference occurrence data
	Environmental variables
	MaxEnt model implementation and accuracy evaluation
	Procedure used to determine the current and future habitat suitability for the Blue Swallow

	Results
	MaxEnt models evaluation
	Variable response curves
	Habitat suitability under current and future climate conditions
	Predicted habitat suitability along the longitude and latitude

	Discussion
	Conclusions
	Acknowledgements
	References




