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Smallholder poultry production dominated by indigenous chickens is an important
source of livelihoods for most rural households in Ethiopia. The long history of
domestication and the presence of diverse agroecologies in Ethiopia create unique
opportunities to study the effect of environmental selective pressures. Species
distribution models (SDMs) and Phenotypic distribution models (PDMs) can be
applied to investigate the relationship between environmental variation and phenotypic
differentiation in wild animals and domestic populations. In the present study we used
SDMs and PDMs to detect environmental variables related with habitat suitability and
phenotypic differentiation among nondescript Ethiopian indigenous chicken populations.
34 environmental variables (climatic, soil, and vegetation) and 19 quantitative traits were
analyzed for 513 adult chickens from 26 populations. To have high variation in the
dataset for phenotypic and ecological parameters, animals were sampled from four
spatial gradients (each represented by six to seven populations), located in different
climatic zones and geographies. Three different ecotypes are proposed based on
correlation test between habitat suitability maps and phenotypic clustering of sample
populations. These specific ecotypes show phenotypic differentiation, likely in response
to environmental selective pressures. Nine environmental variables with the highest
contribution to habitat suitability are identified. The relationship between quantitative
traits and a few of the environmental variables associated with habitat suitability is non-
linear. Our results highlight the benefits of integrating species and phenotypic distribution
modeling approaches in characterization of livestock populations, delineation of suitable
habitats for specific breeds, and understanding of the relationship between ecological
variables and quantitative traits, and underlying evolutionary processes.

Keywords: chickens, local adaptation, niche and agroecology, species distribution models (SDMs), phenotypic
distribution models (PDMs), phenotypic differentiation, breeds and ecotypes, poultry genetics and breeding
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INTRODUCTION

Smallholder farmers in Africa keep scavenging poultry as a
source of affordable animal protein and a means of income.
The sustainability of this type of poultry production in tropical
low-and medium-input systems depends on the availability of
adaptive genotypes that can produce and thrive under adverse
conditions such as climatic extremes, high prevalence of tropical
diseases and parasites, and periodic feed shortage. The presence
of selective pressures in these environments has led to adaptation
of indigenous chicken populations to production constraints
(Bettridge et al., 2018).

Local adaptation refers to local individuals having higher
fitness in their environment than individuals from elsewhere
(Williams, 1966). Environmental heterogeneity is known to be
one of the main drivers of within species diversity and local
adaptation (Darwin et al., 1858). Understanding the drivers of
local adaptation provides essential information for designing
research and development programs aiming at improving
productivity while retaining resilience. A starting point in
genetic improvement of the existing local chicken populations
or in considering the introduction of new genotypes is to
understand how the environment is driving local adaptation
(Bettridge et al., 2018). This knowledge would allow breeding
of indigenous ecotypes that are more productive under village
conditions while retaining locally acceptable morphological and
adaptive traits (Dana et al., 2010; Muchadeyi and Dzomba, 2017;
Birhanu et al., 2021).

Present day African chickens are a result of an intricate
interplay between domestication and natural selection. Ethiopia
is an ecological microcosm of Africa, with a rich geomorphology,
where people closely interacted with the environment and
practiced agriculture for millennia. Because of its cultural
diversity, geographical position, complex topography, and
varying climatic patterns, the country harbors rich domestic
animal biodiversity. The earliest osteological evidence of
domestic chicken in Africa (921-801 BCE) was recovered
from Ethiopia (Woldekiros and D’Andrea, 2017). The
geomorphological landscape of the country is characterized
by wide range of elevation (from -155 m to 4,620 m.a.s.1.) and
diverse climate (Billi, 2015).

Recent technological advances in remote sensing and GIS,
increased availability of environmental data, and improved
computational power facilitate the understanding of the selective
forces associated with local adaptation. Species distribution
models (SDMs), implemented in MaxEnt (Phillips et al,
2006) and similar software, predict distribution of a species
based on presence-only data, estimate the contribution of
environmental variables, and help identify suitable habitats in
current and future environments. Gheyas et al. (2021) and
Lozano-Jaramillo M. et al. (2019) applied SDMs to produce
suitability maps of Ethiopian chickens and identify important
environmental variables associated with habitat suitability in
chickens, without relating ecological differences with phenotypic
variation among study populations. When used alone, SDMs
treat a species as an evolutionarily homogenous entity and fail
to consider possible population differences pertaining to local

adaptation (Hampe, 2004). SDMs also make assumptions in their
modeling approach (Wiens et al., 2009) which necessitate their
combined use with additional approaches, such as phenotypic
distribution models (PDMs).

Phenotypic distribution models use associations between
phenotypes and environmental variables to map the phenotypes
of populations within that species’ distribution (Michel et al.,
2017). These phenotype-environment associations, are well
documented for natural populations of several wild plant and
animal species (Bergmann, 1848; Clausen et al., 1940; Mayr, 1942;
Cain and Sheppard, 1954; Langerhans, 2008; Phillimore et al.,
2010; Maloney et al., 2012; Michel et al., 2017; Smith et al., 2017)
and can be applicable to predict phenotype distribution among
domestic animals.

Phenotypic differentiation represents the fraction of
phenotypic variance between populations over the total
phenotypic variance and helps understand evolutionary
processes shaping populations (Storz, 2002; Leinonen et al.,
2006; Schmid and Guillaume, 2017). With the exception of
Lozano-Jaramillo A. et al. (2019) who applied PDMs to predict
performance of improved chicken strains, distribution models
have seldom been applied in indigenous livestock to identify
environmental factors associated with phenotypic differentiation
and to define their ecotypes. In contrast to introduced strains
which have been subjected to intense artificial selection in a
relatively short period of time, indigenous populations have
been exposed to natural selection over multiple generations
which permits a better understanding of evolutionary processes.
Even with natural populations of animals, correlation between a
phenotype and environment could be spurious if PDM are used
on their own (Etterson and Shaw, 2001; Michel, 2011; Michel
et al., 2017) and this requires their combination with additional
analytical approaches, such as SDMs.

To overcome possible limitations in the use of SDMs in
domesticated species like livestock, where humans may have
interfered in the geographic distribution of the study species,
we have taken corrective measures in our study design. Our
sampling strategy was elaborate enough to ensure environments
potentially habitable by chickens are included in sufficient
sample size, while those uninhabitable are excluded in the
sampling frame. We targeted random mating, nondescript
indigenous chicken populations from separate livestock market-
sheds, clustered along environmental gradients, to maximize
ecological and phenotypic variation between sample populations.
We followed a novel approach integrating SDMs with PDMs
through generalized additive models (GAMs) to identify the
most important environmental variables contributing to habitat
suitability and evaluate their relationships with phenotypic
differentiation among Ethiopian indigenous chicken populations.

MATERIALS AND METHODS
Sampling Strategy

A hybrid strategy, maximizing both environmental and
geographical representativeness of sampling sites, increases
statistical power by reducing false discovery rates caused by
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demographic processes and confounding effects (De Mita
et al, 2013; Lotterhos and Whitlock, 2015; Selmoni et al,
2020). We used a hybrid sampling strategy that covered the
target area, ensuring high environmental variability, wide
geographic distributions, and considering the demographic and
biotic processes influencing the Ethiopian indigenous chicken
populations (Figure 1). Chickens were sampled from four spatial
gradients with a minimum distance between gradients of 500 km.
Each gradient comprised three environmental clusters, primarily
delineated based on elevation (400-1,800; 1,800-2,400; and
2,400-3,500 m.a.s.l.).

While we did not consider administrative regions in Ethiopia
in our sampling strategy, we would like to describe the
four regions covered in the present study (Amhara, Oromia,
Benishangul-Gumuz, and Southern regions) to give a brief
view of the geographic landscape. Gradient-I stretched from
the Rift valley lowlands of northeastern Ethiopia (McConnell,
1967), along the territories of Afar region to the highlands
of Wollo province within Ambhara region. Gradient-II, starts
from the Rift valley lowlands in central Ethiopia, crosses the
highlands of Hararghe, including Mount Gara Muleta, and
stretches to eastern Ethiopia within Oromia region. Gradient-
III stretches from the highlands of northwestern Ethiopia and
goes down to the lowlands along the Ethiopian-Sudanese border
within Benishangul-Gumuz region. Gradient-IV spans from the
highlands of western Ethiopia in Oromia region to the lowlands
along the Ethiopian-Kenyan border in Southern region. Areas
around the national borders of Ethiopia have low elevation,
which gradually culminate to highland plateaus in the center
of the country creating a striking contrast in agroecology
(Ethiopian Mapping Authority, 1988). Geographic coordinates
and phenotypic measurements were not taken from areas which
are not habitable by chickens because of their unconducive
environments (below 400 and above 3,500 m.a.s.l.).

We made sure that clusters within a gradient were distant
by at least 100 km and the target chicken populations were
sampled from households which visit isolated, i.e., not connected
livestock market-sheds. The concept of market-shed refers to
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FIGURE 1 | Topographic map of Ethiopia depicting the 26 indigenous chicken
sample populations.

a geographic area, where households therein are in sufficient
proximity to exchange their animals in various ways (e.g., sale,
gift), most commonly traveling on foot. Each cluster along the
spatial gradient constituted two to three populations. A total
of 26 populations were sampled (Figure 1 and Supplementary
Table 1). The sampling frame is spatially evenly spread to capture
high inter- and intrapopulation environmental and quantitative
trait variability. The research design integrating SDMs and PDMs
is presented in Figure 2.

The sample locations in our study covered 13 out of the
total of 18 agroecological zones (MoA, 1998; Tadesse et al.,
2006) in Ethiopia. Agroecological zonation utilizes biophysical
attributes of soil, terrain, and climate to organize land-use types
or production systems into relatively homogenous units (Hurni,
1998). The five agroecologies that were not covered, are areas
where chickens have either not been reared due to extreme
climates, cannot be kept at all (e.g., water bodies, undisturbed
forests), or have only been recently introduced.

Environmental Data

A total of 34 environmental variables were selected for their
potential effects on chicken adaptive evolution. Data on these
variables was extracted from online databases (Supplementary
Table 2). The environmental data included bioclimatic (n = 24),
vegetation (n = 2), and soil (n = 8) variables. Values for
bioclimatic variables (temperature, precipitation, solar radiation,
and water vapor pressure) in different seasons were obtained
from WorldClim database' at a spatial resolution of 30 s (~1 km?;
Fick and Hijmans, 2017) based on mean values of 30 years
(1970-2000). Cropland extent at 30-m resolution was attained
from Global Food Security Analysis-Support Data (Xiong et al.,
2017). The SoilGrids system at 250 m resolution with standard
numeric soil properties (organic carbon, bulk density, cation
exchange capacity, pH, soil texture fractions at 15-30 cm depth
was accessed from ISRIC database; Hengl et al., 2015, 2017). In
addition to the 34 environmental variables elevation data was
downloaded from DIVA-GIS* (Hijmans et al., 2001; Farr et al.,
2007) at a spatial resolution of 30 s (~1 km?).

Species Distribution Models
Species distribution models (also called niche, envelope, or
bioclimatic models) associate georeferenced observations of
a biotic response variable - typically species occurrence or
abundance - with multiple environmental predictors using a
broad array of statistical learning methods to describe species’
niches (Elith and Leathwick, 2009; Franklin, 2010; Elith and
Franklin, 2013; MacKenzie et al., 2017). MaxEnt is a general-
purpose machine learning algorithm developed to model species
distributions from presence-only records (Phillips et al., 2006).
For every population, a single geographic coordinate was
taken at the center of the village during sampling of chickens.
Coordinates from nine additional grids (1.44 km?), covering
a total of 12.96 km?, were then drawn around a recorded
location and extracted using Google Earth Pro v 7.3.2 to ensure

Thttp://www.worldclim.org/; version 2
Zhttp://www.diva-gis.org/gdata
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Environmental variables

34 variables; 260 coordinates
(climate, soil, crop, vegetation)

Selection of variables (habitat suitability)

SDMs (MaxEnt; MaxentVariableSelection; ENMeval)

Prediction of quantitative traits
Phenotype

SAMPLING DESIGN: 4 spatial gradients (3 environmental clusters per gradient)

FIGURE 2 | Workflow for integrated species and phenotypic distribution modeling to detect population differentiation and define ecotypes of indigenous chickens.

Quantitative traits

ina: 19 traits; 26 populations
SRmpng: 513 adult chickens

Selection of traits (discriminating traits)
Discriminant analysis

high representation of environmental variability affecting the
population (Gheyas et al., 2021). This way the total number
of “presence” or “occurrence” points used in SDMs for the
26 sample populations comprised 260 coordinates. Different R
software packages: “sp” (Pebesma et al., 2012), “raster” (Hijmans
et al., 2015), “rgdal” (Bivand et al., 2015), “maptools” (Bivand
et al,, 2021), “rgeos” (Bivand et al., 2017), and “dismo” (Hijmans
et al., 2017), were used to extract, read, and visualize geospatial
data. Dimension and extent of the grids were corrected and
homogenized for 1 km? based on the WGS84 geodetic reference
system (Decker, 1986).

Selection of Environmental Variables

To constrain model complexity and increase the performance
of SDMs, the highest contributing set of uncorrelated
environmental variables were identified and Maxents
regularization multiplier was fine-tuned using the R package
“MaxentVariableSelection” (Jueterbock et al, 2016). The
predictive performance of the most important environmental
variables was measured using test gain in MaxEnt v.3.4.1 (Phillips
et al., 2006; Phillips and Dudik, 2008).

Configuration of Model Parameters

Species-specific tuning of model parameters can improve the
performance of MaxEnt model compared to the default settings
(Elith et al., 2011; Radosavljevic and Anderson, 2014). The large
set of feature types was subsequently reduced to the optimal
subset to improve model fit and the optimum regularization
multiplier for model training was identified by the R package
“ENMeval” (Muscarella et al., 2014) by using spatial blocks
method (Radosavljevic and Anderson, 2014). Regularization
refers to smoothing the model, making it more regular, to avoid
fitting too complex a model. It is a common approach in model
selection and penalizes coefficients (the betas) to values that

allow both accurate prediction and generality (Tibshirani, 1996;
Elith et al., 2011).

Species’ responses to environmental covariates or independent
variables (e.g., temperature, elevation) tends to be complex and
usually requires fitting of non-linear functions (Austin, 2002).
In machine learning algorithms this is achieved by applying
transformations of the original covariates into features. MaxEnt
currently has six feature classes: linear, product, quadratic, hinge,
threshold, and categorical (Elith et al., 2011). We built models
with regularization multiplier values ranging from 0.5 to 4.0
(increments of 0.5) and with six different feature combinations
(H, LQH, HQP, HQC, LQHP, LQHPT; where L, linear; Q,
quadratic; H, hinge; P, product; and T, threshold); this resulted
in 48 individual model runs. The parameter configuration
with the lowest delta AICc value was chosen to run the
model (Supplementary Table 3). To reduce the influence of
sampling bias, we included a bias file (Phillips et al., 2009) and
preferentially sampled pseudo background points from areas
near our presence points based on kernel density function
(Venables and Ripley, 2002).

Tests of Niche Similarity

A niche is a description of the conditions in which a species
maintains a viable population. Populations in a species that are
adapted to a specific local habitat or niche show genetically
induced phenotypic differences in response to environmental
selective pressures and are regarded as “ecotypes” (Miintzing,
1971; Kniipffer et al, 2003). Niche similarity between one
or more pairs of populations was measured according to
Warren et al. (2008). Raster files ((ASCII) of predicted habitat
suitability produced by MaxEnt in logistic output (no probability
and complete probability of presence designated by 0 and 1,
respectively) were used as inputs to perform correlation test
by ENMTools (Warren et al, 2010). Correlation tests were
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used to cluster sampling sites on the selected environmental
variables and build dendrogram through hierarchical clustering
with R package cluster (Maechler et al., 2013). The grouping
of sampling locations into environmental niches was based
on “Euclidean” distance. Different clustering methods (Ward’s
minimum variance method, complete linkage, average linkage,
and single linkage) were compared. Visualization of the cluster
memberships of locations of populations based on niche
similarity, measured by correlations tests on the most important
environmental variables, was accomplished using the R package
factoextra (Kassambara and Mundt, 2017).

Quantitative Trait Data

A total of 19 phenotypic traits (Supplementary Table 4),
selected for their potential role in adaptation in chicken based
on available literature, were measured on 513 adult chickens
(380 hens and 133 cocks) from the 26 nondescript indigenous
chicken sample populations. We had three environmental
clusters (lowland: 400-1,800; midaltitude: 1,800-2,400; and
highland: 2,400-3,500 m.a.s.l.) stretching across each of the four
elevational gradients in this study. A total of 12 environmental
clusters from the four elevational gradients were included. Each
environmental cluster is represented by two randomly selected
chicken populations, except in two instances where we took
three populations. A population refers to the total number of
nondescript indigenous chickens available in an administrative
village. Adult chickens were selected randomly for phenotyping
through transect walk across villages. This method entailed
walking along a defined path (transect) across a village and
sampling one chicken from each farming household until a total
of 15 hens and five cocks were measured.

The age of the chickens was estimated by interviewing owners
to confirm that females were in their second clutch (7-8 months-
of-age) and males were above 12 months-of-age. The researchers
also visually appraised cocks (roosters) for presence of well-
developed spurs. One chicken was sampled per household.
Under rare circumstances (n = 9 households), two chickens were
sampled per household when farmers proved their animals have
no family relationship.

Live bodyweight of individuals was taken in the morning on
fasting chickens. Accurate morphological measurements were
made by using different tools (digital balance, measuring tapes,
and image processing software) Supplementary Table 4. The
pictures of individual chickens taken in a sheltered environment
to achieve appropriate resolution were digitally analyzed using
Image] (Rasband, 1997). To reduce systematic error, the same
operator measured all chickens, which were held in the same
position by a technician. A steel ruler was placed in the
background of every picture as a distance reference.

Selection of Quantitative Traits

A multivariate test of differences between populations with
stepwise selection (Klecka et al., 1980) was performed through
linear discriminant function analysis (SAS, 2002) to identify the
traits which were most useful in classifying populations. Principal
component analysis (PCA) was run with R “stats” package on

quantitative trait data to see how much percent of the variation
is explained by the first nine principal components (PCs).

Clustering of Nondescript Chicken

Populations Into Ecotypes

The 26 nondescript Ethiopian chicken populations sampled in
this study are heterogenous in terms of qualitative traits (e.g.,
coat color, comb shape, and feather pattern) and quantitative
traits. We used the most discriminant quantitative traits, which
are most useful because of their variability, to group populations
into ecotypes. We expect that populations of chickens within
the same niche are affected by similar environmental variables
and cluster into the same ecotype. The phenotypic values of
these traits were analyzed by the average silhouette method
to decide on the optimal number of clusters. The average
silhouette method measures how well each experimental unit
lies within its cluster and is less ambiguous than the elbow
method to decide on the number of clusters (Rousseeuw, 1987;
Kaufman and Rousseeuw, 2009).

Different hierarchical clustering methods (Ward’s minimum
variance method, complete linkage, average linkage, and single
linkage) were compared via R packages “cluster” (Maechler
et al.,, 2013) and “factoextra” (Kassambara and Mundt, 2017) to
make a valid comparison of population memberships between
dendrograms produced on similarity of phenotypes. We used the
same approach for clustering of environmental and phenotypic
data to avoid any possible bias associated with the use of
different tools.

Phenotypic Distribution Models

While species can vary genetically and phenotypically across
their range and populations can be locally adapted, SDMs
assume that all populations respond homogenously to the range
of environmental conditions experienced by the whole species
(Bolnick et al., 2003; Atkins and Travis, 2010; Fitzpatrick and
Keller, 2015; Hillfors et al., 2016). PDMs on the other hand,
do capture the response of quantitative traits as a function
of environmental conditions (Michel et al., 2017; Smith et al.,
2017; Lozano-Jaramillo A. et al, 2019). We used PDMs to
study variation within quantitative traits in response to the most
important set of environmental variables identified by SDMs.
The association of these environmental variables with habitat
suitability were evaluated for their individual effect on each of
the discriminating traits. The relationship between quantitative
traits and environmental variables was expected to be non-linear
(Zuur et al., 2007; Oddi et al., 2019). The assumptions of classical
statistical approaches such as generalized linear models (GLM)
are violated when responses are non-linear, variances change with
predictors, or ecological processes operate at spatio-temporal
scales (Zuur et al., 2009; Bolker et al., 2013).

Exploration of phenotypic and environmental data was
initially carried out to understand their distribution, variance
structure, and linearity or non-linearity of trend and to choose
appropriate analytical methods. GAMs were selected because
they are particularly useful for analyzing relationships explained
by complicated shapes, such as hump-shaped curves (Crawley,
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2012).The R package “mgcv” (Wood and Augustin, 2002) was
used to fit GAMs (Hastie and Tibshirani, 1990). Model validation
was made based on Akaike information criterion (AIC) values.

The response of each quantitative trait was predicted
as a function of ecotype, niche, and the six SDM-selected
environmental variables. The GAM included ecotypes and
their respective niches as linear terms and the environmental
covariates as smoothing parameters. The notation for the GAM
smoothing in a Gaussian model is as follows (Hastie and
Tibshirani, 1990; Wood and Augustin, 2002).

SEW) = a+ Bi+vm +/ilXk) ...,

Where (E (yi)) is one of n observations of the response trait, g
is the Gaussian distributed exponential family with identity link
function, a is the intercept, B; is a linear parameter for ecotype
(1,2,3), ym is a linear parameter for environmental niches (1,2,3),
fr are the smoothing terms based on non-parametric predictor
covariates Xj; (the shape of the predictor functions which will be
fully determined by the data structure).

Estimation of smoothing parameters effects (environmental
variables) was done by restricted maximum likelihood as random
effects (Wiley and Wiley, 2019) with Gaussian process smooth
(bs = “gp”) in the GAMs model (Wood, 2012).

Partial dependence plots (PDPs; Friedman, 2001) are the most
popular approach for visualizing the effects of the predictor
variables on the predicted outcome during supervised machine
learning applications (Apley and Zhu, 2020). A PDP can show
whether the relationship between the target and a feature is
linear, monotonic, or more complex. PDPs exhibiting the effects
of environmental factors with estimated p-value on a phenotype
were produced by using the R package “mgcViz” (Fasiolo et al.,
2020) at 95% confidence interval.

RESULTS

Environmental Variables Contribute to
Habitat Suitability

Optimum Model Parameters

ENMeval identified HQP (Hinge, Quadratic, and Product)
features with regularization-multiplier = 3.0 as the best parameter
combination. This had the lowest deltaAICc value and was
chosen to produce suitability maps by MaxEnt (Figure 3A).
Compared to the default (Figure 3B), the model fit with
the optimum parameters predicted larger areas as most
suitable for poultry production (Figure 3C). The areas least
populated by chickens include the extreme lowlands (below
400 m.a.s.l.), with prohibitively high temperature, high solar
radiation, low precipitation, and high relative humidity; and
the extreme highlands (above 3,400 m.a.s.), with prohibitively
low temperatures. The extreme highlands are frosty and hence
not habitable both by livestock and humans. Ethiopian lowland
pastoral areas are affected by recurrent drought and have
generally sparse livestock population (Tilahun and Schmidt,
2012). Agreement between the results of the present study and
the census report (CSA, 2017) and other literature indicating the
distribution of livestock (Tilahun and Schmidt, 2012) confirm

that those areas in the country which are shown as least suitable
in the habitat suitability maps produced by SDMs are indeed
unsuitable for the study species. Sedentary systems in central
Ethiopia have conducive environmental conditions for chickens
while pastoral systems (hot, dry areas, with strong solar radiation)
along the borders of the country do not (Getahun, 1978; Bayou
and Assefa, 1989; CSA, 2017; Mirkena et al., 2018; Gebrechorkos
et al, 2019). The choice of livestock species to rear is also
culturally embedded over generations.

Most Contributing Environmental Variables

Species distribution models identified the most important
environmental variables associated with distribution of chickens
(Figure 4). Correlated variables (| r| > 0.6) and those with a
relative contribution score below 4% were removed to restrict
multicollinearity driven effects in projecting species ranges
(Dormann et al., 2013; Brun et al., 2019). Out of 34 environmental
variables, nine were retained as most important in determining
habitat suitability and can be regarded as potential drivers of
local adaptation in Ethiopian indigenous chickens. The first five
variables with the highest contribution included soil clay content,
precipitation of the warmest quarter, precipitation of the coldest
quarter, and temperature seasonality.

Jackknife test was run to compare the relative importance of
the nine selected environmental variables (Figure 5). The test
showed that precipitation of the coldest quarter and water vapor
pressure in May have the highest gain when used in isolation,
and therefore are the most useful variables for predicting the
distribution of the species on occurrence data. On the other
hand, the environmental variable that decreases gain the most
when omitted is solar radiation in May, meaning it has the most
important information that is not present in other variables.

Distinct Niches Are Associated With
Distinct Ecotypes

Populations of animals adapted to a specific environment or
niche are regarded as ecotypes. Clustering of sample chicken
populations into phenotypically homogenous groups and an
overlap of the clustered populations with niche classification
based on their respective environments was used as a basis to
define ecotypes. The number of chicken ecotypes was determined
through Silhouette method using phenotypic data (Figure 6A).
The optimal cluster in the present study, the one that maximized
the average silhouette from a range of possible k values, was
k = 3. The same clustering method (Ward, 1963) was used to
make a valid comparison of population memberships between
dendrograms produced on similarity of niches (Figure 6B) and
on similarity of phenotypes (Figure 6C).

Populations were clustered into three environmental niches
based on correlation test (Figure 6B). Ward’s method had
the strongest clustering structure for clustering on niche
overlap (Ward = 0.89). The agglomerative coeflicients for the
other approaches (complete linkage = 0.78; average linkage
(UPGMA) = 0.68; and single linkage = 0.36) was lower. At a cutoft
value of 5.0, reading the plot from left to right, niche-I comprised
11 sampling locations, while niche-II and niche-IIT comprised six
and nine locations, respectively.

Frontiers in Genetics | www.frontiersin.org

September 2021 | Volume 12 | Article 723360


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Kebede et al. Distribution Models Reveal Population Differentiation in Chickens

S 4
A ~
o
S -
(]
o
@ ] LQHPT
Q
Q 8.
< v
S 8.
[0} ™
©
o
S -
I3
o
S -
o
I I I I I
0.5 1.0 1.5 20 25 3.0 35 4.0
Regularization Multiplier
B Default
I 4
o & 1.0
R 08
o >
= 7 i 06
o — 04
: 0.2
-
© ok 0.0
2
< - '
I I I I I I I
34 36 38 40 42 44 46
c AlCc model
I 1
o 4 A 3 1.0
: 0.8
o
= 5 06
® — ¢t 0.4
0.2
© &3
,.>'»
<
T T I T T I !
34 36 38 40 42 44 46
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Variation in Quantitative Traits

Before classifying the 26 sample chicken populations into
ecotypes through hierarchical clustering based on similarity for
quantitative traits, we reduced the number of traits through
discriminant analysis (Table 1). Out of 19 quantitative traits
(Supplementary Table 4), eight (BL, WS, CL, CW, BW, EW,
WW, and KL) had the highest discriminant function because of
their high variation between populations. Except wattle width
(p < 0.05), the remaining seven of these eight discriminant

The GLM analysis combining data from both sexes revealed
all the discriminating quantitative traits varied significantly
between sexes (p < 0.0001) except for beak length (p = 0.1738).
The partial r-square indicates body length (BL) had the
highest discriminatory effect out of all traits retained in the
models in both sexes. Only two quantitative traits (BL and
BW) were found useful (p < 0.0001) for classifying male
sample chicken populations. This might be related with their
lower sample size or a different structure of morphological

traits showed highly significant phenotypic variation (p < 0.0001  variation among male sample populations compared
to p < 0.01) between female sample chicken populations. to females.
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FIGURE 6 | Dendrograms of clusters to group 26 Ethiopian indigenous
chicken populations (hierarchical agglomerative clustering, Ward’s minimum
variance method). (A) Plot of statistics for deciding appropriate number of
clusters based on phenotype. (B) Dendrogram based on niche overlap
statistic (/) between suitability maps. The red line at a cutoff value of 5.0
produces three niches. (C) Dendrogram based on the most discriminating
phenotypes. The red line at a cutoff value of 8.0 produces three distinct
ecotypes.

A subset of quantitative traits that best revealed the
differences among chicken populations (Table 1) were then
used for clustering. Ward’s hierarchical clustering rendered the
highest agglomerative coeflicient (Ward = 0.81) for clustering
of populations on phenotypic similarity compared with the
other approaches [complete linkage = 0.71; average linkage
(UPGMA) = 0.58; and single linkage = 0.49; Figure 6C]. The
cutoff value at 8, indicated by horizontal line, resulted in three
clusters. A PCA on quantitative trait data showed that the first
three PCs explain 75.7% of the phenotypic variation among

TABLE 1 | Stepwise selection summary indicating most discriminating traits for
adult male and female Ethiopian indigenous chicken sample populations.

Sex Quantitative trait Partial R-sq. F value Pr>F
Hens BL 0.4761 13.51 <0.0001
WS 0.2934 6.15 <0.0001
CL 0.2274 4.34 <0.0001
Cw 0.1766 3.15 <0.0001
BW 0.1741 3.08 <0.0002
EW 0.1677 2.93 <0.0003
WW 0.1184 1.63 <0.0214
KL 0.1534 1.93 <0.0014
Cocks BL 0.7756 14.52 <0.0001
BW 0.4856 3.9 <0.0001

BL = body length (mm); WS = wingspan (mm); CL = comb length (mm);, BW = body
weight(g), EW = earlobe width (mm); WW = wattle width (mm); and KL = beak
length (mm).

TABLE 2 | Ecotype of Ethiopian indigenous chicken populations defined on
phenotype and their respective niches as identified by species distribution models.

Distributed
outside the niche

Distributed within
the same niche

Ecotype Populations

| Fura, Dalecha, Birbirsa,
Bengo, Aimeshmesh,
Badu, Didibe Kistana,
Gazo, Meket, Weltane,
Wahelo, Weledelelo

] Lafinfedo, Hato,

Fura, Dalecha,
Birbirsa, Bengo,
Almeshmesh,
Badu, Didibe
Kistana, Gazo

Lafinfedo, Hato,

Meket, Weltane,
Wahelo, Weldelelo

Arabo, Burkitu

Melkajebdu, Arabo, Melkajebdu, Obora
Burkitu Obora

1] Ebech, Shama, Parzeit, ~Shama, Parzeit, Ebech, Gema,
Gema, Zigh, Tumi, Zigh, Tumi, Rifenti Gocha

Rifenti Chabir, Sorobo,
Gocha,

Chabir, Sorobo

populations (PC1 = 43.1%, PC2 = 19.5%, and PC3 = 13.2%)
supporting our grouping of chicken populations into three
ecotypes (Supplementary Table 5).

A summary of cluster analyses (Table 2) shows that most of the
populations of a specific ecotype are distributed within the same
niche while only a few of them distributed elsewhere. Eight out of
12 populations from ecotype-I, three out of five populations from
ecotype-II, and six out of nine populations from ecotype-III were
correctly classified into their respective niches.

Matching between chicken ecotypes and different
environmental classification methods was performed to establish
a logical association between phenotypic distinctiveness and
environmental selective pressures (Table 3). The environmental
classification methods included SDMs, conventional (Dove,
1890), Official (MoA, 1998), and gradient-based agroecological
classifications. The highest level of correct classification was
performed by SDMs (64.5%), followed by environmental
gradient (elevational cline) classification (57.3%). The higher
correct classification level obtained by the SDM approach,
suggests the potential influence of the selected environmental
variables (n = 9) on shaping adaptive variation among Ethiopian
indigenous chicken ecotypes.
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TABLE 3 | Comparison of methods to classify environments of Ethiopian indigenous chicken ecotypes (n = 3).

Classification method Criteria for No. of No. of populations correctly classified (%) Total no. of populations

classification classes correctly
classified (%)
Ecotype-l Ecotype-Il Ecotype-lll
SDM Niche similarity 8 (66.7) 3 (60.0) 6 (66.7) 17 (64.5)
*Conventional AEs Climatic classes (altitude, temperature, 3 6 (66.7) 3(38.3) 4 (50.0) 13 (50.0)
precipitation)
$ Official AEs Temperature, soil type, plant growing 13 3(38.3) 3(33.3) 2 (25.0) 8(30.7)
period/moisture condition, land use
Environmental gradient Elevational clines in distinct geographies 4 5 (65.5) 6 (66.6) 4 (50.0) 15 (67.3)

*Conventional agroecological classes (AEs) comprise three groups measured in m.a.s.l.: | = lowlands (400-1,800); Il = 1,800-2,400; and Il = 2,400-3,500 (Dove, 1890).

§ Official AEs represent standard agroecologies of Ethiopia (MoA, 1998).

Environmental Variables Contribute to

Phenotypic Differentiation

Having noticed that populations have differentiated distinctly
in specific environments, we focused on predicting phenotypic
values of ecotypes for the most discriminant quantitative traits
within their respective niches under the influence of the selected
environmental variables. Prediction of quantitative traits with
GAMs in each of the three Ethiopian indigenous chicken ecotypes
is presented in Table 4. Significant p-values were obtained for
all the nine SDM identified environmental variables except for
soil clay content. Five environmental variables (Biol8, Biol9,
WVPM, and WVPA) had significant effect on differentiation of
multiple traits. The traits selected by discriminant function for
their usefulness in classification of populations into ecotypes had
also the highest model fit (R-square adjusted values) explaining
their importance in studying the influence of environmental
variables on adaptive phenotypic variation.

Ethiopian indigenous chicken ecotypes identified by SDMs
showed significant quantitative trait variation (Table 5).
Populations in ecotype-I had the smallest measurement for all
traits while ecotype-1I had the largest measurements for most
traits. It is not possible to tell from the present results alone
whether the performance exhibited by ecotypes is primarily
attributable to their niche or their genetic background.

Habitat suitability maps for Ethiopian indigenous chicken
ecotypes (Figure 7) illustrate ideal environmental conditions
that vary spatially between ecotypes. Chickens of ecotype-I
(Figure 7A) are mainly distributed in central and northwest
Ethiopia, ecotype-1I (Figure 7B) are distributed in the west
and southwest, while ecotype-III (Figure 7C) are distributed
in eastern and northeastern Ethiopia. Areas of the country
characterized by adverse environmental conditions due to their
extreme temperature, high solar radiation, and low precipitation
are shown as least suitable. This result conforms to the
available census data which shows regions in the country with
more friendly climate to chickens are more populated by the
species (CSA, 2017).

The response of adult live body weight (BW) and BL in female
indigenous chickens to some of the significant environmental
variables (p < 0.001) are presented in Figures 8, 9. The

relationship between BW and solar radiation, and BW and water
vapor pressure in May (kPa) is linear while its relationship with
isothermality is non-linear (Figure 8). Isothermality quantifies
how large the day-to-night temperatures oscillate relative to
the annual oscillations. An isothermal value of 100 indicates
the diurnal temperature range is equivalent to the annual
temperature range, while anything less than 100 indicates a
smaller level of temperature variability within an average month
relative to the year (O'Donnell and Ignizio, 2012). Our results
suggest that BW is less influenced by smaller temperature
fluctuations within a month relative to the year. On the other
hand, solar radiation above 18,000 kJ/m?/day is stressful and
has negative and linear effect on female BW. The relationship
between bodyweight and mean temperature of the coldest quarter
is more complex, showing that the mean temperatures during the
coldest 3 months of the year is less useful to examine how this
variable affects adult live BW.

A non-linear relationship is noted between BL and water vapor
pressure in August (kPa), and between BL and precipitation
of the coldest quarter (mm/m?). Temperature seasonality had
a negative and linear relationship with this trait. Temperature
seasonality is a measure of temperature change over the course
of the year. Our result indicates that higher standard deviation
in the mean monthly temperature is associated with smaller BL,
a trait which is strongly correlated with live BW. Precipitation
of the coldest quarter is a quarterly index which approximates
the total precipitation that prevails during the 3 months of
the year. Accelerated mean change in BL, in the context of
the model was seen up to 700 mm/m? of precipitation in
the coldest quarter. Precipitation above this threshold might
be related with less availability of scavenging feed resources
and more prevalence of diseases and parasites, having adverse
effects on this trait. Biologically speaking, water vapor pressure
is a function of temperature and pressure. Negative relation is
noted between this environmental variable and BL, probably
because of the stressful situation (e.g., lower feed intake) it
creates on the animals. A non-linear reduction was observed in
BL for higher soil clay content above 20% which may have a
relationship with the type of vegetation and land use pattern in
those areas (Figure 9).
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TABLE 4 | Prediction of quantitative traits with Generalized Additive Models (GAMs) in Ethiopian indigenous chicken ecotypes (n = 3).

Trait 'Fixed effects/linear term Random effects/ smoothing term Model fit
Bio3 Bio4 Bio11 Bio18 Bio19 SRM WVPM WVPA SCC df AlC R-sq.(adj) Deviance explained (%)

BL  Ecotype Niches * * e * 149 1538.7 0.65 66.7
WS  Ecotype Niches e e * * e 13.6 1643.65 0.55 56.5
CL  Ecotype Niches * 8.0 2583.4 0.21 22.3
CW  Ecotype Niches 9.3 21403 0.10 11.9
BW  Ecotype Niches * - * e e 125 -121.2 0.45 46.5
EW  Ecotype Niches e e e 16.3 1656.8 0.25 28.2
WW  Ecotype Niches * = > 10.0 2034.7 0.12 14.3
KL  Ecotype Niches * - > 11.9 1724.0 0.05 7.6

Akaike information criterion (AIC) is a goodness of fit measure (likelihood or log-likelihood) that penalizes for complexity number of parameters or degree of freedoms).
BL = body length; WS = wingspan; CL = comb length CW = comb width;, BW = body weight;, EW = earlobe width; WW = wattle width; and KL = beak length.

Bio3, Isothermality; Bio4, Temperature seasonality; Bio11, Mean temperature of coldest quarter; Bio18, Precipitation of warmest quarter; Bio19, Precipitation of coldest
quarter; SRM, solar radiation of May; WVPM, water vapor pressure of May, WVPA, water vapor pressure of August; SCC, soil clay content.

" Linear effect of ecotype is significant for all discriminating phenotypes.
Significance codes: 0 “** 0.001 “**” 0.01 “*” 0.05 “.".

TABLE 5 | Quantitative trait variation in Least Square Mean (Standard Error) among adult female Ethiopian indigenous chickens of different ecotypes defined by

integrating SDMs with PDMs.

Ecotype*

LSMean (S.E.)

Hens (n = 380)

Cocks (n = 133)

BW BL ws cL cw EW ww KL BW BL
1.01 35.46 38.78 21.3 7.95 8.96 16.89 16.32 1.31 38.89
(0.01)° (0.22)° (0.22)° (0.62)° (0.36)° (0.2)° 0.31)° (0.20) (0.05)° (0.52)°
[ 1.31 39.13 41.88 30.21 10.18 10.9 19.4 16.46 1.78 4434
(0.022 0.232 (0.24) (0.65) 0.37)2 (0.2 (0.322 0.21) (0.05)2 (0.54)2
1] 1.28 38.48 42.03 25.22 8.82 10.4 18.48 16.65 1.82 44.49
(0.02) (0.24)° (0.24)2 (0.66)° (0.38)° (0.2012 (0.33)° (0.22) (0.05)2 (0.57)2

BW = body weight (g); BL = body length(mm); WS = wingspan(mm),; CL = comb length(mm); CW = comb width(mm); EW = earlobe width(mm);, WW = wattle width(mm);
and KL = beak length(mm). ab.cpeans with different superscripts within the same column are significantly (o < 0.05) different. *Ecotypes were highly significant from
each other (p < 0.0001) for all phenotypic measurements except for KL in hens (p = 0.5393).

DISCUSSION

Sustainable livestock production particularly in the tropics
requires adaptive genotypes which can withstand the undesirable
effects of climate change and produce optimally (Fleming
et al, 2017; Bettridge et al,, 2018). Ecological variables vary
in terms of their influences on organisms as inducers of local
adaptation. Knowledge of ecological factors responsible for
adaptive variation should be the first step to design selective
breeding programs on indigenous livestock, plan crossbreeding
with improved genotypes, or introduce new genotypes from a
different environment (Fleming et al., 2017; Bettridge et al., 2018;
Birhanu et al., 2021; Gheyas et al., 2021).

We have applied distribution models to identify the most
important environmental factors associated with habitat
suitability and phenotypic differentiation in indigenous
populations of chickens. Previous studies indicated that
populations differentiate phenotypically and genetically in
response to the environment (Schmid and Guillaume, 2017;
Smith et al, 2017). A tight relation is expected between
environmental elements (e.g., precipitation, temperature,

radiation, and elevation) and livestock population dynamics
(Alemayehu and Getu, 2016; Getachew et al., 2016) in Ethiopia.

Precipitation of the warmest and the coldest quarters, soil clay
content, temperature seasonality, solar radiation, water vapor
pressure, and mean temperature of the coldest quarter, were
identified by SDMs as the most important variables associated
with habitat suitability in Ethiopian indigenous chickens.
Precipitation is associated with types and amounts of crops
cultivated; availability of scavenging feed resources and edible
soil fauna; disease prevalence, and predation. Precipitation and
temperature were also identified as most important contributors
to local adaptation in African chickens (Fleming et al., 2017;
Bettridge et al.,, 2018; Gheyas et al., 2021). The BW of Horro,
Koekoek, Sasso, and SRIR chickens distributed to different
regions of Ethiopia was best predicted by variables associated
with temperature and precipitation (Lozano-Jaramillo A. et al,
2019). Clay content is a proxy for soil fertility and has
impacts on feed availability for poultry. Through their physical
and chemical properties, clay minerals can be expected to
have more nutrient reserves in the tropics (Landon, 2014;
Kome et al., 2019).
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FIGURE 7 | Suitability maps of three Ethiopian chicken ecotypes. Colors
toward red spectrum indicate more suitable conditions. (A) Ecotype-I.
(B) Ecotype-Il. (C) Ecotype-lil.

All the nine environmental variables selected for their
association with habitat suitability by SDMs had significant
effects on differentiation of quantitative traits. The influence of
isothermality (Bio3), temperature (Bio4 and Biol1), precipitation
(Bio19), solar radiation, and water vapor pressure on trait
differentiation may be related with adaptive physiology of
chickens, in terms of their biological response to extremes in

relative humidity and heat stress. Lozano-Jaramillo A. et al.
(2019) and Alemu et al. (2021) have also observed effects
of precipitation and temperature on improved chicken breeds
introduced to smallholder farmers in Ethiopia.

We classified the Ethiopian indigenous chicken sample
populations into three ecotypes and compared their respective
performances. Homogenous clusters for measured quantitative
traits and their overlaps with distinct niches were used to define
ecotypes. Unlike previous efforts made to group Ethiopian
indigenous chicken populations on qualitative phenotypes such
as comb shape, and feather color (Melesse and Negesse, 2011;
FAO, 2012; Negassa et al., 2014; Getachew et al., 2016; Overdijk,
2019), the definition of ecotypes in the present study integrated
phenotypic and environmental information. This process
included identification of the most contributing environmental
variables for habitat suitability, grouping of sample locations
into specific niches based on their environmental similarity, and
selection of the most useful quantitative traits for population
classification purposes.

Phenotypic distribution models, in a form of non-linear
GAMs were demonstrated as an innovative approach to integrate
environmental and phenotypic information and study their
relationships. GAM:s relax the assumptions of linear models such
as GLMs and achieve acceptable goodness of fit. Such a non-
linear data structure would have been missed otherwise (Wiley
and Wiley, 2019). PDMs were used to complement predictions
of SDMs in studying responses of prairie grass to climate change
(Smith et al., 2017).

The use of SDMs is unchartered territory for livestock
scientists. Limitations are expected in their use on domesticated
species because of human interference influencing the natural
distribution of the study populations. While existing SDMs alone
do not seem appropriate to study breeds recently introduced
into a new environment artificially, the models are applicable for
those studying local adaptation among indigenous populations
of livestock which have lived in their environment for hundreds
of generations or more and have experienced significant selective
pressures. Predictive ability of machine learning algorithms on
domesticated species can be improved if they incorporate more
data in addition to presence-absence information and harness
sophisticated algorithms. Boosted regression trees and random
forests as well as generalized additive and linear mixed models
have improved prediction of SDMs in other species (Shirk et al.,
2018).

Several evolutionary processes shape genetic and phenotypic
differentiation, including the joint effects of environment
(phenotypic plasticity), gene flow, and natural selection (Schmid
and Guillaume, 2017). It is not clear from the present study
whether the phenotypic differentiation that ensued between
indigenous chicken ecotypes is the result of differentiation
in allele frequencies. An integrated framework including
environmental, phenotypic, and genomic analysis is needed to
unravel the genetic basis of phenotypic differentiation among
populations and ecotypes of these chickens. If the phenotype is
directly influenced by the environment, genetic, and phenotypic
differentiations can be decoupled (Crispo, 2008; Schmid and
Guillaume, 2017). Improvements in predictive ability of models
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is also achieved when SDMs are used along with phenotypic
and genomic information in landscape genetics and genomics
studies (Joost et al., 2007; Gotelli and Stanton-Geddes, 2015;
Razgour, 2015).

The present study demonstrated how SDM-identified
environmental information can be integrated with PDMs to
define ecotypes, predict quantitative traits, and understand the
ecological roots of phenotypic differentiation. Considering the
environmental influences of economically important quantitative
traits, such as live BW, improves the estimation of breeding
values and assists in the development of improved breeds suited
to smallholder farmers. Differences in performance among
ecotypes in the different niches will also mean evaluations
of performance and yield stability across environments are
pertinent in breeding and development programs designed for
low- and medium-input poultry production systems of the
tropics. Prospects of further use for SDMs and PDMs in livestock
include definition of agroecologies, estimation of genotype
by agroecology interactions, multi-environment performance
evaluations, and prediction of performance under present and
future production scenarios (e.g., climate change).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee (IACUC), International
Livestock Research Institute (ILRI).

AUTHOR CONTRIBUTIONS

FGK, JB, HK, OH, and TD conceived the ideas and designed
the study. FGK selected sample populations, collected metadata,

REFERENCES

Alemayehu, K., and Getu, A. (2016). Impacts of climate variability on livestock
population dynamics and breed distribution patterns in selected districts of
Western Ambhara, Ethiopia. Anim. Genet. Resour. 59, 113-121. doi: 10.1017/
52078633616000230

Alemu, S. W., Hanotte, O., Kebede, F. G., Esatu, W., Abegaz, S., Bruno, J. E., et al.
(2021). Evaluation of live-body weight and the number of eggs produced for
introduced and local chickens in Ethiopia. Acta Agric. Scand. A Anim. Sci. 70,
71-77. doi: 10.1080/09064702.2021.1891278

Apley, D. W., and Zhu, J. (2020). Visualizing the effects of predictor variables in
black box supervised learning models. J. R. Stat. Soc. Ser. B (Stat. Methodol.) 82,
1059-1086. doi: 10.1111/rssb.12377

Atkins, K., and Travis, J. (2010). Local adaptation and the evolution of species’
ranges under climate change. J. Theor. Biol. 266, 449-457. doi: 10.1016/j.jtbi.
2010.07.014

Austin, M. (2002). Spatial prediction of species distribution: an interface between
ecological theory and statistical modelling. Ecol. Modell. 157, 101-118. doi:
10.1016/50304-3800(02)00205-3

performed the phenotyping of chickens and data analysis, and
wrote the manuscript. JB and SA supported in the GAMs analysis.
HK and JB provided useful comments and suggestions and
helped improve the data analysis and draft the manuscript. TD,
HK, OH, and JB secured funding. All authors critically revised
the manuscript and gave final approval for publication.

ACKNOWLEDGMENTS

We thank the African Chicken Genetic Gains (ACGG)
program of the International Livestock Research Institute (ILRI),
funded by the Bill and Melinda Gates Foundation (Grant
Agreement OPP1112198); and Animal Breeding and Genomics
of Wageningen University & Research (WUR) for sponsoring
this research. ILRI and WUR have provided a Ph.D. scholarship
to the FGK.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2021.723360/full#supplementary- material

Supplementary Table 1 | Geographic distribution of 26 Ethiopian indigenous
chicken sample populations. *Traditional agroecological classes (AEs) comprise
three groups measured in m.a.s.l.: | = lowlands (400-1,800); Il = 1,800-2,400;
and Ill = 2,400-3,500 (Dove, 1890). § Official AEs represent standard
agroecologies of Ethiopia (MoA, 1998).

Supplementary Table 2 | Environmental (climatic, soil, vegetation type) variables
obtained for the locations of indigenous Ethiopian chicken sample populations.

Supplementary Table 3 | ENMeval table results for all combinations of features
and betamultipliers. *Feature classes: L, linear; Q, quadratic; H, hinge; P, product;
and T, threshold. § RM, Regularization multiplier.

Supplementary Table 4 | Quantitative traits measured on individual hens and
cocks (n = 513) in indigenous Ethiopian chicken sample populations.

Supplementary Table 5 | Principal Component Analysis (PCA) results for female
quantitative traits.

Bayou, T., and Assefa, A. (1989). Solar radiation maps fot Ethiopia. Zede J. 8, 7-15.

Bergmann, C. (1848). Uber die Verhidltnisse der Wiirmeskonomie der Thiere zu ihrer
Grosse. Gottingen: Vandenhoeck und Ruprecht.

Bettridge, J. M., Psifidi, A., Terfa, Z. G., Desta, T. T., Lozano-Jaramillo, M., Dessie,
T., etal. (2018). The role of local adaptation in sustainable production of village
chickens. Nat. Sustain. 1, 574-582. doi: 10.1038/s41893-018-0150-9

Billi, P. (2015). Landscapes and Landforms of Ethiopia. Dordrecht: Springer.

Birhanu, M. Y., Alemayehu, T., Bruno, J. E., Kebede, F. G., Sonaiya, E. B.,
Goromela, E. H., et al. (2021). Technical efficiency of traditional village chicken
production in Africa: entry points for sustainable transformation and improved
livelihood. Sustainability 13:8539. doi: 10.3390/sul3158539

Bivand, R,, Keitt, T., Rowlingson, B., Pebesma, E., Sumner, M., Hijmans, R,, et al.
(2015). Package ‘rgdal’. Bindings for the Geospatial Data Abstraction Library.
Available online at: https://cran.r-project.org/web/packages/rgdal/index.html
(accessed October 15, 2017).

Bivand, R, Lewin-Koh, N., Pebesma, E., Archer, E., Baddeley, A., Bearman, N., et al.
(2021). Package ‘maptools’.

Bivand, R., Rundel, C., Pebesma, E., Stuetz, R., Hufthammer, K. O., and Bivand,
M. R. (2017). Package ‘rgeos’. The Comprehensive R Archive Network (CRAN).

Frontiers in Genetics | www.frontiersin.org

September 2021 | Volume 12 | Article 723360


https://www.frontiersin.org/articles/10.3389/fgene.2021.723360/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.723360/full#supplementary-material
https://doi.org/10.1017/s2078633616000230
https://doi.org/10.1017/s2078633616000230
https://doi.org/10.1080/09064702.2021.1891278
https://doi.org/10.1111/rssb.12377
https://doi.org/10.1016/j.jtbi.2010.07.014
https://doi.org/10.1016/j.jtbi.2010.07.014
https://doi.org/10.1016/s0304-3800(02)00205-3
https://doi.org/10.1016/s0304-3800(02)00205-3
https://doi.org/10.1038/s41893-018-0150-9
https://doi.org/10.3390/su13158539
https://cran.r-project.org/web/packages/rgdal/index.html
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Kebede et al.

Distribution Models Reveal Population Differentiation in Chickens

Bolker, B. M., Gardner, B., Maunder, M., Berg, C. W., Brooks, M., Comita, L., et al.
(2013). Strategies for fitting nonlinear ecological models in R, AD M odel B
uilder, and BUGS. Methods Ecol. Evol. 4, 501-512. doi: 10.1111/2041-210x.
12044

Bolnick, D. I, Svanbick, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Hulsey,
C. D, et al. (2003). The ecology of individuals: incidence and implications of
individual specialization. Am. Nat. 161, 1-28. doi: 10.2307/3078879

Brun, P., Thuiller, W., Chauvier, Y., Pellissier, L., Wiiest, R. O., Wang, Z., et al.
(2019). Model complexity affects species distribution projections under climate
change. J. Biogeogr. 47, 130-142. doi: 10.1111/jbi.13734

Cain, A.J., and Sheppard, P. M. (1954). Natural selection in Cepaea. Genetics 39:89.
doi: 10.1093/genetics/39.1.89

Clausen, J., Keck, D. D., and Hiesey, W. M. (1940). Experimental Studies on the
Nature of Species. I. Effect of Varied Environments on Western North American
Plants. Washington, DC: Carnegie Institution of Washington.

Crawley, M. J. (2012). The R book. Hoboken, NJ: John Wiley & Sons.

Crispo, E. (2008). Modifying effects of phenotypic plasticity on interactions among
natural selection, adaptation and gene flow. J. Evol. Biol. 21, 1460-1469. doi:
10.1111/j.1420-9101.2008.01592.x

CSA (2017). Livestock Characteristics, Agricultural Sample Survey. Addis Ababa:
Central Staistical Authority.

Dana, N., Van der Waaij, L. H., Dessie, T., and van Arendonk, J. A. (2010).
Production objectives and trait preferences of village poultry producers of
Ethiopia: implications for designing breeding schemes utilizing indigenous
chicken genetic resources. Trop. Anim. Health Prod. 42, 1519-1529. doi: 10.
1007/s11250-010-9602-6

Darwin, C., Wallace, A. R, Lyell, S. C., and Hooker, J. D. (1858). On the Tendency
of Species to form Varieties: And on the Perpetuation of Varieties and Species by
Natural Means of Selection. London: Linnean Society of London.

De Mita, S., Thuillet, A. C., Gay, L., Ahmadi, N., Manel, S., Ronfort, ., et al. (2013).
Detecting selection along environmental gradients: analysis of eight methods
and their effectiveness for outbreeding and selfing populations. Mol. Ecol. 22,
1383-1399. doi: 10.1111/mec.12182

Decker, B. L. (1986). “World geodetic system 1984,” in Proceedings of the 4th
International Geodetic Symposium on Satellite Positioning, Austin, TX.

Dormann, C. F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G., et al.
(2013). Collinearity: a review of methods to deal with it and a simulation study
evaluating their performance. Ecography 36, 27-46. doi: 10.1111/j.1600-0587.
2012.07348.x

Dove, K. (1890). Kulturzonen von Nord-Abessinien. Gotha: J. Perthes.

Elith, J., and Franklin, J. (2013). “Species distribution modeling,” in Encyclopedia
of Biodiversity, 2nd Edn, ed. S. M. Scheiner (Amsterdam: Elsevier Inc),
692-705.

Elith, J., and Leathwick, J. R. (2009). Species distribution models: ecological
explanation and prediction across space and time. Annu. Rev. Ecol. Evol. Syst.
40, 677-697. doi: 10.1146/annurev.ecolsys.110308.120159

Elith, J., Phillips, S. J., Hastie, T., Dudik, M., Chee, Y. E., and Yates, C. J. (2011).
A statistical explanation of MaxEnt for ecologists. Divers. Distrib. 17, 43-57.
doi: 10.1111/§.1472-4642.2010.00725.x

Ethiopian Mapping Authority (1988). National Atlas of Ethiopia. Addis Abeba:
Ethiopian Mapping Authority.

Etterson, J. R., and Shaw, R. G. (2001). Constraint to adaptive evolution in response
to global warming. Science 294, 151-154. doi: 10.1126/science.1063656

FAO (2012). Phenotypic Characterization of Animal Genetic Resources. Rome: FAO.

Farr, T. G., Rosen, P. A,, Caro, E., Crippen, R., Duren, R., Hensley, S., et al. (2007).
The shuttle radar topography mission. Rev. Geophys. 45, 1-33.

Fasiolo, M., Nedellec, R., Goude, Y., and Wood, S. N. (2020). Scalable visualization
methods for modern generalized additive models. J. comput. Graph. Stat. 29,
78-86. doi: 10.1080/10618600.2019.1629942

Fick, S. E., and Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution
climate surfaces for global land areas. Int. J. Climatol. 37, 4302-4315. doi:
10.1002/joc.5086

Fitzpatrick, M. C., and Keller, S. R. (2015). Ecological genomics meets community-
level modelling of biodiversity: mapping the genomic landscape of current and
future environmental adaptation. Ecol. Lett. 18, 1-16. doi: 10.1111/ele.12376

Fleming, D. S., Weigend, S., Simianer, H., Weigend, A., Rothschild, M., Schmidt,
C., et al. (2017). Genomic comparison of indigenous African and Northern

European chickens reveals putative mechanisms of stress tolerance related to
environmental selection pressure. G3 7, 1525-1537. doi: 10.1534/g3.117.041228

Franklin, J. (2010). Mapping Species Distributions: Spatial Inference and Prediction.
Cambridge: Cambridge University Press.

Friedman, J. H. (2001). Greedy function approximation: a gradient boosting
machine. Ann. Stat. 29, 1189-1232.

Gebrechorkos, S. H., Hiilsmann, S., and Bernhofer, C. (2019). Long-term trends in
rainfall and temperature using high-resolution climate datasets in East Africa.
Sci. Rep. 9:11376.

Getachew, F., Abegaz, S., Assefa, A., Misganaw, M., Emshaw, Y., Hailu, A,, et al.
(2016). Multivariate analyses of morphological traits in indigenous chicken
populations of Metekel zone, Northwestern Ethiopia. Anim. Genet. Resour. 59,
15-25.

Getahun, A. (1978). Agricultural systems in Ethiopia. Agric. Syst. 3, 281-293. doi:
10.1016/0308-521x(78)90014-8

Gheyas, A. A., Vallejo-Trujillo, A., Kebede, A., Lozano-Jaramillo, M., Dessie, T.,
Smith, J., et al. (2021). Integrated environmental and genomic analysis reveals
the drivers of local adaptation in African indigenous chickens. Mol. Biol. Evol.
[E pub ahead of print]

Gotelli, N. J., and Stanton-Geddes, J. (2015). Climate change, genetic markers and
species distribution modelling. J. Biogeogr. 42, 1577-1585. doi: 10.1111/jbi.
12562

Hallfors, M. H., Liao, J., Dzurisin, J., Grundel, R., Hyvérinen, M., Towle, K, et al.
(2016). Addressing potential local adaptation in species distribution models:
implications for conservation under climate change. Ecol. Appl. 26, 1154-1169.
doi: 10.1890/15-0926

Hampe, A. (2004). Bioclimate envelope models: what they detect and what they
hide. Glob. Ecol. Biogeogr. 13, 469-471. doi: 10.1111/j.1466-822x.2004.00090.x

Hastie, T., and Tibshirani, R. (1990). Generalized Additive Models. London:
Chapman & Hall, 335.

Hengl, T., de Jesus, J. M., Heuvelink, G. B., Gonzalez, M. R,, Kilibarda, M., Blagoti¢,
A., et al. (2017). SoilGrids250m: global gridded soil information based on
machine learning. PLoS One 12:€0169748. doi: 10.1371/journal.pone.0169748

Hengl, T., Heuvelink, G. B., Kempen, B., Leenaars, J. G., Walsh, M. G.,
Shepherd, K. D., et al. (2015). Mapping soil properties of Africa at 250 m
resolution: random forests significantly improve current predictions. PLoS One
10:¢0125814. doi: 10.1371/journal.pone.0125814

Hijmans, R. J., Guarino, L., Cruz, M., and Rojas, E. (2001). Computer tools for
spatial analysis of plant genetic resources data: 1. DIVA-GIS. Plant Genet.
Resour. Newslett. 127, 15-19.

Hijmans, R. J., Phillips, S., Leathwick, J., Elith, J., and Hijmans, M. R. J. (2017).
Package ‘dismo’. Circles 9, 1-68.

Hijmans, R. J., Van Etten, J., Cheng, J., Mattiuzzi, M., Sumner, M., Greenberg, J. A.,
etal. (2015). Package ‘raster’. R package 734.

Hurni, H. (1998). Agroecological Belts of Ethiopia. Explanatory Notes on Three Maps
at a Scale of 1. Addis Ababa: Soil Conservation Research Program.

Joost, S., Bonin, A., Bruford, M. W., Despreis, L., Conord, C., Erhardt, G., et al.
(2007). A spatial analysis method (SAM) to detect candidate loci for selection:
towards a landscape genomics approach to adaptation. Mol. Ecol. 16, 3955—
3969. doi: 10.1111/j.1365-294x.2007.03442.x

Jueterbock, A., Smolina, I, Coyer, J. A, and Hoarau, G. (2016). The
fate of the Arctic seaweed Fucus distichus under climate change:
an ecological niche modeling approach. Ecol. Evol. 6, 1712-1724.
doi: 10.1002/ece3.2001

Kassambara, A., and Mundt, F. (2017). Package factoextra. Extract and Visualize
the Results of Multivariate Data Analyses 76.

Kaufman, L., and Rousseeuw, P. J. (2009). Finding Groups in Data: An Introduction
to Cluster Analysis. Hoboken,NJ: John Wiley & Sons.

Klecka, W. R., Iversen, G. R, and Klecka, W. R. (1980). Discriminant Analysis.
Thousand Oaks, CA: Sage.

Kniipffer, H., Terentyeva, I, Hammer, K., and Kovaleva, O. (2003).
“Ecogeographical Diversity—a Vavilovian approach,” in Diversity in Barley, eds
R. Invon Bothmer, T. Van Hintum, H. Kniipffer, and K. Sato (Amsterdam:
Elsevier).

Kome, G. K., Enang, R. K., Tabi, F. O., and Yerima, B. P. K. (2019). Influence of clay
minerals on some soil fertility attributes: a review. Open J. Soil Sci. 9, 155-188.
doi: 10.4236/0jss.2019.99010

Frontiers in Genetics | www.frontiersin.org

September 2021 | Volume 12 | Article 723360


https://doi.org/10.1111/2041-210x.12044
https://doi.org/10.1111/2041-210x.12044
https://doi.org/10.2307/3078879
https://doi.org/10.1111/jbi.13734
https://doi.org/10.1093/genetics/39.1.89
https://doi.org/10.1111/j.1420-9101.2008.01592.x
https://doi.org/10.1111/j.1420-9101.2008.01592.x
https://doi.org/10.1007/s11250-010-9602-6
https://doi.org/10.1007/s11250-010-9602-6
https://doi.org/10.1111/mec.12182
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1126/science.1063656
https://doi.org/10.1080/10618600.2019.1629942
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/ele.12376
https://doi.org/10.1534/g3.117.041228
https://doi.org/10.1016/0308-521x(78)90014-8
https://doi.org/10.1016/0308-521x(78)90014-8
https://doi.org/10.1111/jbi.12562
https://doi.org/10.1111/jbi.12562
https://doi.org/10.1890/15-0926
https://doi.org/10.1111/j.1466-822x.2004.00090.x
https://doi.org/10.1371/journal.pone.0169748
https://doi.org/10.1371/journal.pone.0125814
https://doi.org/10.1111/j.1365-294x.2007.03442.x
https://doi.org/10.1002/ece3.2001
https://doi.org/10.4236/ojss.2019.99010
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Kebede et al.

Distribution Models Reveal Population Differentiation in Chickens

Landon, J. R. (2014). Booker Tropical Soil Manual: A Handbook for Soil Survey
and Agricultural Land Evaluation in the Tropics and Subtropics. Milton Park:
Routledge.

Langerhans, R. B. (2008). Predictability of phenotypic differentiation across flow
regimes in fishes. Integr. Comp. Biol. 48, 750-768. doi: 10.1093/icb/icn092

Leinonen, T., Cano, J. M., Mékinen, H., and Meril4, J. (2006). Contrasting patterns
of body shape and neutral genetic divergence in marine and lake populations of
threespine sticklebacks. J. Evol. Biol. 19, 1803-1812. doi: 10.1111/j.1420-9101.
2006.01182.x

Lotterhos, K. E., and Whitlock, M. C. (2015). The relative power of genome scans
to detect local adaptation depends on sampling design and statistical method.
Mol. Ecol. 24,1031-1046. doi: 10.1111/mec.13100

Lozano-Jaramillo, A., Alemu, S., Dessie, T., Komen, H., and Bastiaansen, J. W. M.
(2019). Using phenotypic distribution models to predict livestock performance.
Sci. Rep. 9:15371.

Lozano-Jaramillo, M., Bastiaansen, J. W. M., Dessie, T., and Komen, H. (2019).
Use of geographic information system tools to predict animal breed suitability
for different agro-ecological zones. Animal 13, 1536-1543. doi: 10.1017/
s1751731118003002

MacKenzie, D. L, Nichols, J. D., Royle, J. A., Pollock, K. H., Bailey, L., and
Hines, J. E. (2017). Occupancy Estimation and Modeling: Inferring Patterns and
Dynamics of Species Occurrence. Amsterdam: Elsevier.

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., Hornik, K., and Studer, M.
(2013). Package ‘cluster’. Dosegljivo na.

Maloney, K. O., Schmid, M., and Weller, D. E. (2012). Applying additive modelling
and gradient boosting to assess the effects of watershed and reach characteristics
on riverine assemblages. Methods Ecol. Evol. 3, 116-128. doi: 10.1111/j.2041-
210x.2011.00124.x

Mayr, E. (1942). Systematics and the Origin of Species from the Viewpoint of a
Zoologist. New York, NY: Columbia University Press, 334.

McConnell, R. (1967). The east African rift system. Nature 215, 578-581.

Melesse, A., and Negesse, T. (2011). Phenotypic and morphological
characterization of indigenous chicken populations in southern region of
Ethiopia. Anim. Genet. Resour. 49, 19-31. doi: 10.1017/s2078633611000099

Michel, M. J. (2011). Spatial dependence of phenotype-environment associations
for tadpoles in natural ponds. Evol. Ecol. 25, 915-932. doi: 10.1007/s10682-
010-9441-y

Michel, M. J., Chien, H., Beachum, C. E., Bennett, M. G., and Knouft, J. H. (2017).
Climate change, hydrology, and fish morphology: predictions using phenotype-
environment associations. Clim. Change 140, 563-576. doi: 10.1007/s10584-
016-1856-1

Mirkena, T., Walelign, E., Tewolde, N., Gari, G., Abebe, G., and Newman, S. (2018).
Camel production systems in Ethiopia: a review of literature with notes on
MERS-CoV risk factors. Pastoralism 8:30.

MoA (1998). Agro-Ecological Zones of Ethiopia. Addis Ababa: Ministry of
Agriculture.

Muchadeyi, F. C., and Dzomba, E. F. (2017). “Genomics tools for the
characterization of genetic adaptation of low input extensively raised chickens,”
in Poultry Science, ed. M. Manafi (London: IntechOpen).

Miintzing, A. (1971). Gote wilhelm turesson. Taxon 20, 773-775. doi: 10.2307/
1218603

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

Negassa, D., Melesse, A., and Banerje, S. (2014). Phenotypic characterization of
indigenous chicken populations in Southeastern Oromia Regional State of
Ethiopia. Anim. Genet. Resour. 55, 101-113. doi: 10.1017/s2078633614000319

0Oddi, F. J., Miguez, F. E., Ghermandi, L., Bianchi, L. O., and Garibaldi, L. A.
(2019). A nonlinear mixed-effects modeling approach for ecological data:
using temporal dynamics of vegetation moisture as an example. Ecol. Evol. 9,
10225-10240. doi: 10.1002/ece3.5543

O’Donnell, M. S., and Ignizio, D. A. (2012). Bioclimatic predictors for supporting
ecological applications in the conterminous United States. US Geol. Survey Data
Ser. 691, 4-9.

Overdijk, S. (2019). The Effect of Ecological Factors on the Morphology of Ethiopian
Chickens. Ph. D. thesis. Wageningen: Wageningen University and Research.

Pebesma, E., Bivand, R., Pebesma, M. E., RColorBrewer, S., and Collate, A. (2012).
Package ‘sp’. The Comprehensive R Archive Network.

Phillimore, A. B., Hadfield, J. D., Jones, O. R., and Smithers, R. J. (2010). Differences
in spawning date between populations of common frog reveal local adaptation.
Proc. Natl. Acad. Sci. 107, 8292-8297. doi: 10.1073/pnas.0913792107

Phillips, S. J., Anderson, R. P., and Schapire, R. E. (2006). Maximum entropy
modeling of species geographic distributions. Ecol. Modell. 190, 231-259. doi:
10.1016/j.ecolmodel.2005.03.026

Phillips, S. J., and Dudik, M. (2008). Modeling of species distributions with Maxent:
new extensions and a comprehensive evaluation. Ecography 31, 161-175.

Phillips, S.J., Dudik, M., Elith, J., Graham, C. H., Lehmann, A., Leathwick, J.,
et al. (2009). Sample selection bias and presenceaARonly distribution models:
implications for background and pseudo-absence data. Ecol. Appl., 19, 181-197.

Radosavljevic, A., and Anderson, R. P. (2014). Making better Maxent models of
species distributions: complexity, overfitting and evaluation. J. Biogeogr. 41,
629-643. doi: 10.1111/jbi.12227

Rasband, W. S. (1997). Image] 1.52a. Bethesda, MD: National Institute of Health.

Razgour, O. (2015). Beyond species distribution modeling: a landscape genetics
approach to investigating range shifts under future climate change. Ecol. Inform.
30, 250-256. doi: 10.1016/j.ecoinf.2015.05.007

Rousseeuw, P. J. (1987). Silhouettes: a graphical aid to the interpretation and
validation of cluster analysis. J. Comput. Appl. Math. 20, 53-65. doi: 10.1016/
0377-0427(87)90125-7

SAS (2002). User Installation Guide for the SAS® System Version 9 for Microsoft®
Windows® . Cary, NC: SAS Institute Inc.

Schmid, M., and Guillaume, F. (2017). The role of phenotypic plasticity on
population differentiation. Heredity 119, 214-225. doi: 10.1038/hdy.2017.36
Selmoni, O., Vajana, E., Guillaume, A., Rochat, E., and Joost, S. (2020). Sampling
strategy optimization to increase statistical power in landscape genomics: a
simulation-based approach. Mol. Ecol. Resour. 20, 154-169. doi: 10.1111/1755-

0998.13095

Shirk, A. J., Cushman, S. A., Waring, K. M., Wehenkel, C. A., Leal-Séenz, A.,
Toney, C., et al. (2018). Southwestern white pine (Pinus strobiformis) species
distribution models project a large range shift and contraction due to regional
climatic changes. For. Ecol. Manag. 411, 176-186. doi: 10.1016/j.foreco.2018.01.
025

Smith, A. B., Alsdurf, J., Knapp, M., Baer, S. G., and Johnson, L. C. (2017).
Phenotypic distribution models corroborate species distribution models: a shift
in the role and prevalence of a dominant prairie grass in response to climate
change. Glob. Chang. Biol. 23, 4365-4375. doi: 10.1111/gcb.13666

Storz, J. F. (2002). Contrasting patterns of divergence in quantitative traits and
neutral DNA markers: analysis of clinal variation. Mol. Ecol. 11, 2537-2551.
doi: 10.1046/j.1365-294x.2002.01636.x

Tadesse, M., Alemu, B., Bekele, G., Tebikew, T., Chamberlin, J., and Benson, T.
(2006). Atlas of the Ethiopian Rural Economy. Washington, DC: International
Food Policy Research Institute.

Tibshirani, R. (1996). Regression shrinkage and selection via the lasso. J. R. Stat.
Soc. Series. B Methodol. 58, 267-288. doi: 10.1111/j.2517-6161.1996.tb02080.x

Tilahun, H., and Schmidt, E. (2012). Spatial Analysis of Livestock Production
Patterns in Ethiopia. Ethiopia Strategy Support Program II (ESSP II) Working
Paper 44. Addis Ababa: Ethiopia Strategy Support Program IIL.

Venables, W., and Ripley, B. (2002). Modern Applied Statistics with S, 4th Edn.
New York, NY: Springer-Verlag New York.

Ward, J. H. Jr. (1963). Hierarchical grouping to optimize an objective function.
J. Am. Stat. Assoc. 58, 236-244. doi: 10.1080/01621459.1963.10500845

Warren, D. L., Glor, R. E., and Turelli, M. (2008). Environmental niche equivalency
versus conservatism: quantitative approaches to niche evolution. Evolution 62,
2868-2883. doi: 10.1111/j.1558-5646.2008.00482.x

Warren, D. L., Glor, R. E., and Turelli, M. (2010). ENMTools: a toolbox for
comparative studies of environmental niche models. Ecography 33, 607-611.

Wiens, J. A., Stralberg, D., Jongsomjit, D., Howell, C. A., and Snyder, M. A.
(2009). Niches, models, and climate change: assessing the assumptions and
uncertainties. Proc. Natl. Acad. Sci. 106, 19729-19736. doi: 10.1073/pnas.
0901639106

Wiley, M., and Wiley, J. F. (2019). Advanced R Statistical Programming and Data
Models: Analysis, Machine Learning, and Visualization. Berkeley, CA: Apress.

Williams, G. (1966). Adaptation and Natural Selection. Princeton, NJ: Princeton
University Press.

Frontiers in Genetics | www.frontiersin.org

September 2021 | Volume 12 | Article 723360


https://doi.org/10.1093/icb/icn092
https://doi.org/10.1111/j.1420-9101.2006.01182.x
https://doi.org/10.1111/j.1420-9101.2006.01182.x
https://doi.org/10.1111/mec.13100
https://doi.org/10.1017/s1751731118003002
https://doi.org/10.1017/s1751731118003002
https://doi.org/10.1111/j.2041-210x.2011.00124.x
https://doi.org/10.1111/j.2041-210x.2011.00124.x
https://doi.org/10.1017/s2078633611000099
https://doi.org/10.1007/s10682-010-9441-y
https://doi.org/10.1007/s10682-010-9441-y
https://doi.org/10.1007/s10584-016-1856-1
https://doi.org/10.1007/s10584-016-1856-1
https://doi.org/10.2307/1218603
https://doi.org/10.2307/1218603
https://doi.org/10.1111/2041-210x.12261
https://doi.org/10.1111/2041-210x.12261
https://doi.org/10.1017/s2078633614000319
https://doi.org/10.1002/ece3.5543
https://doi.org/10.1073/pnas.0913792107
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1111/jbi.12227
https://doi.org/10.1016/j.ecoinf.2015.05.007
https://doi.org/10.1016/0377-0427(87)90125-7
https://doi.org/10.1016/0377-0427(87)90125-7
https://doi.org/10.1038/hdy.2017.36
https://doi.org/10.1111/1755-0998.13095
https://doi.org/10.1111/1755-0998.13095
https://doi.org/10.1016/j.foreco.2018.01.025
https://doi.org/10.1016/j.foreco.2018.01.025
https://doi.org/10.1111/gcb.13666
https://doi.org/10.1046/j.1365-294x.2002.01636.x
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1080/01621459.1963.10500845
https://doi.org/10.1111/j.1558-5646.2008.00482.x
https://doi.org/10.1073/pnas.0901639106
https://doi.org/10.1073/pnas.0901639106
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Kebede et al.

Distribution Models Reveal Population Differentiation in Chickens

Woldekiros, H., and D’Andrea, A. (2017). Early evidence for domestic chickens
(Gallus gallus domesticus) in the Horn of Africa. Int. J. Osteoarchaeol. 27,
329-341. doi: 10.1002/0a.2540

Wood, S. (2012). mgcv: Mixed GAM Computation Vehicle with GCV/AIC/REML
Smoothness Estimation.Bath, UK: University of Bath.

Wood, S. N., and Augustin, N. H. (2002). GAMs with integrated model
selection using penalized regression splines and applications to environmental
modelling. Ecol. Modell. 157, 157-177. doi: 10.1016/s0304-3800(02)00193-x

Xiong, J., Thenkabail, P., Tilton, J., Gumma, M., Teluguntla, P., Congalton,
R, et al. (2017). NASA Making Earth System Data Records for Use in
Research Environments (MEaSUREs) Global Food Security-support Analysis
Data (GFSAD) Cropland Extent 2015 Africa 30 m V0O1.

Zuur, A, Ieno, E. N,, and Smith, G. M. (2007). Analyzing Ecological Data. Sioux
Falls, U.S.A.: U.S. Geological Survey (USGS). New York, NY: Springer.

Zuur, A., Ieno, E. N., Walker, N., Saveliev, A. A., and Smith, G. M. (2009). Mixed
Effects Models and Extensions in Ecology with R. New York, NY: Springer
Science & Business Media.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Kebede, Komen, Dessie, Alemu, Hanotte and Bastiaansen. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Genetics | www.frontiersin.org

17

September 2021 | Volume 12 | Article 723360


https://doi.org/10.1002/oa.2540
https://doi.org/10.1016/s0304-3800(02)00193-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Species and Phenotypic Distribution Models Reveal Population Differentiation in Ethiopian Indigenous Chickens
	Introduction
	Materials and Methods
	Sampling Strategy
	Environmental Data
	Species Distribution Models
	Selection of Environmental Variables
	Configuration of Model Parameters
	Tests of Niche Similarity
	Quantitative Trait Data
	Selection of Quantitative Traits
	Clustering of Nondescript Chicken Populations Into Ecotypes
	Phenotypic Distribution Models

	Results
	Environmental Variables Contribute to Habitat Suitability
	Optimum Model Parameters
	Most Contributing Environmental Variables

	Distinct Niches Are Associated With Distinct Ecotypes
	Variation in Quantitative Traits
	Environmental Variables Contribute to Phenotypic Differentiation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


