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Introduction

Habitat fragmentation is one of the main drivers of species 
loss (Fahrig 2003; Pereira et  al. 2010; Rands et  al. 2010) 
as it leads to population isolation and contraction (Dobson 
1996). The reduction in number of individuals jeopardizes 
the viability of populations by diminishing the capacity of 
these populations to respond to changes in the short (demo-
graphic and environmental stochasticity) and the long 
term (climate change and other changes in selective pres-
sures) (Sambatti et al. 2008). This decrease in the ability to 
respond to changes is strongly related to the loss of genetic 
variability due to genetic drift and/or inbreeding (Allendorf 
and Luikart 2007). The use of genetics in the management 
of threatened species in the wild is crucial for preserving 
current diversity to ensure future adaptive potential, i.e., 
the ability of a species to adapt to changing environments 
(Mayr 1963; Allendorf and Luikart 2007). Currently, it is 
well recognized that the maintenance of genetic diversity of 
endangered species is critical to ensure long-term survival 
of such species (Hedrick and Kalinowski 2000; Spielman 
et  al. 2004; Frankham et  al. 2010). Thus, genetic studies 
can help identify priority groups in order to conserve the 
greatest proportion of the original genetic variation (Ryan 
2006). One approach to achieve this goal is the identifica-
tion of management units, composed of demographically 
independent populations with substantial differences in 
allelic frequencies of several loci (Moritz 1994).

The yellow cardinal, Gubernatrix cristata (hereafter car-
dinal), is an endemic passerine from southern South Amer-
ica and the only representative of the monotypic genus 
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Gubernatrix. It is included in the family Thraupidae along 
with other tanagers such as Diuca, Paroaria and Lophos-
pingus (Campagna et  al. 2011; Barker et  al. 2013; Burns 
et al. 2014). In the past, this species was widely distributed 
in the thorny deciduous shrubland forests of central Argen-
tina (Espinal region), most of Uruguay and part of southern 
Brazil (Ridgely and Tudor 2009). However, the continu-
ous extraction of individuals from the wild, mainly males, 
to commercialize them as cage birds for over a century 
(Pessino and Tittarelli 2006; BirdLife International 2016), 
coupled with the loss of their habitat due to agriculture 
and livestock-production activities, have caused a marked 
decline in range and population size. For these reasons, 
the species is currently categorized as endangered (Bird-
Life International 2016). Nowadays, it has a fragmented 
distribution with the main populations located in Argen-
tina. According to BirdLife International (2016) its current 
global population is around 1000–2000 individuals with a 
clear downward trend. In Uruguay there are about 300 indi-
viduals (Azpiroz et  al. 2012), with only a few records of 
individuals in Brazil (Martins-Ferreira et al. 2013).

Endangered species need strategic management meas-
ures to guarantee their viability in the short and long-run 
(Neel et al. 2012). Depending on the particular threats faced 
by the species, management actions have to be defined and 
implemented. Therefore, a good knowledge of remnant 
wild populations is required. Information about the genetic 
structure through the entire range of yellow cardinals can 
help set priorities for the protection of particular areas and 
inform decisions for releasing seized animals from the ille-
gal trade.

In this study, we analyze how intraspecific genetic diver-
sity is geographically distributed in the remaining natu-
ral populations of the yellow cardinal and whether these 
populations represent independent demographic units as a 
result of habitat fragmentation and the decline in popula-
tion numbers. We assess genetic variability of populations 
in mitochondrial and nuclear (microsatellites) molecu-
lar markers and determine genetic differentiation between 
populations to identify management units for this species. 
We also analyze if markers allow the assignment of confis-
cated individuals to their population of origin, which could 
be used as an instrument for management decisions in this 
endangered species.

Materials and methods

Sample collection

We collected samples from a total of 110 yellow cardi-
nals from five different populations representing the entire 
present geographic distribution of the species (except for 

Brazil where only a few individuals were sighted in the last 
years). We named these five populations with the names 
of the provinces—or country—were sampling took place, 
from northeast to south (Fig. 1): Uruguay (U, n = 30), Cor-
rientes (C, n = 30), San Luis (SL, n = 7), La Pampa (LP, 
n = 18), and Río Negro (RN = 25). Sampling in Corri-
entes covered two sub-regions (C1, n = 12; C2, n = 18), in 
La Pampa three sub-regions (LP1, n = 8; LP2, n = 5; LP3, 
n = 5) and in Río Negro two sub-regions (RN1, n = 8; RN2, 
n = 17). Sub-regions within main sampling regions were 
separated by approximately 100 km (Fig. 1). We captured 
individuals with mist nets during four reproductive seasons 
(September-December 2011–2014). We took blood sam-
ples (20–30 μL) via brachial vein puncture and stored them 
in lysis buffer (100 mM Tris pH 8, 10 mM NaCl, 100 mM 
EDTA and 2% SDS) at room temperature. For 20 individu-
als from Uruguay that were kept in captivity, we plucked 
five to eight feathers per individual.

Genetic analysis

We extracted DNA from blood and feather samples using 
Qiagen extraction kit (Hilden, Germany) and amplified a 
fragment of the mitochondrial control region using prim-
ers LCR3 and H1248 (Tarr 1995). We performed poly-
merase chain reaction (PCR) amplifications in a total 
volume of 25  μl with 50–100  ng of total genomic DNA 
template, 0.2  µM of both forward and reverse primers, 
0.2  mM of each dNTP, 2.5  µl of 10× PCR buffer (Invit-
rogen), 2.25  mM  MgCl2, and 0.1  U Taq DNA Polymer-
ase. Reaction cycles followed 2 min of hot start at 94 °C; 
then 35 cycles of denaturation for 30  s at 94 °C, 30  s at 
55 °C annealing temperature, and 60 s at 72 °C, and a final 
extension for 8 min at 72 °C. Amplification products were 
sequenced in an ABI 3130 XL (Applied Biosystems, Foster 
City, CA, USA) sequencer using ABI Big Dye™ Termina-
tor Chemistry.

We edited and aligned sequences using Bioedit v7.2.0 
(Hall 1999) and estimated population-level diversity by 
assessing the number of haplotypes and polymorphic sites, 
the number of private haplotypes (i.e., haplotypes occurring 
in only one region), haplotype diversity H (i.e., the prob-
ability that given two randomly chosen haplotypes, these 
differ from one another, Nei 1987), and nucleotide diver-
sity Pi (i.e., the average number of nucleotide differences 
per site between two randomly chosen DNA sequences, 
Nei and Li 1979). We calculated parameters using DNAsp 
5.10.01(Librado and Rozas 2009).

For microsatellite genotyping we used ten pairs of 
primers specific to this species that were designed by 
Martins-Ferreira et  al. (2010). We performed amplifica-
tion reactions in 25 μl reaction volumes using 50–100 ng 
total genomic DNA template, 0.2  µM of both forward 
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(fluorescence-labelled at 5′-end with FAM, VIC, PET and 
NED) and reverse primers, 0.2 mM of each dNTP, 2.5 µl 
of 10× PCR buffer (Invitrogen), 2.25  mM  MgCl2, and 
0.1 U Taq DNA Polymerase. All primers were successfully 
amplified in multiplex PCRs. Reactions cycles followed 

5 min of hot start at 94 °C; then 40 cycles of denaturation 
for 30 s at 94 °C, 60 s at annealing temperature 55 °C, and 
45 s at 72 °C, and a final extension for 10 min at 72 °C. We 
sized PCR products using the above-mentioned sequencer 
and determined allele sizes with Peak Scanner v1.0 

  mtDNA          nuclear     
nuclear       mtDNA     

U

C1
C2

SL

LP1
LP2

LP3
RN1

RN2

0 500 1000 km

Fig. 1  Map showing the historic distribution of yellow cardinals 
(grey area) in South America and sampling locations of current 
populations: Uruguay (U; 33°53′54″S, 54°44′33″W), Corrientes 
(C1; 29°12′6″S, 58°15′41″W and C2; 28°39′22″S, 57°26′4″W), San 
Luis (SL; 32°25′10″S, 66°53′27″W), La Pampa (LP1; 36°12′15″S, 
65°05′58″W, LP2; 36°38′6″S, 64°17′48″W and LP3; 37°42′52″S, 
64°46′14″W) and Rio Negro (RN1; 40°3′9″S, 64°8′38″W and RN2; 

40°24′28″S, 63°40′54″W). White dots indicate different sampling 
areas. Graphs show each population’s haplotypes and the frequency 
distribution of microsatellite clusters. For mtDNA: H1 yellow, H2 
red, H3 black, H4 pink, H5 green, H6 light orange, H7 dark red, H8 
light yellow, H9 violet, H10 light blue, H11 orange, H12 light violet 
and H13 blue. For microsatellites the three clusters are shown in yel-
low, green and blue (Color figure online)
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(Applied Biosystems). We analyzed genotypes in order to 
detect errors due to presence of null alleles, stuttering and 
allelic dropout using Microchecker v2.2.3 (Oosterhout et al. 
2004). We assessed absolute and effective number of alleles 
and private alleles with GenAlEx 6 (Peakall and Smouse 
2006) and calculated allelic richness with FSTAT v2.9.3.2 
(Goudet 2002). We used GenPop v4.0.10 (Raymond and 
Rousset 1995) to calculate the inbreeding coefficient  (FIS). 
We calculated deviations from Hardy–Weinberg equilib-
rium for each population and each locus with a Markov 
chain method (Guo and Thompson 1992) as implemented 
in Arlequin v3.5.1 (Excoffier and Lischer 2010). This pro-
gram was also used to test for linkage disequilibrium for 
each pair of loci within all populations. We assessed sig-
nificance of linkage disequilibrium tests after applying a 
Bonferroni correction to account for multiple comparisons 
(Rice 1989).

Population genetic structure

We assessed genetic divergence among regions/sub-regions 
by an analysis of molecular variance (AMOVA; Excoffier 
et  al. 1992) using Arlequin v3.5.1 (Excoffier and Lischer 
2010) for both nuclear and mitochondrial markers.

We also estimated the number of populations (k) using 
a Bayesian clustering approach with STRUCTURE v2.3.3 
(Pritchard et al. 2000). Taking the multi-locus genotype of 
each individual into account, STRUCTURE probabilisti-
cally assigns each individual to one or more clusters. We 
simulated 1–6 populations and assumed correlated allele 
frequencies, as recommended for distinct populations that 
are closely related (Porras-Hurtado et  al. 2013), and an 
admixture model. By doing so, we allow parts of an indi-
vidual’s genome to originate from more than one cluster 
(admixture). This is the most conservative option when the 
extent of gene flow and recombination is a priori unknown 
(Falush et  al. 2003). We ran simulations under a burn-in 
of 200,000 steps and a data collection period of 1,500,000 
iterations. Each simulation was replicated ten times. To 
select the most likely number of groups without an a priori 
sample identification we analyzed the simulation with the 
highest likelihood and also used the Δk method of Evanno 
et  al. (2005). We used the online program STRUCTURE 
Harvester to plot likelihood values and Δk (Earl and von 
Holdt 2012), and CLUMPP software (Jakobsson and 
Rosenberg 2007) to average the estimated cluster member-
ship coefficient matrices of the multiple runs of STRUC-
TURE using FullSearch algorithm. The output from 
CLUMPP was visualized using the program DISTRUCT 
(Rosenberg 2004).

We analyzed if the clusters determined with STRUC-
TURE correlated with the presence of frequent haplo-
types using a Chi square replicated goodness of fit test. As 

nuclear and mitochondrial loci are physically unlinked, a 
non-random association provides the possibility of infer-
ring migrating individuals (Wiemann et al. 2010).

To test whether genetic differences are correlated with 
geographic distance, we performed Mantel tests for both 
genetic markers using population pairwise  FST values and 
geographic distance (in km) as implemented in GenAlEx 
6 with 9999 permutations. We measured geographic dis-
tances between adjacent sub-populations linearly with 
Google Earth and distances between more distant sub-pop-
ulations were calculated as the sum of measured distances 
(e.g. distance LP2_C = (LP2_LP1) + (LP1_SL) + (SL_C)). 
This reflects the assumption that dispersal will occur along 
the U-shaped distribution range of the species (Fig. 1).

We performed assignment tests to study how accurately 
STRUCTURE could determine the origin of unknown 
individuals. To do this, we performed five internal consist-
ency tests in order to test if individuals with known loca-
tion information would be successfully assigned to the cor-
rect group. For each of the five trials one individual from 
each management unit was randomly selected and defined 
as having unknown-group affiliation. In total, we tested 
15 individuals. Simulations were run under conditions 
described above (burn-in 200,000, MCMC 1,500,000) with 
three replicates.

The program Bottleneck (Piry et  al. 1999) was used to 
determine if any of the populations had gone through a 
recent bottleneck, which is expressed by an excess of het-
erozygosity compared to the heterozygosity expected under 
drift-mutation equilibrium (Nei et al. 1975; Maruyama and 
Fuerst 1985). For each population and locus we computed 
the distribution of the heterozygosity expected from the 
observed number of alleles given the sample size, under 
the assumption of mutation-drift equilibrium. This distri-
bution was obtained through simulating the coalescent pro-
cess of the genes under the two-phase model of microsatel-
lite mutation (TPM; Di Renzo et al. 1994). Analyses were 
performed using 1000 replications; 70% of the mutations 
were set as single-step and 30% were set as multi-step (Piry 
et  al. 1999). We tested if populations displayed an excess 
of expected heterozygosity compared to the heterozygosity 
expected under drift-mutation equilibrium using a sign test 
and a mode-shift test (Luikart et al. 1998).

Results

Genetic variability

We obtained 736  bp sequences of the mtDNA con-
trol region for 94 yellow cardinals and distinguished 11 
polymorphic sites in 13 different haplotypes (GenBank 
Accession No.: KT878880-KT878892). There were two 
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frequent haplotypes, H1 (34%) and H5 (41%), while the 
other haplotypes occurred at low frequencies (Fig.  1). 
Diversity indices varied among geographic regions 
(Table 1). U and LP showed the highest diversity values 
and SL and C the lowest. Each region, except the south-
ernmost RN, exhibited private haplotypes (U: H10, H11 
and H12; C: H3 and H4; SL: H13 and LP: H7 and H8; 
Fig. 1).

We genotyped 102 cardinals at 10 microsatellite loci. 
All loci were highly polymorphic, with 5 (at loci E2 
and G10) to 17 alleles (at locus F2). There was no evi-
dence of dropout of large alleles, genotyping errors, or 
null alleles at any locus, nor evidence of linkage disequi-
librium between any pair of loci. Eastern populations 
(C and U) displayed departure from genotype propor-
tions expected under Hardy–Weinberg equilibrium for 6 
out of 10 loci, which might be biologically relevant and 
could indicate either further subdivision within the areas 
or inbreeding. We analyzed these possible explanations 
and found no evidence of genetic structure between C1 
and C2  (FST = 0.02, p = 0.34), thus discarding a Wahlund 
effect, but found that both populations showed the high-
est inbreeding coefficients  (FIS values: U = 0.24, C = 0.28, 
vs. 0.08–0.16 in the other populations). The population 
LP showed the highest values for the diversity parameters 
measured at the microsatellite loci (Table 2).

Population genetic structure

Analysis of molecular variance (AMOVA) revealed sig-
nificant differences between regions (mtDNA ΦCT = 0.27, 
P = 0.047; microsatellites  FCT = 0.04, P = 0.004). Most 
genetic variation occurred within sub-regions (mtDNA 
66%, microsatellites 93%), while the smallest fraction of 
the variance was due to divergence among sub-regions 
within regions (mtDNA 7%, microsatellites 3%). We found 
evidence of significant differentiation among sub-regions 
within regions for microsatellites  (FSC = 0.04, P = 0.012) 
but not for mtDNA (ΦSC = 0.10, P = 0.078). Thus, we did 
not further analyze sub-region variation for mtDNA data.

Pairwise differences among regions showed no genetic 
differentiation among western regions SL, LP and RN at 
the mtDNA (Table  3) and therefore we recognized three 
distinctive groups (U, C, SL_LP_RN). There was a strong 
differentiation between eastern (U and C) and western 
(SL_LP_RN) populations (ΦSTs = 0.16–0.70, P < 0.005, 
Table 3). H1 was the most frequent haplotype in the east-
ern extreme of the distribution and was not observed in 
any sample from the west while H5 was the most frequent 
haplotype in the west and rare in the east (Fig. 1; Table 1). 
Differentiation between eastern regions U and C was also 
significant (ΦST = 0.1, P = 0.003).

Microsatellite data indicated moderate differentiation 
between eastern and western populations  (FSTs = 0.05–0.1, 

Table 1  MtDNA diversity measures by region (U Uruguay, C Cor-
rientes, SL San Luis, LP La Pampa, RN Rio Negro)

N Haplotype 
diversity 
(H)

Nucleotide 
diversity 
(Pi) %

Most com-
mon haplo-
types

Number and 
frequency 
of private 
haplotypes

U 23 0.62 1.27 H1 (61%) 3 (13%)
C 25 0.36 0.52 H1 (80%) 2 (8%)
SL 6 0.33 0.45 H5 (83%) 1 (17%)
LP 17 0.49 1.16 H5 (71%) 2 (12%)
RN 23 0.37 0.91 H5 (79%) 0

Table 2  Microsatellite diversity 
measures by region (U Uruguay, 
C Corrientes, SL San Luis, LP 
La Pampa, RN Rio Negro) and 
for the total population

n number of samples, PA Private alleles, HO Average observed heterozygosity, HE Average expected het-
erozygosity, Na Average number of alleles across loci, Ne Average number of effective alleles across loci, 
AR Average allelic richness (based on sample size SL = 7)

n PA HO (±SD) HE (±SD) Na Ne AR

U 26 3 0.582 ± 0.089 0.639 ± 0.062 5.6 3.2 4.2
C 26 5 0.485 ± 0.082 0.661 ± 0.037 5.6 3.4 4.2
SL 7 4 0.643 ± 0.091 0.639 ± 0.081 4.8 3.8 4.9
LP 18 15 0.643 ± 0.072 0.748 ± 0.039 7.5 4.6 5.5
RN 25 5 0.500 ± 0.082 0.640 ± 0.051 6.5 3.1 4.4
TOTAL 102 32 0.571 ± 0.037 0.665 ± 0.025 6 3.6

Table 3  Pairwise population fixation indices (ΦST) calculated from 
haplotype diversity at a 736 bp mtDNA control region fragment for 
yellow cardinals belonging to four regions of Argentina (C Corri-
entes, SL San Luis, LP La Pampa, RN Rio Negro) and Uruguay (U)

Significant values (P < 0.005) are shown in bold

U C SL LP RN

U
C 0.102
SL 0.338 0.695
LP 0.165 0.460 0.061
RN 0.250 0.555 0.038 −0.027
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Table 4) and a low differentiation among western regions 
SL, LP and RN. Interestingly, LP1 and LP2 were not dif-
ferent from SL, while LP3 was not different from RN, thus 
subdividing the populations of La Pampa in a northern and 
a southern group (Table 4; Fig. 1).

For the bayesian analysis of microsatellite data with 
STRUCTURE, Δk was maximized at k = 3. Most of the 
individuals had more than 50% assignment probability to 
one cluster (Fig. 2). There was a tendency towards a more 
frequent assignment of individuals from eastern regions 
U and C to the yellow cluster, of individuals from SL and 
north of LP to the blue cluster, and of individuals from 
southern LP and RN to the green cluster (Fig. 2).

The frequency of the most common haplotypes cor-
related with microsatellite clusters, as detected by a Chi 
square replicated goodness of fit (Pearson χ2 = 45.48, 
P < 0.001, Table  5). We detected an association of 

haplotype H1 to the yellow cluster and haplotype H5 to 
the blue and green clusters. Detailed inspection of the 
few individuals with a microsatellite cluster assignment 
not fitting to the majority of its geographic population 
(N = 34) revealed that two individuals from Uruguay also 
carried a mtDNA haplotype not frequently found in their 
geographic region (Fig. 2) and could thus represent pos-
sible migrants (from west to east of the cardinals’ range).

We found evidence of a positive significant correla-
tion between geographic distance and genetic differences 
in cardinals for microsatellites (mantel test r = 0.551, 
P = 0.003, Fig.  3a) and mtDNA data (mantel test 
r = 0.467, P = 0.02, Fig. 3b).

Internal consistency tests that assigned individuals 
of known origin back to their groups were highly con-
sistent. All individuals were correctly assigned to their 

Table 4  Pairwise population 
fixation indices  (FST) calculated 
from nuclear data of yellow 
cardinals illustrating differences 
between populations of eight 
zones of Argentina and Uruguay

Significant values are shown in bold (*P < 0.05; **P < 0.005)

U C1 C2 SL LP1 LP2 LP3 RN1 RN2

U
C1 0.059**
C2 0.056** 0.016
SL 0.097** 0.088** 0.065*
LP1 0.086* 0.091** 0.085** 0.014
LP2 0.081* 0.085** 0.075* 0.045 0.038
LP3 0.049* 0.063* 0.052* 0.065** 0.056** 0.063*
RN1 0.089** 0.094** 0.085** 0.078** 0.033 0.087* 0.031
RN2 0.072** 0.093** 0.089** 0.073** 0.074** 0.115** 0.018 0.030
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Fig. 2  Bayesian clustering analysis for k = 3 including 102 yel-
low cardinals. Each vertical line represents one individual, with 
the proportion of assignment to each one of the three clusters high-
lighted by the different colors in the column. Geographic region (and 

sub-region) of each sampled individual are indicated on the x-axis 
(U Uruguay, C Corrientes, SL San Luis, LP La Pampa and RN Rio 
Negro). Arrows indicate possible migrants (Color figure Online)
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management unit, with a maximum variation in member-
ship of 2% compared to original average runs.

The sign test executed with Bottleneck showed no sup-
port for a recent genetic bottleneck in any population 
(P > 0.05). Additionally, the mode-shift test did not detect 
any mode shift in the frequency distribution of alleles for 
any of the populations.

Discussion

This study represents the first geographically comprehen-
sive study of the yellow cardinal’s global population and 
provides insights into its genetic diversity and distribution. 

We found that the geographic isolation among populations 
parallels the genetic differentiation found in both mitochon-
drial and nuclear markers.

Genetic diversity

Genetic diversity differed among populations. In general, 
the Uruguayan population (U) and LP were those with the 
highest diversity values, while SL and C showed the low-
est ones. Haplotype diversity (H) was low (i.e., below 0.5, 
Grant and Bowen 1998) for all populations except for Uru-
guay. Such a decreased genetic variability may result from 
a bottleneck or a small population size (Nei et  al. 1975). 
Given the small number of individuals observed in SL and 
the low number of locations where the yellow cardinal is 
found in C, it is likely that both factors are affecting genetic 
diversity. Statistical analyses did not, however, show evi-
dence of genetic bottlenecks, which might be related to the 
sensibility of these tests to low population sizes (Peery et al. 
2012), as well as the lack of complete isolation between 
different populations. The decline in population size due 
to habitat fragmentation and to the removal of individu-
als for illegal pet trade could have generated a bottleneck, 
which is reflected in the low genetic variability. Given the 
persistence of threats over time, populations may have not 
yet recovered from the presumed population decline. Mar-
tins-Ferreira et  al. 2010 studied the genetic variability of 
this species in some regions and found, despite the lower 
sample size, a greater diversity than we did. We probably 
found a consistently lower number of alleles than the num-
ber presented in their study because their approach (using 
one sample per site) systematically overestimates diversity. 
Also, they did not study any Argentinean population in the 
field, but instead analyzed eight tissue samples from muse-
ums, which could reflect ancestral diversity, supporting the 
existence of recent bottlenecks.

Population genetic structure

Information on population genetic variability of endan-
gered species is relevant for conservation (Frankham 2010; 
Haig et  al. 2011). Both mitochondrial and microsatellite 
markers showed genetic structure in the yellow cardinal, 
although differentiation in microsatellites was lower than 
in mtDNA. This might arise as a consequence of their 

Table 5  Association between 
all haplotypes shared between 
at least two regions and the 
highest assignment probability 
to cluster 1, 2 or 3

H1 H5 H6 H9 H2 Total

Cluster 1 (yellow) 22 6 0 0 4 32
Cluster 2 (blue) 4 9 3 2 0 18
Cluster 3 (green) 3 24 3 0 0 30
All groups 29 39 6 2 4 80

Fig. 3  Correlation between genetic and geographic distance for a 
microsatellite and b mtDNA data. Dots represent pairwise  FST values 
and geographic distances among the sampled sub-populations. Sig-
nificance was evaluated with a Mantel-test
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different way of inheritance and their effective population 
size (Wayne and Morin 2004), posing more genetic drift 
on mtDNA and thus resulting in a greater differentiation 
at this marker (Ballard and Whitlock 2004). Alternatively, 
the lower differentiation in microsatellites compared to 
mtDNA could arise from frequent releases of seized males 
in different areas. Moreover, microsatellites usually present 
a higher polymorphism than mtDNA making them more 
effective for population studies in relatively recent evolu-
tionary times (Estoup et  al. 2002). This could explain the 
finer resolution of microsatellites in our study (three dis-
tinct groups, as compared to two groups for mitochondrial 
DNA). The differentiation between eastern and western 
regions in the mitochondrial marker may reflect the evolu-
tionary history of the species, which could be related to the 
Parana-Paraguay basin geographical barrier. This barrier 
has affected the genetic structure of many other species of 
birds as well (Short 1975; Campagna et al. 2014).

On the other hand, habitat continuity in the past may 
have allowed for gene flow to occur between the southern 
regions. However, genetic analyses using microsatellite 
markers (which provide information on the most recent 
evolutionary history) revealed that individuals of these 
regions are genetically differentiated. Specifically, they 
show a differentiation between populations in the west, 
which are divided into two units (RN and south of LP and 
north of LP and SL). This differentiation could be due to 
the recent fragmentation of the natural habitat, which led to 
the isolation of populations.

Bayesian analyses support the differentiation found for 
the mitochondrial marker between eastern and western 
populations in Argentina, and also reveals the subdivision 
of western populations. Based on this evidence, we can 
identify four genetically distinct groups of the yellow car-
dinal, three in Argentina and one in Uruguay. Yellow cardi-
nals from eastern Argentina (C) behave as a panmictic unit, 
while Argentinean western populations are divided into a 
northern and a southern group. Although STRUCTURE 
may not reliably group individuals into clusters when popu-
lations follow an isolation-by-distance pattern like the one 
we found in this study, we are confident of the recognized 
number of management units, as they were also supported 
by AMOVA analyses. The isolation-by-distance pattern 
suggests a decrease in genetic similarity with increasing 
geographic distance and might imply that a major fac-
tor generating population structuring is the limited move-
ment of individuals. However, habitat discontinuities could 
also act as barriers to gene flow by increasing the amount 
of differentiation for those populations in which a physi-
cal boundary (lack of habitat) limits the effective dispersal 
of cardinals. Even though this explanation is in agreement 
with the known fact that habitat loss is one of the main 
threats for this species, it still has to be determined whether 

physical barriers are preventing dispersal among popula-
tions, which would be critical for determining release sites 
of individuals confiscated by government authorities.

Interestingly, we found two specimens in the Uruguayan 
population that exhibited affinities to individuals from 
southern Argentina both in mtDNA and microsatellites 
(arrows in Fig. 2). Here we have to recall that the analyzed 
specimens from Uruguay are of captive origin. As migra-
tion over this distance is very unlikely, these two specimens 
probably constitute events of illegal animal trade across the 
countries.

Conservation implications

More than 95% of the global population of the yellow car-
dinal inhabits Argentina and Uruguay. Our results support 
the delimitation of four management units for the yellow 
cardinal (three in Argentina and one in Uruguay). This 
information is crucial for planning conservation actions 
aimed at maintaining genetic variability and minimizing 
the risk of extinction of the species (Waples 1991). As 
shown by the assignment tests, the genetic differentiation 
between regions can be used to assign the origin of seized 
individuals and plan their release, provided sanitary condi-
tions are met. This tool is extremely valuable and has been 
used in other cases of birds and turtles that suffer from ille-
gal captures (Faria et  al. 2008; Schwartz and Karl 2008; 
Fernandes and Caparroz 2013; Presti et al. 2015). Although 
the greatest challenge is working in collaboration with the 
authorities in order to stop the main threats that the species 
is facing, our results may be used as a tool for the quick 
release of confiscated individuals and to delineate a conser-
vation plan aimed at preserving the present genetic diver-
sity of the species.

Acknowledgements We are very grateful to K. Havenstein, A. Sch-
neider and U. Matthes for technical support and to Conservation Land 
Trust, Carlos Figuerero, Matias Ayarragaray, and Oscar Blumetto for 
facilitating access to study sites and samples. We also thank two anon-
ymous reviewers and V. Ferretti for comments on a previous version 
of the manuscript. Field assistants Martin Hoffman, Alejandro Cinalli 
and Sergio Briones helped with data collection. DAAD and MINCYT 
made the international collaboration possible. Funding was provided 
by CONICET, UBA and Aves Argentinas/AOP.

References

Allendorf FW, Luikart G (2007) Small populations and genetic drift. 
In: Allendorf FW, Luikart G (eds) Conservation and the genetics 
of populations. Blackwell Publishing, Malden, pp 117–147

Azpiroz AB, Alfaro M, Jiménez S (2012) Lista Roja de las Aves del 
Uruguay. Dirección Nacional de Medio Ambiente, Montevideo

Ballard JWO, Whitlock MC (2004) The incomplete natural history of 
mitochondria. Mol Ecol 13:729–744



1139Conserv Genet (2017) 18:1131–1140 

1 3

Barker K, Burns K, Klicka K, Lanyon S, Lovette I (2013) Going to 
extremes: contrasting rates of diversification in a recent radia-
tion of New World Passerines Birds. Syst Biol 62:298–320

BirdLife International (2016) Species factsheet: Gubernatrix cris-
tata. http://www.birdlife.org. Accessed 23 February 2016.

Burns KJ, Shultz AJ, Title PO, Mason NA, Barker FK, Klicka J, 
Scott L, Lovette IJ (2014) Phylogenetics and diversification of 
tanagers (Passeriformes: Thraupidae), the largest radiation of 
Neotropical songbirds. Mol Phylogenet Evol 75:41–77

Campagna L, Geale K, Handford P, Lijtmaer DA, Tubaro PL, 
Lougheed SC (2011) A molecular phylogeny of the Sierra-
Finches (Phrygilus, Passeriformes): extreme polyphyly in a 
group of Andean specialists. Mol Phylogenet Evol 61:521–533

Campagna L, Kopuchian C, Tubaro PL, Lougheed SC (2014) 
Secondary contact followed by gene flow between divergent 
mitochondrial lineages of a widespread Neotropical songbird 
(Zonotrichia capensis). Biol J Linn Soc 111:863–868

Dobson AP (1996) Conservation and biodiversity. Scientific Ameri-
can Library, New York

Earl DA, von Holdt BM (2012) Structure harvester: a website and 
program for visualizing STRUCTURE output and implement-
ing the Evanno method. Conserv Genet Resour 4:359–366

Estoup A, Jarne P, Cornuet JM (2002) Homoplasy and mutation 
model at microsatellite loci and their consequences for popula-
tion genetics analysis. Mol Ecol 11:1591–1604

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of 
clusters of individuals using the software STRUCTURE: a 
simulation study. Mol Ecol 14:2611–2620

Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: a new 
series of programs to perform population genetics analyses 
under Linux and Windows. Mol Ecol Resour 10:564–567

Excoffier L, Smouse PE, Quattro JM (1992) Analysis of molecu-
lar variance inferred from metric distances among DNA hap-
lotypes: application to human mitochondrial DNA restriction 
data. Genetics 131:479–491

Fahrig L (2003) Effects of habitat fragmentation on biodiversity. 
Annu Rev Ecol Evol Syst 34:487–515

Falush D, Stephens M, Pritchard JK (2003) Inference of population 
structure using multilocus genotype data: linked loci and cor-
related allele frequencies. Genetics 164:1567–1587

Faria P, Guedes N, Yamashita C, Martuscelli P, Miyaki C (2008) 
Genetic variation and population structure of the endangered 
Hyacinth Macaw (Anodorhynchus hyacinthinus): implications 
for conservation. Biodivers Conserv 17:765–779

Fernandes GA, Caparroz R (2013) DNA sequence analysis to guide 
the release of blue and yellow macaws (Ara ararauna, Psittaci-
formes, Aves) from the illegal trade back to the wild. Mol Biol 
Rep 40:2757–2762

Frankham R (2010) Challenges and opportunities of genetic 
approaches to biological conservation. Biol Conserv 
143:1919–1927

Frankham R, Ballou JD, Briscoe DA (2010) Introduction to conser-
vation genetics. Cambridge University Press, Cambridge

Goudet J (2002) Fstat 2.9.3.2. http://www2.unil.ch/popgen/soft-
wares/fstat.htm. Accessed 14 October 2015.

Grant WS, Bowen BM (1998) Shallow population histories in deep 
evolutionary lineages of marine fishes, insights from the sar-
dines and anchovies and lessons for conservation. J Hered 
89:415–426

Guo SW, Thompson EA (1992) Performing the exact test of 
Hardy-Weinberg proportion for multiple alleles. Biometrics 
48:361–372

Haig SM, Bronaugh WM, Crowhurst R, D’Elia J, Eagles-Smith 
CA, Epps C, Knaus B, Miller MP, Moses ML, Oyler-McCance 
S, Robinson WD, Sidlauskas B (2011) Genetic applications in 
avian conservation. Auk 128:205–229

Hall TA (1999) BioEdit: a user-friendly biological sequence align-
ment editor and analysis program for Windows 95/98/NT. Nucl 
Acid S 41:95–98

Hedrick P, Kalinowski ST (2000) Inbreeding depression in conser-
vation biology. Annu Rev Ecol Evol Syst 31:139–162

Jakobsson M, Rosenberg NA (2007) CLUMPP: a cluster matching 
and permutation program for dealing with label switching and 
multimodality in analysis of population structure. Bioinformat-
ics 23:1801–1806

Librado P, Rozas J (2009) Dna SP v5: a software for comprehen-
sive analysis of DNA polymorphism data. Bioinformatics 
25:1451–1452

Luikart G, Allendorf FW, Cornuet JM, Sherwin WB (1998) Distor-
tion of allele frequency distributions provides a test for recent 
population bottlenecks. J Hered 89:238–247

Martins-Ferreira C, Haddrath O, Baker AJ, Freitas TRO (2010) 
Isolation and characterization of 10 microsatellite loci in 
the Yellow Cardinal Gubernatrix cristata. Mol Ecol Resour 
10:751–754

Martins-Ferreira C, Repenning M, Vargas Damiani R (2013) Guber-
natrix cristata. In: Serafini PP (ed) Plano de Ação Nacional 
para a Conservação dos Passeriformes Ameaçados dos Cam-
pos Sulinos e Espinilho. Série Espécies Ameaçadas, Brasília, 
pp 116–119.

Maruyama T, Fuerst PA (1985) Population bottlenecks and nonequi-
librium models in population genetics. II. Number of alleles in a 
small population that was formed by a recent bottleneck. Genet-
ics 111:675–689

Mayr E (1963) Animal species and ecolution. Harvard University 
Press, Massachusetts

Moritz C (1994) Defining evolutionarily significant units for conser-
vation. Trends Ecol Evol 9:373–375

Neel MC, Leidner AK, Haines A, Goble DD, Scott JM (2012) By the 
numbers: how is recovery defined by the US Endangered Species 
Act? Bioscience 62:646–657

Nei M (1987) Molecular evolutionary genetics. Columbia University 
Press, New York

Nei M, Li WH (1979) Mathematical model for studying genetic vari-
ation in terms of restriction endonucleases. Proc Natl Acad Sci 
USA 76:5269–5273

Nei M, Maruyama T, Chakraborty R (1975) The bottleneck effect and 
genetic variability in populations. Evolution 29:1–10

Oosterhout CV, Hutchinson WF, Wills DPM, Shipley P (2004) 
MICRO-CHECKER: software for identifying and correct-
ing genotyping errors in microsatellite data. Mol Ecol Notes 
4:535–538

Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in Excel. 
Population genetic software for teaching and research. Mol Ecol 
Notes 6:288–298

Peery MZ, Kirby R, Reid BN, Stoelting R, Doucet-Bëer E, Robinson 
S, Vásquez-Carrillo C, Pauli JN, Palsbøll PJ (2012) Reliability of 
genetic bottleneck tests for detecting recent population declines. 
Mol Ecol 21:3403–3418

Pereira M, Leadley PW, Proenca V, Alkemade R, Scharlemann JPW, 
Fernandez-Manjarres JF, Araujo MB, Balvanera P, Biggs R, 
Cheung WWL, Chini L, Cooper HD, Gilman EL, Guenette S, 
Hurtt GC, Huntington HP, Mace GM, Oberdorff T, Revenga 
C, Rodrigues P, Scholes RJ, Sumaila UR, Walpole M (2010) 
Scenarios for global biodiversity in the 21st century. Science 
330:1496–1501

Pessino M, Tittarelli RF (2006) The Yellow Cardinal (Guberna-
trix cristata): a diagnosis of its situation in the province of La 
Pampa, Argentina. Gest Ambient 12:69–76

Piry S, Luikart G, Cornuet J (1999) BOTTLENECK: a computer pro-
gram for detecting recent reductions in the effective population 
size using allele frequency data. J Hered 90:502–503

http://www.birdlife.org
http://www2.unil.ch/popgen/softwares/fstat.htm
http://www2.unil.ch/popgen/softwares/fstat.htm


1140 Conserv Genet (2017) 18:1131–1140

1 3

Porras-Hurtado L, Ruiz Y, Santos C, Phillips C, Carracedo Á, Lareu 
M (2013) An overview of STRUCTURE: applications, param-
eter settings and supporting software. Front Genet 4:1–13

Presti FT, Guedes NM, Antas PT, Miyaki CY (2015) Population 
Genetic Structure in Hyacinth Macaws (Anodorhynchus hyacin-
thinus) and Identification of the Probable Origin of Confiscated 
Individuals. J Hered 106:491–502

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population 
structure using multilocus genotype data. Genetics 155:945–959

Rands W, Adams WM, Bennun L, Butchart HM, Clements A, 
Coomes D, Entwistle A, Hodge I, Kapos V, Scharlemann JPW, 
Sutherland WJ, Vira B (2010) Biodiversity conservation: chal-
lenges beyond 2010. Science 329:1298–1303

Raymond M, Rousset F (1995) GENEPOP Version 1.2: popula-
tion genetics software for exact tests and ecumenicism. J Hered 
86:248–249

Rice WR (1989) Analyzing tables of statistical tests. Evol Int J org 
Evol 43:223–225

Ridgely RS, Tudor G (2009) Field guide to the songbirds of South 
America: the Passerines. University of Texas Press, Austin

Rosenberg NA (2004) Distruct: a program for the graphical display of 
population structure. Mol Ecol Notes 4:137–138

Ryan SJ (2006) The role of culture in conservation planning for small 
or endangered populations. Conserv Biol 20:1321–1324

Sambatti JBM, Stahl E, Harrison S (2008) Metapopulation structure 
and the conservation consequences of population fragmentation. 

In: Carroll SP, Fox CW (eds) Conservation biology: evolution in 
action. Oxford University Press, Oxford, pp 50–55

Schwartz TS, Karl SA (2008) Population genetic assignment of con-
fiscated gopher tortoises. J Wildl Manage 72:254–259

Short LL (1975) A zoogeographic analysis of the South American 
chaco avifauna. B Am Mus Nat Hist 154:163–352

Spielman D, Brook BW, Frankham R (2004) Most species are not 
driven to extinction before genetic factors impact them. Proc 
Natl Acad Sci USA 101:15261–15264

Tarr CL (1995) Primers for amplification and determination of mito-
chondrialn control-region sequences in oscine passerines. Mol 
Ecol 4:527–529

Waples RS (1991) Genetic methods for estimating the effective size 
of Cetacean populations. Report International Whaling Commis-
sion, Special Issue 13:279–300.

Wayne RK, Morin PA (2004) Conservation genetics in the new 
molecular age. Front Ecol Environ 2:89–97

Wiemann A, Andersen LW, Berggren P, Siebert U, Benke H, Teil-
mann J, Lockyer C, Pawliczka I, Skóra K, Roos A, Lyrholm T, 
Paulus KB, Ketmaier V, Tiedemann R (2010) Mitochondrial 
Control Region and microsatellite analyses on Harbour porpoise 
(Phocoena phocoena) unravel population differentiation in the 
Baltic Sea and adjacent waters. Conserv Genet 11:195–211


	Genetic structure reveals management units for the yellow cardinal (Gubernatrix cristata), endangered by habitat loss and illegal trapping
	Abstract 
	Introduction
	Materials and methods
	Sample collection
	Genetic analysis
	Population genetic structure

	Results
	Genetic variability
	Population genetic structure

	Discussion
	Genetic diversity
	Population genetic structure
	Conservation implications

	Acknowledgements 
	References


