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Abstract Understanding the degree of genetic population
differentiation is important in conservation genetics for
inferring gene flow between populations and for identifying
small and isolated threatened populations. We evaluated
the genetic variation within and between three populations
of the rock firefinch (Lagonosticta sanguinodorsalis), a
range restricted firefinch endemic to Nigeria and Camer-
oon. The populations were closely located (c. 100 km
apart) within the species’ core distribution in Central
Nigeria. We found that the populations had similar levels
of gene diversities (Hg) and low but significant inbreeding
coefficients (Fjg). Despite the short distance between
populations there was a weak but significant population
structure, which indicates that the populations are some-
what isolated and affected by drift within the species’ core
distribution in Nigeria. The knowledge of the genetic status
of the rock firefinch will serve as a foundation to future
studies to help understand population demography and for
managing and maintaining viable populations.
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Introduction

Habitat fragmentation leads to reduction in total habitat
area and separation into isolated patches, which in turn
reduce total population size and may reduce gene flow
between populations (Frankham et al. 2002). Thus, frag-
mented and isolated populations will experience a reduc-
tion in effective population size, and it has been shown that
small populations are more prone to loss of genetic
diversity through genetic drift and more vulnerable to
harmful inbreeding effects due to loss of genetic variation
(Allendorf 1986; Vila et al. 2003). During population
contractions, increased levels of inbreeding and loss of
genetic variation can cause negative feedback loops on
population size, which sometimes can lead to rapid drop in
population size and even local extinction of populations
(Westemeier et al. 1998; Madsen et al. 1999)—a scenario
sometimes referred to as the extinction vortex (Fagan and
Holmes 20006).

Maintaining high levels of genetic variation is crucial
for the long-term persistence of populations also for other
reasons than for avoiding inbreeding depression (Allendorf
1986; Keller et al. 1994). Most organisms inhabit con-
stantly changing environments, and need to possess the
genetic material necessary for adaptation. Populations that
are genetically depleted will be unable to adapt to changing
conditions and thus face a higher risk of extinction if the
environment changes (Spielman et al. 2004). Therefore,
maintaining dispersal possibilities between populations to
ensure gene flow and genetic variation within populations
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is very important in wildlife management to sustain viable
populations of vulnerable and threatened species (Page and
Holmes 1998).

Naturally occurring as well as anthropogenic induced
habitat heterogeneities structure the distribution of organ-
isms. Species living in naturally fragmented habitats have
however evolved as naturally fragmented populations,
whereas other species have seen their distribution being
fragmented due to recent anthropogenic impingements.
The reed bunting (Emberiza schoeniclus; Mayer et al.
2009) and the great reed warbler (Acrocephalus arundin-
aceus; Hansson et al. 2000, 2002, 2008) for example,
inhabit mosaics of wetlands, so it is likely that their pop-
ulation structure depended to a large extent on the size and
connectivity of available wetlands prior to recent anthro-
pogenic habitat alterations. In contrast, the red-cockaded
woodpecker (Picoides borealis; Jackson 1978) and the
chestnut-backed antbird (Myrmeciza exsul; Woltmann et al.
2012) are two of many examples of species that probably
inhabited large continuous habitats, but currently exist in
small and isolated pockets within their today strongly
human-influenced range. In general, habitat specialists with
preference for habitats with non-continuous distributions,
such as wetlands, marshes, rocky outcrops, gallery forests,
ponds, etc., are likely to have been evolving in fragmented
populations, as they utilize suitable habitats which occur as
scattered patches.

The rock firefinch (Lagonosticta sanguinodorsalis) is a
range-restricted species, endemic to Nigeria and Camer-
oon. It was described as recently as in 1998 (Payne 1998).
It is a non-territorial monogamous, ground feeding seed
eater. The species is sexually dimorphic, with adult males
having a more brightly coloured plumage than adult
females (Fry and Keith 2004). Studies in its core distri-
bution on the Jos Plateau, Central Nigeria, have shown that
it has a strong preference for rocky habitats (Wright and
Jones 2005; Brandt and Cresswell 2008; Abalaka and Jones
2011), with population densities of 0.48 birds/ha in
uncultivated areas and 0.62 birds/ha in cultivated areas
(Abalaka and Jones 2011). Although the rock firefinch has
a naturally patchy distribution due to its preference for
rocky habitats, recent human activities (such as farming
and blasting of rocks to establish settlements) have con-
tributed to further isolating the populations. Being a range-
restricted species, known to occur only in Nigeria and
Cameroon, with high probability of losing subpopulations
due to ongoing anthropogenic habitat fragmentation, the
rock firefinch is of high conservation interest. Furthermore,
it holds an important role in the life-history of another
endemic species, the Jos Plateau indigobird (Vidua mary-
ae)—a brood parasitic species specific to the rock firefinch
(Payne 1998; Brandt and Cresswell 2008)—which makes
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the rock firefinch of additional conservation interest. In this
study, we quantified the genetic diversity, differentiation
and structure in three rock firefinch populations within its
core distribution in Central Nigeria by screening individ-
uals at a set of newly identified polymorphic microsatellite
loci (Abakala and Hansson 2014). We also attempted to
estimate the effective population size of the populations.
Understanding the degree of genetic population differen-
tiation is important for inferring gene flow between popu-
lations and for identifying small and isolated threatened
populations. Knowledge of the genetic status of this species
will also serve as a foundation to future studies to help
understand its population demography and conservation
biology.

Materials and methods
Study area

We selected three sites on the Jos Plateau, Central Nigeria:
the Amurum Forest Reserve (Amurum from here on)
(N09°52'44.75", E08°58'55.75"), Pankshin (N09°21'36.23",
E09°25'52.67") and Kagoro Boys Scout Camp (Kagoro
from here on) (N09°34'27.20", E08°22/54.39"; Fig. 1). The
distance between these sites ranged from 74 to 118 km. In
altitude, Amurum is 1,300 m.a.sl., Pankshin is
1,200 m.a.s.l. and Kagoro is 700 m.a.s.l. Kagoro is situated
on the south-eastern escarpment of the Jos Plateau as the
plateau descends (which explains its comparatively low
altitude), whereas the two other populations are located on
the plateau. The habitat of all sites was fairly similar, with
large rocky outcrops and seasonal streams. In Pankshin, the
habitat was somewhat more degraded than at Kagoro and
Amurum, as most of the gallery forest that grows along the
stream has been totally removed and a major part of the land
has been converted to farmlands. Amurum, a forest reserve
of about 300 ha, is surrounded by farmlands and has been
under protection with little human disturbance for over
10 years. Kagoro also has farmlands.

Sample collection

We collected 161 blood samples from the three populations
of rock firefinch (Fig. 1) during the years 2006-2009
(Table 1). Birds were trapped using mist nets, and 20 pl of
blood was collected by puncturing the wing vein (Wing-
field and Farner 1976). Blood was preserved in 500 pl SET
buffer (0.15 M NaCl, 0.05 M Tris, 0.001 M EDTA, pH
8.0) at room temperature until transported to the laboratory
where they were store at —20 °C.
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Fig. 1 Map showing location
of the three study sites: Kagoro,
Amurum and Pankshin

Table 1 Number rock firefinches collected per population over the
study period

Population Year >N
2006-2007 2008-2009

Amurum 20 21 41

Pankshin 26 41 67

Kagoro 25 28 53

DNA extraction

We isolated DNA from the blood samples following
Bensch et al. (1994). We added 13 pl of SDS (20 %) and
15 pl of Proteinase K (10 mg/ml) to blood samples and
incubated overnight at 55 °C. DNA was purified by
extracting with phenol/chloroform-isoamylalcohol. The
dissolved DNA was precipitated with 0.1 volumes of 3 M
sodium acetate and two volumes absolute ethanol, washed
with 70 % ethanol and vacuum dried. Finally the DNA
pellet was solved and stored in 50 pl 1x TE buffer.

Microsatellite genotyping

All 161 rock firefinches were genotyped at 11 autosomal
microsatellite loci (Table 2; Abakala and Hansson 2014).
The PCR-mix contained: 1 x Q-mix (Qiagen), 1.2 pmol
each of forward and reverse primer, 10-25 ng DNA

(Amufum
: q<agoro.
v’an kshin

Abuja Nigeria

Cameroon

ﬁ:?aounde

template and ddH,O in 6 pl reaction volume. The PCRs
were initiated with a hotstart (95 °C for 15 min) followed
by 35 cycles with 94 °C for 30 s, T, (see Table 2) for 90 s
and 72 °C for 90 s; and a final extension at 72 °C for
10 min. Primers with the same PCR condition were labeled
with different fluorescent dyes and were combined in the
same PCR multiplex. The PCR products were separated
and visualized using an ABI 3730 capillary sequencer
(Applied Biosystems). The microsatellite data were ana-
lyzed in GeneMapper version 4 (Applied Biosystems) to
determine the genotypes of individuals for each locus.

Statistical analyses

All loci were tested for presence of null alleles, large allele
dropout and scoring errors due to stutter peaks in MICRO-
CHECKER 2.2.3 (Oosterhout et al. 2004). Mean number of
alleles (A), observed and expected heterozygosity (Hp and
Hy) were calculated in GENALEX 6.5 (Peakall and
Smouse 2006) and inbreeding coefficient (F;5) and asso-
ciated P values were computed in FSTAT 2.9.3.2 (1,000
permutations; Goudet 2001).

Levels of differentiation among populations were eval-
uated using both population level approach (Fgs7) and
individual-based clustering approach (STRUCTURE;
Pritchard et al. 2000). Global and pairwise Fg;y were
determined as described by Weir and Cockerham (1984) in
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Table 2 Primers sequences, allele size range, annealing temperature (7,) used in PCR and reference for each locus

Locus Primer sequences (5'-3") Allele size range Reference Ta (°C)

TGO01-040 F: TGGCAATGGTGAGAAGTTTG 280-287 Dawson et al. (2010) 56
R:AGAATTTGTACAGAGGTAATGCACTG

TG05-046 F:AAAACATGGCTTACAAACTGG 335-349 Dawson et al. (2010) 56
R:GCTCAGATAAGGGAGAAAACAG

TG13-009 F.TGTGGTGGGATAGTGGACTG 192-196 Dawson et al. (2010) 56
R:CTGTAAAATGTGCAAGTAACAGAGC

TG13-017 F:GCTTTGCATCTTGCCTTAAA 296-313 Dawson et al. (2010) 56
R:GGTAACTACAACATTCCAACTCCT

TG22-001 F:TTGGATTTCAGAACATGTAGC 266-301 Dawson et al. (2010) 56
R:TCTGATGCAAGCAAACAA

Tgu05 F:CACAGAAAAGTGAGTGCATTCC 251-279 Slate et al. (2007) 58
R:TGGGAAAACATCTTTACCATCA

Tgu07 F:CTTCCTGCTATAAGGCACAGG 91-107 Slate et al. (2007) 58
R:AAGTGATCACATTTATTTGAATAT

Lswul4 F:GTTATGCTCCAACAAAATAGATA 192-202 Winker et al. (1999) 49
R:AGGTTTTRAAGGATAGATTTATA

WBSW7 F:TCTGGAGTTCTGGGACCTG 141-143 McRae and Amos (1999) 54
R:CTCACTCAACAGCAGGACC

Lsal27 F: TGCAGGCAAATGGTGGTGTG 231-257 Abakala and Hansson (2014) 51
R:TCAAAATACTGTAAATAAATCTTTCCCCC

Lsal65 F:-TGTCAAAGCATCTTCAGTGCTACA 161-175 Abakala and Hansson (2014) 51

R:TGCACACACATGGCAGTTG

the FSTAT 2.9.3.2 (P values were calculated using 1,000
permutations). Given the recent debate surrounding the use
of Fgr in resolving population differentiation (Jost 2008;
Meirmans and Hedrick 2011), both global and pairwise
Jost’s measure of differentiation (D,,) were also calculated
(in GENALEX 6.5; P values were calculated using 999
permutations).

The Bayesian clustering method and Markov Chain
Monte Carlo (MCMC) simulation implemented in
STRUCTURE 2.3.4 (Pritchard et al. 2000) was used to
corroborate the population level approaches. The
STRUCTURE analyses were run by using an admixture
model and correlated allele frequencies with a burn-in
period of 50,000 replicates and sampling period of 100,000
replicates for number of clusters (K) from 1 to 6. Thirty
independent runs were performed for each K. Two sets of
STRUCTURE analyses were run: one without using sam-
ple location as prior, one using sample location as prior. To
determine the number of genetic clusters (K), we used the
AK method of Evanno et al. (2005) based on the second-
order rate of change in log Pr (XIK) as implemented by the
program STRUCTURE HARVESTER (Earl and vonHoldt
2012). Replicate cluster analyses were aligned with
CLUMPP 1.1.2 (Jakobsson and Rosenberg 2007) and
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visualizes in DISTRUCT 1.1 (Rosenberg 2004). Lastly, the
pattern of genetic differentiation between the three popu-
lations was plotted using principal coordinates analysis
(PCA) implemented in GENALEX 6.5.

We calculated effective population size using the
moment-based temporal approach based on (Pollak 1983)
implemented in NEESTIMATOR 1.3 (Peel et al. 2004),
which uses genotypic data of individuals collected over
different years (Table 1).

Results

We successfully genotyped 153 out 161 individuals at 11
polymorphic microsatellite loci, with number of alleles per
locus ranging from 2 at WBSW?7 to 18 at Lsal27. TG13-
017 was found to have null alleles in all three populations
(estimated null allele frequencies: 0.143 in Amurum, 0.133
in Pankshin and 0.180 in Kagoro) and was therefore
excluded from further analyses.

The number of alleles, and observed and expected het-
erozygosities, were similar among populations at most loci
(Table 3). The F;s within the three populations were low to
moderate (Amurum: F;g = 0.054, P = 0.037; Pankshin:
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Table 3 Number of alleles, expected heterozygosity (Hg), observed heterozygosity (Hp) and inbreeding coefficient (F;s) for each population,
and Jost’s measure of differentiation (D,,) and Wright’s fixation index (Fs7) between populations

Locus Amurum Pankshin Kagoro All populations

(N = 38) (N = 64) (N =51) (N =153)

No. of alleles Hp Hp Fis No. of alleles Hp Ho Fis No. of alleles Hp Ho Fis D, Fgr
TGO01-040 3 0.465 0.486 —0.033 3 0.505 0.563 —0.105 5 0421 0.392 0.078 0.010 0.015
TGO05-046 5 0.604 0.553 0.099 4 0.610  0.609 0.009 4 0.580 0.627 —-0.072 0.012 0.010
TG13-009 3 0.322  0.289 0.113 3 0.160 0.172 —-0.066 3 0.094 0.078 0.175 0.012  0.044
TG22-001 5 0.742  0.684 0.092 8 0.788 0.810 —0.020 7 0.775 0.760 0.030 0.052 0.012
Tgu05 10 0.764 0.763 0.015 10 0.722  0.719 0.077 8 0.768 0.804 —0.037 0.025 0.009
Tgu07 5 0.560 0.474 0.166 7 0.662  0.625 0.064 5 0.581 0.549 0.065 0.006  0.004
Lswul4 2 0465 0.526 —0.118 2 0411 0422 -0.019 2 0.451 0.373 0.183  0.000  0.000
WBSW7 2 0361 0421 -0.152 2 0.219 0.219 0.008 2 0.128  0.098 0242 0.016 0.044
Lsal27 15 0.843 0.842 0.014 17 0.902 0.810 0.111 13 0.870  0.860 0.021 0.072  0.009
Lsal65 6 0.677 0.528 0.233 9 0.772  0.758 0.027 6 0.667 0.646 0.042 0.103  0.037
Mean 5.60 0.580 0.557 6.50 0.580 0.571 5.50 0.533  0.519

Table 4 Differentiation between pairs of population. Fgy values
(above diagonal), D, values (below diagonal)

Population Amurum Pankshin Kagoro
Amurum - 0.015* 0.021%*
Pankshin 0.022* - 0.011*
Kagoro 0.027* 0.014* -
Significance estimated based on 999 permutations

* Indicates significant P value (P < 0.05)

F;g = 0.024, P = 0.155; Kagoro: F;g = 0.038,

P = 0.105), but did not differ significantly from zero after
Bonferroni correction (Pgigca = 0.017). However, the
global F;4 value (0.036) was statistically significant
(P = 0.008), indicating a slight deviation from Hardy—
Weinberg equilibrium (HWE).

A weak but statistically significant population differen-
tiation was detected between the three populations for both
Fgr-based statistics (Fgr = 0.015, P < 0.001; 95 % CI
0.008-0.024;) and Jost’s measure of population differen-
tiation (D,y,) analysis (D,,, = 0.021, P = 0.002; 95 % CI
0.009-0.045). D,,; values and Fgy values were similar for
most loci (Table 3). Both Fg-based analysis and D, -dif-
ferentiation analysis detected significant pairwise differ-
entiation between all population pairs (Table 4).

The STRUCTURE analyses, without using location as
prior revealed no structure (Fig. 2a) whereas moderate
clustering was detected in models using location as a prior
(Fig. 2b). The AK method implemented in STRUCTURE
HARVESTER identified three clusters (K = 3) as the most
probable number of clusters for the later model (Fig. 3),

but it should be noted that the estimated likelihood of K
(Ln P(K)) was very similar for K = 1-3 (Fig. 3).

The first three axes from the PCA explained a total of
57.9 % of the variation in the data (1st axis = 21.2 %, 2nd
axis = 18.9 % and 3rd axis = 17.9 %). A plot of coordi-
nate 1 and 2 (Fig. 4) shows that although there is sub-
stantial overlap between populations, there is also slight
structuring. This agrees with the weak differentiation
detected in the population level and individual-based
approaches above.

Analysis of the effective population size (N.) using
temporal sampling indicated relatively small N:s but the
estimates were unfortunately associated with wide confi-
dence intervals in two of the populations (Amurum: 15.6,
95 % CI 5.3-189.2; Pankshin: oo, 95 % CI 61.9-c0;
Kagoro: 27.0, 95 % CI 7.9-c0).

Discussion

We have found weak but significant population differen-
tiation between three rock firefinch populations within its
core distribution in Central Nigeria. The F;g within popu-
lations were low to moderate (significant at the global level
but non-significant after Bonferroni correction in the pop-
ulation specific analyses), which indicates some level of
inbreeding. The estimated effective population sizes indi-
cate relatively low population sizes but the estimates were
associated with wide confidence intervals in two popula-
tions and are therefore difficult to interpret.

Both the population level and individual-based popula-
tion differentiation analyses, and the PCA plot, support a
slight population differentiation among the examined rock
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Pankshin
Kagoro

5
f

Amurum
Pankshin
Kagoro

Fig. 2 Individual Bayesian assignment probabilities for K = 2 and 3
for three populations of the rock firefinch. Individuals are represented
by thin vertical bars, which are partitioned into K shaded segments

firefinch populations on the Jos Plateau. The results from
the STRUCTURE analysis (Fig. 2b; K = 2) further sug-
gested that the populations at Amurum and Pankshin are
somewhat more closely genetically related to each other
than to the Kagoro population (this was however not sup-
ported by pairwise Fsy and D, results; Table 4). Kagoro is
not located further away than any of the other populations
(Fig. 1), but its slightly more pronounced genetic isolation
may be related to its low-altitude location (c. 700 m.a.s.1.)
compared to the other populations (>1,000 m.a.s.l.).
Ecological studies have found that rock firefinches
exhibit high site fidelity (Brandt and Cresswell 2008), and
do not move far from their natal place. The present analysis
partly supports this view by suggesting that even closely
located rock firefinch populations are to some extent
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representing each individual’s estimated membership fraction. The
black lines separate sampling sites. Results for (a) without location as
prior and (b) with location as prior are given

isolated and affected by drift and inbreeding within its core
distribution in Nigeria. However, the site fidelity behavior
could also be as a result of a recent resistance to dispersal
driven by recent habitat fragmentation and isolation.
Most species that originally inhabit continuous habitats
are, when faced with fragmentation, forced into smaller
remaining patches. This leads to overall reduction in pop-
ulation size and reduced dispersal among patches (Frank-
ham et al. 2002). The expected long-term consequences of
restricted gene flow between patches are differentiation and
substructuring of populations, which has for example been
reported in the chestnut-backed antbird in human influ-
enced rain forests (Woltmann et al. 2012) and in the red-
cockaded woodpecker, in fragmented pine forests (Stangel
et al. 1992). Conversely, species that have existed as



Conserv Genet (2015) 16:411-418

417

@ WMean LnP(K)
O Deltak
3.5 - L -3400
1 (o]
3 - -3500
< 25 L
5 ® 3600
c [1°]
— 2 1 -
< i + - 3700 &
v 1.54
2 - -3800
1 -
0.5 - -3900
0 T T T T T T -4000
1 2 3 4 5 6
K

Fig. 3 Mean likelihood (£SD) of K (numbers of clusters) and AK for
different Ks based on Bayesian structure analyses using location as a
prior in the program STRUCTURE
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Axis 2

OKagoro
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Fig. 4 Plot of the first and second axes from a principal coordinates
analysis of rock firefinches from the three study populations. The axes
explained 21.2 and 18.9 % of the variance, respectively

naturally fragmented populations may be well adapted to
the patchy nature of their distribution and may be able to
maintain gene flow between the patches by dispersal, thus
avoiding genetic substructuring between populations. This
may for example apply to the great reed warbler, which
occurs in patches of wetlands and maintains gene flow and
lack small-scaled population structure in spite of its patchy
distribution (Hansson et al. 2000, 2002, 2008). Neverthe-
less, with continuous destruction and modification of
landscapes, both organisms that have evolved in continu-
ous distributions and those that evolved with fragmented
distributions may be affected eventually.

The rock firefinch on the Jos Plateau has naturally
existed in habitat patches and, therefore, the effect of
fragmentation may not be as evident in this species. In line
with this reasoning, we expect that rock firefinch popula-
tions should behave genetically to a large extent as a single
large population. However, the result of this study has

shown evidence for some degree of isolation and drift, but
these effects are considered to be weak when compared to
populations whose genetic diversity have been heavily
structured by fragmentation. It may be that, the population
structure detected in this study results from a recent
resistance to gene flow, which may reflect that the rock
firefinch populations on the Jos Plateau have reacted to
increased impact of anthropogenic activities on their hab-
itats. Thus, there is a need for further studies to detect and
prevent any anthropogenic activities that may become a
hindrance to efficient dispersal between populations.
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