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Abstract: Monitoring temporal dynamics in genetic diversity is of great importance for conserva-
tion, especially for threatened species that are suffering a rapid population decline and increased
fragmentation. Here, we investigate temporal variation in genetic diversity, structure, and gene flow
in the Dupont’s lark (Chersophilus duponti) across most of its range. This species shows increasing
levels of population fragmentation, substantial population declines, and severe range contraction, so
temporal losses of genetic diversity, increasing differentiation, and decreasing gene flow are expected
when comparing present day data with previous situations. To address this, we resampled sites
(nine regions in two countries) after 12–15 years (five-to-seven generations) and assessed changes in
genetic parameters using 11 microsatellite markers. We found no substantial loss in genetic diversity
over time at the species level, but we detected considerable variation among regions in the amount of
allelic diversity and heterozygosity lost over time. Temporal variation in allele frequencies (common,
rare, and private alleles), and changes in genetic differentiation and gene flow over time suggest
a major role of connectivity for the stability of the overall metapopulation. Our results agree with
the hypothesis that connectivity rescues genetic diversity via immigration and gene flow. However,
evidence of recent genetic bottleneck and the substantial changes detected in some regions are clear
signs of genetic erosion and may be signalling a rapid decline of the populations. Urgent actions
must be carried out to stop and reverse human impacts on this threatened lark and its habitat.

Keywords: Dupont’s lark; microsatellites; allelic richness; heterozygosity; genetic conservation

1. Introduction

Precise estimates of basic features of wildlife populations, such as genetic diversity,
population size, or the extent to which neighbouring populations are spatially separated
and connected by gene flow are critical for conservation efforts [1–3]. These features are
shaped by the interaction between genetic drift, gene flow, and natural selection, which
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in turn are highly influenced by the demographic and spatial distribution of populations.
Smaller and more isolated populations may experience stronger genetic drift and inbreeding
than larger, genetically diverse, and well-connected ones [4,5]. As a consequence, they have
a higher possibility of losing genetic diversity and accumulating deleterious mutations
which can contribute (among other factors) to extinction risk [6,7]. Indeed, isolation,
associated with habitat fragmentation, is one of the main threats for the persistence of
populations [8,9]. It reduces or limits gene flow across landscapes, increasing genetic
differentiation among disjunct range fragments, which results in increased relatedness and
decreased genetic diversity in each range fragment due to inbreeding [10,11]. Ultimately,
all these processes act concomitantly by reducing the abundance of individuals in the
remaining habitat patches [12]. In all, the genetic impacts of population fragmentation
depend critically upon gene flow among fragments and their effective sizes.

Despite the undoubted importance of genetic factors in determining the level of threat
and the fate of populations or species [13], the main criteria used by the International Union
for Conservation of Nature (IUCN) in tracking biodiversity loss and guiding conservation
efforts are still based on (observed) population size and range extent [13,14]. Access to
genetic information requires physical sampling which can be costly and time consuming,
so genetic approaches are unlikely to be applicable in all cases. Nevertheless, the use of
minimally invasive sampling methods [15] and the recent development of molecular and
analytical methods [13,16] make genetic monitoring an increasingly important tool for con-
servation. In the case of species of conservation concern and for which population decline
and increased fragmentation have already been detected, assessing temporal changes in
genetic diversity and structure are crucial to evaluate population viability and resilience to
future changes and to inform conservation actions [17].

Since genetic monitoring aims to quantify temporal changes in population genetic
metrics using information from molecular markers [18], careful thought needs to be given
to the spatio-temporal design of genetic assessment. Most published research on genetic di-
versity and structure in wild populations has focused on populations sampled at a point in
time [16,19,20]. The information collected in these works has been used to infer population
parameters and demographic trends, with different degrees of accuracy depending on the
estimators used and the model assumptions [21]. More detailed genetic evaluations based
on a time-spaced sampling scheme of the same populations and sites are still relatively
scarce, but are becoming more frequent [1,22–25].

Here, we investigate temporal variation in genetic diversity and structure over time in
Dupont´s lark (Chersophilus duponti) across its range using two time-spaced samples. The
Dupont’s lark is a threatened steppe passerine considered to be a good indicator of steppe
habitat quality [26–28]. Its distribution is restricted to natural shrub-steppes of Spain and
northern Africa [29–31], typically inhabiting flat areas (<15% of slope) with sparse small
scrubs and bare ground [32–34]. Its global and European conservation status have been
assessed by the IUCN as ‘Vulnerable’ due to the rapid declining trend observed in key
areas across the species’ range [35]. Annual population declines of 3.9% between 2004 and
2015 were detected in Spain [34], and severe declines (10–13% over 10 years) were detected
in some North African populations [35]. A significant range contraction (ca. 40%) was
reported over the past two decades in Spain [34,36], and a high probability of extinction in
20 years for the whole Spanish metapopulation was also predicted [36]. Some of the main
threats described for the species are: habitat fragmentation and loss, decrease in habitat
quality [27], and isolation of populations [30,32,36–39].

The Dupont´s lark is a resident species with adult breeding dispersal movements
usually shorter than 200 m [40,41], strict habitat requirements [31,32,42], and a marked
metapopulation structure [31,34,43]. These characteristics make Dupont´s lark a good
model to study whether genetic diversity and structure are affected in species experiencing
substantial changes in population and range size. Two single time point genetic stud-
ies have reported the first measures of genetic diversity and signals of genetic structure
between Spanish and Moroccan populations based on mitochondrial DNA [29] or mi-
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crosatellite data [38]. Both studies suggested genetic erosion caused by ongoing habitat
fragmentation [38,44]. Here, we applied a population genetic approach using multilocus
genotypic data from microsatellite DNA to monitor recent temporal trends in population
genetic diversity and structure. We evaluated potential trends at two time points spaced
across 5–7 generations. Being aware of the range contractions and population declines of
the species in recent decades, a detectable change in intraspecific genetic diversity and
population structure was expected between the two temporal samples [45].

2. Materials and Methods
2.1. Study Area and Sampling

We collected blood samples from individuals in Spain and Morocco, covering most
of the species’ distribution range [30,33] (Figure 1). The dominant landscape in both the
Spanish and Moroccan steppe areas is a sparsely vegetated flat (slope between 10 and 15%)
and high plateaux (around 1000 m.a.s.l.). In eastern Morocco, the vegetation is dominated
by alfa grass Stipa tennacissima and Artemisia and Chenopodiacea spp. shrub, with some
cereal crops cultivated along the Moulouya River and in the valley bottoms [44]. Climate
is arid with an average rainfall of 210 mm per year. Traditional management of nomadic
sheep herding was based on the long-distance transhumance practised during all the year,
depending on the availability of pasture linked to the seasonal distribution of rain and
water points. However, there has been a major shift to sedentarisation in recent decades,
leading to rangelands’ degradation due to overgrazing and clearing of the best sites for
cultivation to supplement animal feed [46]. Genetic composition of herds is also changing
from the traditional Beni Guil breed, which is currently considered as under risk [47], to
the introduced Ouled Djellal and their cross (the “Safra” population), which achieve higher
productivity under good feeding conditions.

In Spain, the occupied altitudinal gradient is wider (from sea level to 1400 m.a.s.l.), and
its habitat composition is more diverse in vegetation but requiring, in general, low-sized
chamephyte thickets (20–40 cm) with a high percentage of bare soil [30]. The traditional
management of Spanish steppe areas combines extensive sheep grazing on the low-scrub
and pasture areas and extensive cereal cropping in the more productive pockets. Both
the abandonment of traditional livestock use and agricultural intensification are the main
threats to the species, although reforestation, mycorrhizal tree plantations and, more
recently, the expansion of wind power plants are also negative changes.

In Spain, the five regions previously defined by [48] based on their ecological and
geographic characteristics, were sampled: Northern Plateau (NP), Ebro Valley (EV), Iberian
Mountains (IM), Southern Plateau (SP), and Southern Spain (SS) (Figure 1). In Morocco,
the four regions described as suitable for the species in [44] were sampled: Aïn Bni Mathar
(ABM) located in northeastern Morocco, the Rekkam (REKK) and Midelt-Missour re-
gions (MID) at the central plateau, and the Anti-Atlas region (AA) located in southwest-
ern Morocco (Figure 1). In all these regions, we captured birds at two time periods: in
2005–2006 (‘recent past period’ hereafter) and 2017–2020 (‘current period’ hereafter). This
period spans over 5–7 Dupont’s lark generations (generation length of 2.5 years, [49]). A
total of 752 Dupont’s lark males were sampled (n = 492 samples for the current period and
n = 260 samples for the recent past period) (Table 1).
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Figure 1. Limits of the nine regions (dashed lines) considered in this study and sampling locations 
of Dupont´s lark males (dots) within the Dupont´s lark distribution (red dotted polygons, obtained 
from [35,43]): (a) White dots represent samples collected during 2005–2006 (recent past period) and 
black dots represent samples collected during 2017–2020 (current period); (b) restricted set of sam-
ples (black dots) that overlapped geographically between the two study periods. Spanish regions: 
Northern Plateau (NP), Ebro Valley (EV), Iberian Mountains (IM), Southern Plateau (SP), and South-
ern Spain (SS). Moroccan regions: Aïn Bni Mathar (ABM), Plateau of Rekkam (REKK), Midelt-Mis-
sour (MID), and Anti-Atlas (AA). 

Table 1. Genetic diversity estimates for each of the nine Dupont´s lark regions during the recent 
past (P) and the current (C) sampling periods, showing sample size (N), number of alleles (A), ob-
served heterozygosity (Ho), unbiased expected heterozygosity (uHe), allelic richness (AR), p values 
for Hardy–Weinberg equilibrium (HWE) tests (significant values after Bonferroni correction in 
bold), inbreeding coefficient (FIS), number and percentage (in brackets) of private alleles (Ap), and 
number and percentage of rare alleles (RA). Significant FIS values are represented with an asterisk. 
The number of private and rare alleles lost (Ap_losses/RA_losses) and gained (Ap_gains/ RA_gains) 
is indicated (see main text for further details of calculations). Of the Ap_losses count, those that are 
completely lost at the metapopulation level in the current period are in brackets. Of the Ap_gains 
count, those already detected in any other region in the recent past period are in brackets. The pop-
ulation size (census size) of each region is also indicated. The result of the bottleneck analysis, using 
the two-phase mutation model (TMP) and the Wilcoxon 1-tailed test for heterozygosity excess is 
also shown (significant results in bold). Region codes as in Figure 1. See Supplementary material, 
Table S2 for further information about allele frequencies. 

  Morocco Spain 
  AA ABM MID REKK EV IM NP SP SS 

N P 7 57 43 19 17 57 25 26 9 
C 5 25 21 9 53 272 28 74 5 

A P 43 109 97 72 74 95 75 81 64 
C 43 94 78 63 87 113 76 87 54 

Figure 1. Limits of the nine regions (dashed lines) considered in this study and sampling locations of
Dupont´s lark males (dots) within the Dupont´s lark distribution (red dotted polygons, obtained
from [35,43]): (a) White dots represent samples collected during 2005–2006 (recent past period)
and black dots represent samples collected during 2017–2020 (current period); (b) restricted set
of samples (black dots) that overlapped geographically between the two study periods. Spanish
regions: Northern Plateau (NP), Ebro Valley (EV), Iberian Mountains (IM), Southern Plateau (SP),
and Southern Spain (SS). Moroccan regions: Aïn Bni Mathar (ABM), Plateau of Rekkam (REKK),
Midelt-Missour (MID), and Anti-Atlas (AA).

We used tape luring to trap individuals of Dupont´s larks with spring-traps baited
with mealworms (Tenebrio molitor), which biases captures towards territorial males [40].
The few females (n = 26) and juvenile birds (n = 23) captured were not considered in our
analyses, as the species is multibrooded (2–3 broods/ season; [30]) and shows limited
dispersal [30,41], so we tried to avoid biases related to the inclusion of genetically related
individuals. All individuals were ringed to avoid repetitions and were released at the
site of capture. We collected blood samples from the jugular or brachial vein and stored
them in 99% ethanol. UTM coordinates of every individual were recorded with a handheld
GPS unit. All birds were captured and handled in accordance with both national and
international guidelines and under permits from Moroccan and Spanish authorities. All
procedures were approved by the Local Ethical Committee for Animal Experiments of the
Universidad Autónoma de Madrid (CEI80-1468-A229).



Diversity 2022, 14, 1120 5 of 18

Table 1. Genetic diversity estimates for each of the nine Dupont´s lark regions during the recent past
(P) and the current (C) sampling periods, showing sample size (N), number of alleles (A), observed
heterozygosity (Ho), unbiased expected heterozygosity (uHe), allelic richness (AR), p values for
Hardy–Weinberg equilibrium (HWE) tests (significant values after Bonferroni correction in bold),
inbreeding coefficient (FIS), number and percentage (in brackets) of private alleles (Ap), and number
and percentage of rare alleles (RA). Significant FIS values are represented with an asterisk. The
number of private and rare alleles lost (Ap_losses/RA_losses) and gained (Ap_gains/ RA_gains) is
indicated (see main text for further details of calculations). Of the Ap_losses count, those that are
completely lost at the metapopulation level in the current period are in brackets. Of the Ap_gains
count, those already detected in any other region in the recent past period are in brackets. The
population size (census size) of each region is also indicated. The result of the bottleneck analysis,
using the two-phase mutation model (TMP) and the Wilcoxon 1-tailed test for heterozygosity excess
is also shown (significant results in bold). Region codes as in Figure 1. See Supplementary material,
Table S2 for further information about allele frequencies.

Morocco Spain

AA ABM MID REKK EV IM NP SP SS

N
P 7 57 43 19 17 57 25 26 9
C 5 25 21 9 53 272 28 74 5

A
P 43 109 97 72 74 95 75 81 64
C 43 94 78 63 87 113 76 87 54

Ho
P 0.662 0.687 0.721 0.737 0.701 0.721 0.633 0.71 0.747
C 0.618 0.676 0.693 0.646 0.631 0.716 0.646 0.671 0.782

uHe
P 0.699 0.792 0.785 0.763 0.733 0.751 0.735 0.751 0.75
C 0.697 0.779 0.759 0.746 0.721 0.748 0.721 0.738 0.741

AR
P 3.563 5.075 4.95 4.588 4.547 4.754 4.515 4.546 4.666
C 3.909 5.085 4.553 4.596 4.472 4.652 4.381 4.421 4.909

HWE
P 0.621 0.000 0.000 0.001 0.009 0.031 0.000 0.078 0.736
C 0.340 0.014 0.009 0.079 0.000 0.000 0.001 0.000 0.955

FIS
P −0.016 0.123 * 0.068 * −0.01 0.009 0.036 0.127 * 0.038 −0.058
C 0.02 0.124 * 0.07 0.08 0.108 * 0.036 * 0.075 0.09 * −0.191

Ap a P 0 12 (11) 7 (7.2) 2 (2.8) 3 (4.1) 3 (3.2) 0 1 (1.2) 1 (1.6)
C 1 (2.3) 7 (7.4) 1 (1.3) 2 (3.2) 1 (1.1) 8 (7.2) 1 (1.3) 1 (1.1) 0

Ap_losses 0 7 (5) 5(2) 2 (2) 3 (3) 1 (1) 0 0 (0) 1 (0)
Ap_gains 1 3 (1) 0 (0) 2 (2) 1 (0) 6 (3) 0 (0) 1 (0) 0

RA
b P 0 45(41.3) 34 (35) 10 (13.9) 14 (18.9) 33 (34.7) 19 (25.3) 24 (29.6) 0

C 0 29 (30.8) 28 (35.9) 0 28 (32.2) 53 (46.9) 22 (28.9) 34 (39.1) 0
RA_losses 0 23 17 6 5 2 6 3 0
RA_gains 0 4 14 0 8 4 8 9 0

Census size c 162 1079 6553 3426 629 2612 216 300 67
He 6= Heq (prob) 0.232 0.027 0.001 0.002 0.103 0.034 0.051 0.002 0.087

a Alleles found only in a single region within each period. b Alleles with frequency lower than 5% in that region.
c Population (census) size of each region, based on the estimated minimum number of males [30,44].

2.2. Molecular Analysis

We extracted total DNA from blood samples using a standard ammonium acetate
protocol [50], and diluted to a working concentration of 25 ng/µL. Twelve microsatellite
loci isolated in Dupont´s larks (A112, B107, D115, D109, B9, C119, A7, C112, B10, D10,
A113, D112; [51]) were amplified through a multiplex PCR using four dyes (FAM, PET,
NED, VIC) in a total volume of 10 µL containing: 25–50 ng of template DNA, 1× QIAGEN
Multiplex PCR Master Mix, and 0.1 µM of each primer (forward and reverse). The amplifi-
cation conditions were as follows: initial denaturalization at 95 ◦C for 5 min, followed by
30 cycles of denaturation at 95 ◦C for 30 s, annealing at 60 ◦C for 90 s, and extension
at 72 ◦C for 30 s, and final extension at 60 ◦C for 30 min. Amplified products were
evaluated using 2 µL of each reaction on a 2% agarose gel, using 0.5× TBE buffer and
ethidium bromide. Capillary electrophoresis of PCR products was performed with an ABI
3730 Sequencer by Unidad de Genómica, Universidad Complutense de Madrid, Spain
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(https://www.ucm.es/gyp/genomica). Electropherograms were scored using Geneious
10.2.3 (https://www.geneious.com). We included negative controls (i.e., ddH2O) in all
runs. We re-amplified and re-scored 7% of the samples to confirm our genotypes and to
estimate the genotyping error rate.

2.3. Genetic Diversity

We assessed potential genotypic errors, such as the presence of null alleles, short allele
dominance, and stutter peaks with Micro-Checker software v.2.2.3 [52], using 1000 Monte
Carlo simulations. The Hardy–Weinberg Equilibrium (HWE) across loci and regions and
linkage disequilibrium (LD) across the entire population were checked using Markov
Chain Monte Carlo simulations (dememorization of 10,000, 100 batches and 5000 iterations
per batch) in Genepop on the web [53]. Significance of HWE and LD was checked after
applying a Bonferroni correction for multiple comparisons.

We used the “diveRsity” v1.1.9 R package [54] to estimate genetic diversity indices in
the two temporal samples of each region: number of alleles (A), allele frequencies observed,
observed heterozygosity (Ho), unbiased expected heterozygosity (uHe), inbreeding coef-
ficient (FIS), and allelic richness (AR) using a rarefaction approach [55] to account for the
uneven sample size between regions. We used the smallest sample size in the dataset [56],
thus allowing us to estimate AR with rarefaction to 10 gene copies. We calculated the 95%
confidence intervals (CI) for FIS estimates using 999 bootstrap iterations. The effective
population size (Ne) and 95% confidence intervals (CI) was estimated for each region using
the two-sample temporal method in the program NeEstimator v2.1 [57]. We considered
6 generations between samples and used two based-F statistic estimators available in the
Plan I sampling procedure (i.e., individuals sampled are not removed and can therefore
contribute to the next generations; [58]): namely, FS [59] and FC [60].

We analysed differences in genetic diversity in each region between the two study
periods using a paired t-test (paired by locus) and applying the Bonferroni correction
adjustment. Since some of the regions considered are very large (see Figure 1), it would
be possible that the results were affected by the different location of the samples collected
in each region between both periods. To make more direct comparisons, we also tested
temporal differences using a restricted set of samples (80% of the original samples) that
overlapped geographically within each region (i.e., samples obtained at the same localities
in the two study periods) (Figure 1). As the results obtained using the restricted dataset
did not differ substantially from those obtained with the entire dataset (see Supplemental
material, Tables S3 and S4), we carried out the following analysis using the full dataset.

In addition, the temporal stability of the allelic frequencies was quantified by com-
puting Pearson’s correlation coefficients between the frequencies for each allele observed
in the two temporal samples for each population [61,62] using the function “cor.test” in
R. We also calculated rare alleles (frequency < 5%) and the number and percentage of
alleles private to a single population (Ap = (nº private alleles/total nº of alleles) × 100)
in earlier and recent samples and explored changes between the two sampling periods.
We calculated the number of private and rare alleles lost over time as those that were
private/rare in the recent past period but were not detected in the current period within
a region (Ap_losses/RA_losses, respectively). Those private alleles which had lost their
privacy over time were not considered as private allele losses. We also calculated the
number of private allele gains (Ap_gains), defined by those alleles that were private in the
current period and that were not found in the recent past in that region. Moreover, we also
estimated the number of rare alleles gains (RA_gains) as the number of common alleles that
became rare over time in a given region. Rare alleles detected for the first time (novel) in a
region in the current period were not included in the rare allele gains count, as this is likely
due to low sample size in the recent past period.

We also tested for a recent genetic bottleneck following the heterozygosity-excess
method [63] and implemented in BOTTLENECK v1.2.02 [64]. This method compares
expected heterozygosity (HE) in an empirical sample with the heterozygosity (HEq) that

https://www.ucm.es/gyp/genomica
https://www.geneious.com
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is expected at mutation-drift equilibrium, given the number of alleles observed in the
sample. A sharp reduction in effective population size (Ne) may result in a transitory
heterozygosity excess at selectively neutral loci. We used a mixed two-phase mutational
model (TPM), which best fits the mutation processes of STRs [65]. It was run with a 70%
stepwise mutation model (SSM) and 30% infinite allele model (IAM) and with a variance
among multiple steps of 30. We used a one tailed Wilcoxon test to test for an excess of
heterozygosity in each of the regions (samples from the two periods pooled). Significance
was assessed after 10,000 iterations.

2.4. Genetic Structure of Populations

Genetic structure was quantified based on the genetic differentiation among regions
in both study periods by calculating pairwise FST [66], GST [67], and D [68] implemented
in GenAlex v6.5 [69,70]. We used 9999 permutations to test for significance of pairwise
comparisons. We then examined changes in the amount of genetic differentiation between
the two time periods for each region.

Furthermore, the stability of the population structure was also examined in each
country by comparing the temporal variation within regions with the spatial variation
among regions by applying a global analysis of molecular variance (AMOVA) as a weighted
average over all 11 loci using Arlequin 3.5 [71]. The model partitioned variation first
by regions (i.e., among-group level) and then by time periods within each region (i.e.,
among-populations within group level). Significance for grouping levels was estimated by
999 permutations. To determine whether isolation-by-distance patterns existed and how
they varied over time, we tested for a significant relationship between genetic [72] and
geographic distances (Euclidean distances) among pairs of individuals using Mantel tests
(run in Genalex). For each country and time period, we performed a Mantel test using 9999
permutations to estimate statistical significance. We then compared Mantel’s r coefficient
between the two time periods.

2.5. Gene Flow Estimation

The extent of gene flow among regions was estimated for both time periods using the
Nm (effective number of migrants per generation) estimator adapted by [73] in “divMigrate”
online (https://popgen.shinyapps.io/divMigrate-online) [74]. This method provides a
relative migration network graph with relative values of gene flow (from 0 to 1) scaled to
the largest magnitude estimated. We used 9999 bootstrap iterations to test the significance
of the asymmetric gene flow. We also calculated the effective number of migrants per
generation (Nem), according to the relationship Nem = 1 − FST/4FST [6], where Ne is the
effective population size, m is the migration rate between regions, and FST is the pairwise
genetic differentiation between regions.

3. Results
3.1. Genetic Diversity and Effective Population Size Estimates

All samples were successfully genotyped for the 12 polymorphic microsatellite loci.
There was no evidence of allele dropout or genotyping errors due to stutter peaks. No
loci deviated globally from HWE and no linkage disequilibrium were observed after
Bonferroni’s correction (adjusted p-value < 0.00046). Two loci (B10 and D10) showed the
presence of null alleles at some locations (frequency less than 0.25), but the test for HWE
yielded similar results when dropping these two loci, and thus, both were used in further
analyses. We decided to exclude locus C112 from further analyses because it consistently
showed a low level of polymorphism.

We detected a total of 139 and 134 different alleles across all loci for the recent past and
the current period, respectively (Table S1). The mean number of alleles per locus ranged
from 5 to 22 in the recent past period and from 3 to 22 in the current one (Table S1). The
mean level of genetic diversity across 11 microsatellite loci showed similar values in both
countries, with moderate variations in Morocco among the recent past (mean Ho = 0.701;

https://popgen.shinyapps.io/divMigrate-online
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mean uHe = 0.759; mean AR = 4.544) and current samples (mean Ho = 0.658; mean
uHe = 0.745; mean AR = 4.536). We detected the same pattern in Spain (mean Ho = 0.702;
uHe = 0.744; AR = 4.605 for the recent past period, and mean Ho = 0.689; uHe = 0.734;
AR = 4.567 for the current samples) (Table 1).

The contemporary estimates of Ne are summarized in Table 2. In general, the two
methods revealed Ne values of the same order of magnitude and provided lower estimates
than the population census size except in the case of AA (Morocco) and NP (Spain),
where both estimates of Ne were clearly higher than the population census size reported
previously (Table 2). We found the lowest Ne/NC ratio in Midelt (Ne/NC = 0.03) and the
highest in the Anti-Atlas region (Ne/NC = 1.84).

Table 2. Summary of effective population size (Ne) estimates and 95% CI (parametric bootstrap) for
each region using the temporal methods (FS, FC) implemented in NeEstimator v2.1 [57]. The census
size (NC) and the Ne of each region assuming different Ne/NC ratios observed in scientific reviews is
also shown.

FS
a FC

b

NC Ne * Ne † Ne Low 95%–High 95% Ne Low 95%–High 95%

Morocco
AA 162 68 16 298 23–∞ 687 411–1033

ABM 1079 453 108 410 126–∞ 274 186–378
MID 6553 2752 655 190 74–2147 202 136–281

REKK 3426 1439 343 ∞ 81–∞ ∞ ∞–∞
Spain

EV 629 264 63 278 87–∞ 157 105–219
IM 2612 1097 261 765 279–∞ 1592 1074–2210
NP 216 91 22 486 110–∞ 457 298–651
SP 300 126 30 123 61–278 118 78–167
SS 67 28 7 110 26–∞ 58 38–82

a [59]. b [60]. * Estimate of Ne assuming an Ne/NC ratio of 0.42 [75]. † Estimate of Ne assuming an Ne/NC ratio of
0.1 [76,77].

3.2. Temporal Variation of Genetic Diversity

The temporal stability of genetic diversity of Dupont’s lark from Spain and Morocco
was relatively high. We detected an overall loss of heterozygosity (Ho, uHe) over time in
most regions, which was too weak to reach the significance level, although in the Midelt
region was almost significant (paired t-test: p-value = 0.056). All other p-values in the
paired t-test were higher than 0.118 (see Table S3). Moreover, there was no evidence for
the reduction in allelic richness except for the Midelt region, which showed a significant
decrease of AR over time (Tables 1 and S3). For the nine regions and two time periods,
six regions were found significantly deviated from the Hardy–Weinberg equilibrium,
indicating a deficit of heterozygotes in those regions/periods (i.e., nonrandom mating
that could favour inbreeding). However, no regions showed consistent deviations from
HWE in both periods (Table 1). The average inbreeding coefficient (FIS) was low in most
populations, but two regions (ABM in Morocco and NP in Spain) showed significant values
(FIS > 0.1) during the recent past period, and in ABM (Morocco) and EV (Spain) during the
current period (Table 1).

We found similar results in terms of overall stability with the restricted dataset (only
samples that overlapped geographically among the two time periods; Table S4). MID
(Morocco) was the single region that showed a significant reduction in AR (p = 0.001) and
an almost significant variation in uHe (p = 0.05; Table S4), and REKK (Morocco) showed a
significant decrease in Ho (p = 0.015). Although both regions (MID, REKK) also showed
significant temporal changes in FIS (Table S4), the levels of inbreeding in each period were
negligible in both cases (FIS ≤ 0.08) (Table S4).
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Statistically significant heterozygosity excess suggests recent genetic bottlenecks in
five out of nine regions analysed (Table 1). Most of the private alleles were found in low
frequencies (<5%) in both countries (Table S2), and a remarkable percentage of these private
variants were lost over time: 14 out of 21 (66%) in Morocco, and 5 out of 8 (62%) in Spain
(Table 1 and Table S2). Midelt (MID, Morocco) and the Ebro Valley (EV, Spain) regions lost
the highest percentage of private variants over time. Moreover, the private alleles lost in
the EV are variants that have disappeared from the entire metapopulation (Table S2). We
detected the appearance of new private alleles during the current period (Table S2) in some
regions, especially in the ABM and IM regions. Percentages of rare alleles were similar
in both countries during the recent past period, varying between zero at the smallest and
most geographically isolated regions and 41.3% (Morocco) or 34.7% (Spain) in the regions
with the largest population sizes (Table 1). Over time, the loss of rare alleles was greater in
Morocco than in Spain (Table 1).

There were no substantial changes in allele frequencies over time. Allele frequencies
in the two sampling periods were highly correlated for all regions (Table S2). The highest
correlation value was obtained in the Spanish IM region (Pearson´s r = 0.977) and the
lowest at the two regions with lowest population size: AA in Morocco (Pearson´s r = 0.787)
and SS in Spain (Pearson´s r = 0.693) (Table S2).

3.3. Genetic Structure of Populations

Temporal changes in population genetic structure were supported by the variation in
pairwise genetic differentiation (FST) over time in both countries. Overall, FST values of the
current period in Morocco were higher than in the recent past period (Table 3), but we found
no significant differentiation among temporal samples within any region (i.e., FST among
periods within regions; see Table 3). Temporal changes were most notable in Spain, which
showed a weak genetic structure in the recent past period (only two significant pairwise
FST values) and where we found significant FST between all pairs of regions except SS–EV
and SS–NP in the current period (Table 3). Other estimators (GST and D) provided a similar
pattern of temporal change in genetic differentiation between regions (Tables S5 and S6).
As in the case of Morocco, we did not detect a significant level of genetic differentiation
among the two temporal samples within each region except in SP (Table 3). In general,
FST values reflected higher differentiation among the regions of Morocco than among the
regions of Spain, suggesting less gene exchange in the former than in the latter.

Table 3. Matrix of pairwise FST values between regions in Morocco (Anti Atlas, AA; Ain Bni Mathar,
ABM; Midelt, MID; and Plateau of Rekkam, REKK) and Spain (Ebro Valley, EV; Iberian Mountains,
IM; Northern Plateau, NP; Southern Plateau, SP; and Southern Spain, SS). FST values below diagonal
correspond to comparisons in the recent past period and above diagonal in the current period.
FST values among sampling periods within regions are shown on the diagonal. Asterisks indicate
statistically significant values.

Morocco Spain

AA ABM MID REKK EV IM NP SP SS

AA 0.046 0.075 * 0.085 * 0.098 * EV 0.014 0.007 * 0.014 * 0.012 * 0.042
ABM 0.052 * 0.010 0.022 * 0.023 IM 0.014 * 0.003 0.010 * 0.008 * 0.040 *
MID 0.050 * 0.010 * 0.013 0.029 NP 0.016 0.007 0.010 0.013 * 0.040

REKK 0.058 * 0.011 0.016* 0.020 SP 0.020 * 0.009 0.014 0.012 * 0.048 *
SS 0.025 0.018 0.019 0.016 0.051

Results of the AMOVA revealed that differences between samples from different
temporal collections did not explain a significant amount of the total genetic variation in
Morocco (Table 4). The analysis assigned a significant percentage of variation to the spatial
component (FCT = 0.035, p < 0.001), but not to the temporal one (FSC = 0.003, p > 0.05). Most
of the variation was due to differences within regions (Table 4). In Spain, both temporal
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(FSC = 0.005, p = 0.040) and spatial (FCT = 0.005, p = 0.047) differences between samples
explained a significant amount of the genetic variation. As it happened in Morocco, most
of the genetic variation was because of differences within regions (Table 4).

Table 4. Global hierarchical analysis of molecular variance (AMOVA) testing for temporal variation
in the population structure of Dupont’s lark in Morocco and Spain.

Source of Variation df Variance
Components % of Variation p-Value

Morocco
Among groups (regions) 3 0.14 3.50 <0.001
Among temporal samples 4 0.01 0.31 0.18
Within regions 178 3.95 96.19 <0.001
Spain
Among groups (regions) 4 0.02 0.53 0.047
Among temporal samples 5 0.02 0.47 0.040
Within regions 556 3.70 98.99 <0.001

The Mantel tests of IBD revealed that there was no significant correlation between
genetic and geographic distances during the recent past period in Spain (r = −0.004;
p = 0.476), while in Morocco, the correlation was positive and nearly significant (r = 0.069;
p = 0.053. During the current period, we detected weak but statistically significant IBD
pattern in both countries (Spain: r = 0.064; p = 0.002, Morocco: r = 0.203, p = 0.01). Therefore,
Morocco showed a stronger pattern of IBD than Spain in the current period.

3.4. Direction of Gene Flow

The pattern of migration direction as calculated from divMigrate together with the
estimated number of migrants per generation (Nem) showed intense gene flow in Spain
between the IM region (central in the network) and the adjacent NP and SP regions during
the recent past period (Figure 2, Table 5). Both NP and SP regions exported more genes to
IM than they received, although we found no significant evidence of asymmetric gene flow
between nodes. The SS and EV were the most distant regions as indicated by their lower
relative rates of migration. The current temporal collection also showed increased genetic
connectivity between IM and EV and decreased gene flow between IM and NP compared
to the recent past period. The effective number of migrants (Nem) was, on average, lower
during the current period than in the recent past one (Table 5). In Morocco, the migration
rates suggested temporal stability and a lesser level of connectivity between regions than
in Spain (Figure 2 and Table 5). ABM was a receiving population of migrants from other
Moroccan regions (Figure 2) in both periods, while the relative migration network indicates
that REKK was mainly a donor population. As in the case of Spain, gene exchange between
the three main Moroccan regions changed over time and estimates of the effective number
of migrants (Nem) indicates that the magnitude of gene flow has halved in the current
period (see Table 5). There was also no statistical evidence of asymmetrical gene flow except
in the case of the Anti-Atlas region (Figure 2), which in the recent past period showed
asymmetric and northeast-biased gene flow.
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NP 15.2 34.0  18.5 6.0 
SP 12.1 26.7 18.1  5.0 
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Figure 2. Relative migration networks for Dupont’s lark generated using divMigrate and based on
the Nm estimator. Filter threshold was set to 0. Networks were calculated between Spanish regions in
the recent past (a) and the current (b) sampling periods, and between Moroccan regions in the recent
past (c) and the current (d) periods. Thicker arrows and proximity of nodes indicate stronger gene
flow. Statistically significant asymmetric gene flows are indicated with an asterisk. Region codes as
in Figure 1.

Table 5. Estimated number of migrants per generation (Nem) between pairs of regions in Morocco
and Spain during the recent past (below diagonal) and the current (above diagonal) periods.

Country Region AA ABM MID REKK

Morocco

AA 3.1 2.7 2.3
ABM 4.5 11.3 10.6
MID 4.8 24.6 8.5

REKK 4.1 23.3 15.2

EV IM NP SP SS

Spain

EV 38.2 17.0 20.5 5.7
IM 18.1 25.6 33.1 6.1
NP 15.2 34.0 18.5 6.0
SP 12.1 26.7 18.1 5.0
SS 9.7 13.9 13.2 15.0
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4. Discussion

The main objective of this study was to explore the temporal stability of genetic
diversity and structure among Dupont’s larks in the face of evident ongoing changes in
demography (population decline) and range loss (fragmentation). To address this, we
compared the genetic diversity and structure among contemporary samples with samples
from the same sites 5–7 generations older.

From an overall genetic diversity perspective, our data suggest that there has been no
substantial loss in genetic diversity at the species level over the last two decades, despite
several studies having consistently reported a severe decrease in abundance, increased
fragmentation, and evident range contraction [34–36]. Allelic richness in the current
samples was almost as high as in the recent past samples. Averaging over all regions and
loci, AR (rarefied to 10 gene copies) was only reduced from 4.54 in 2005–2006 to 4.53 in
2017–2020 (Morocco) and from 4.61 to 4.57 (Spain). This change represents an average loss
of only 0.18% (Morocco) and 0.84% (Spain) of the allelic richness present in earlier samples
(Table 1). Both countries also showed a small loss of heterozygosity (uHe), from a mean
of 0.74 across Moroccan regions in the recent past period to 0.73 in the current samples
(1.37%), and from 0.76 to 0.74 in Spain (1.91%).

However, we detected substantial variation among regions in the amount of allelic
diversity lost over the last generations. The proportional loss of AR (across loci) in Morocco
ranged from −0.097 (AR increased by 9.7% in AA region) to 0.08 (8% of AR lost in MID
region). In Spain, AR increased in one region (SS; AR =−0.052) while in the others, between
1.6% and 3.0% of AR was lost (Table 1). Hence, not all regions showed reductions in genetic
diversity, and some of them even showed patterns of increased allelic richness over time. In
contrast, the loss of heterozygosity across generations was consistent in all regions within
the range, with reductions ranging from 0.28% (AA) to 3.38% (MID) in Morocco and from
0.39% (IM) to 1.90% (NP) in Spain.

This different response of allelic richness and heterozygosity to demographic change
is consistent with theoretical expectations that for neutral loci, allelic diversity should
respond more strongly and rapidly than heterozygosity [78,79]. Heterozygosity largely
depends on the presence of alleles at high frequency, whereas allelic richness does not
consider abundances of the alleles but only their presence. Therefore, a rare allele be-
ing lost or gained over time probably will not affect heterozygosity much, but it does
reduce/increase allelic richness [78]. In our study system, losses of alleles are likely due
to genetic drift while gains are likely caused by the occurrence of immigration accompa-
nied by gene flow among populations. The region of Midelt (Morocco) was the single
one showing a significant reduction in genetic diversity, both in allelic richness and het-
erozygosity, either when we use the full dataset or only those geographically overlapping
samples. This supports a reduction in population size in this region and a reduced connec-
tivity with neighbour populations. Moreover, 19.6% of its total alleles have been lost in
5–7 generations (with 51% fewer samples collected in the current period compared to the
recent past one). With similar or even greater reductions in sample size (53% REKK, 56%
ABM), their neighbouring regions showed a smaller reduction in the number of alleles
(12.5% and 13.7%, respectively). In addition, many of the alleles detected at high frequencies
in earlier samples was detected at low frequencies later, and 71% of the singular (private)
alleles were lost over time. Such loss of diversity observed in Midelt may likely be the result
of the reduction in population size due human-induced landscape changes and exacerbated
by climate change [80–82]. Traditionally, human settlements in Morocco were not common
within Dupont´s lark habitats because of the nomadic lifestyle of shepherds in these areas.
However, over the last decades, many of these pastoral nomads have permanently settled,
with no regular or very limited (local) movement of animals [83]. This has led to an increase
in the permanent presence of sheep herds, the introduction of new livestock species (cows),
and increased sedentary agricultural pressures [83,84]. Today, these landscape impacts are
evident in the region of Midelt, along with the species’ virtual disappearance from large
areas, something that we have been able to verify during a recent survey carried out in
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2020 (authors, unpublished data). All these human activities, along with the desertification
process [83], may have led to marked degradation and fragmentation of the suitable habitat
for the species in Morocco [35], which may have reduced population size and landscape
connectivity. Specifically, in the region of Midelt (also in Rekkam), we already found in the
past a greater presence of suboptimal habitats than in other regions, where the species still
occurred but in lower densities than in optimal ones [44].

Although our results showed no significant drop of either allelic richness or expected
heterozygosis in other regions, there is an evident loss of genetic variants and a significant
reduction in singularity (private alleles) in several regions in both countries. With the
necessary caution due to the fact that low-frequency variants are less well detected, we
think that the loss of singularity and rare variants indicates a true genetic degradation, at
least in some populations that have been sampled more intensively in the current period
than in the recent past one, such as the Spanish EV region. Bottleneck testing supported
this overall genetic erosion and demonstrated significant excess of heterozygosity in several
Spanish and Moroccan regions. According to other results obtained from Midelt, the
signature of the bottleneck in that region was the strongest. In our study system, however,
genetic drift was insufficient to explain the results found. The severity of genetic erosion
in declining populations is greater as populations are smaller due to genetic drift [6],
but this is not the case here. The gains of alleles over time, the increase in AR in some
regions, and the weak genetic structure and substantial gene flow observed was best
explained by connectivity among populations. The small (although significant) genetic
differentiation in each country suggests high levels of gene flow and connectivity among
populations at a broad spatial scale, typical of one large interbreeding population, although
not necessarily panmictic.

The results are, therefore, consistent with the hypothesis that connectivity might
have rescued genetic diversity via immigration and gene flow [85,86]. However, there is
evidence of increased differentiation and reduced gene flow over time in the network of
populations. Based on the obtained FST values and isolation-by-distance (IBD) patterns, it
can be concluded that the overall rate of differentiation among regions is low, but higher in
the current samples than in the previous ones. An increasing signal of IBD over time in
both countries suggests that the fragmentation is an ongoing process, probably related to
the continuous habitat fragmentation and loss [34], that will increase in the coming years if
the underlying causes are not reversed [43].

This is also supported by the temporal reduction in the estimates of immigration by
gene flow, which is typical of species undergoing the process of recent fragmentation [87].
Previous research carried out 10 years ago suggests that Dupont’s lark populations were
already showing the genetic consequences of recent fragmentation, which could be indicat-
ing a rapid decline of the populations [38]. Considering the effective number of migrants
per generation (Nem) as the joint estimation of gene flow (m) and effective population size
Ne [6], it is likely that the temporal drop observed in most regions could be reflecting not
only changes in connectivity but also reductions in the effective size of the metapopulation.
Unfortunately, we cannot provide accurate estimates of the temporal changes in Ne, but
it is evident from our Ne estimates that most regions showed consistently much lower
Ne than NC (Table 2). Assuming that contemporary estimates of Ne should be regarded
with caution, and using published estimates of Ne/NC ratios obtained from other birds
species [75–77], the data suggest that Midelt harbours a much smaller population than
previously reported [44]. This could be due to population overestimation in the past,
but it is more likely related to a recent decline in line with the steep population declines
described for the species over the last decades [35] and the results of the bottleneck analysis.
Interestingly, our data also showed that the southernmost Moroccan population (Anti-
Atlas) displays Ne values that far exceed the census size (Table 2). This suggests either
recent population growth in this region or an underestimation of the size of this small
and poorly studied population in the past [44]. More detailed research is needed for an
accurate delimitation of the occurrence of the species in this region, and to assess whether
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undiscovered populations exist elsewhere that were connected with the known population
in the Anti-Atlas.

Connectivity loss has dramatic impacts on the rate of decline of genetic diversity and
has been recognized as an important driver of extinction risk of populations [88,89]. Hence,
maintaining dispersal and gene flow at a broad scale, favouring suitable habitat corridors,
and avoiding fragmentation should be a priority in Dupont´s lark conservation [38]. In spite
their ongoing regression, the current size of Dupont´s lark populations seems sufficient
to maintain the overall genetic diversity through connectivity. However, current samples
show clear signs of genetic erosion in some regions, suggesting that negative pressures
may become more acute in the future. Currently, it appears that in both countries there is at
least one refuge or source population (the central regions of Iberian mountains in Spain and
Rekkam in Morocco) large enough to consistently provide immigrants to the others and,
therefore, to maintain the viability of the overall metapopulation [90–92]. Conservation of
these populations is crucial to the fate of the Dupont’s lark.

The incorporation of conservation genetics in international policy is imperative. There
is an urgent need for developing means to monitor genetic diversity over time, to sys-
tematically resample sites, and to evaluate the human impacts on the genetic diversity of
wild populations [13]. The data presented here can help to understand how future but
predictable changes are likely to affect biodiversity at different levels of organisation (e.g.,
population size and genetic diversity) and how these levels interact. Moreover, these data
can be used as a starting point to closely monitor the genetic parameters in this threatened
lark species before genetic diversity loss becomes irreversible.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14121120/s1, Table S1: Number of alleles per locus in the recent
past and current periods for Dupont´s lark; Table S2: Observed allele frequencies at each locus in
each region at both periods of time (left = recent past; right = current). The number of individuals
typed is shown in brackets. Person´s r correlation values (R) between allele frequencies in each
period within each region are also indicated. Rare alleles are in bold and private alleles at each period
are underlined; Table S3: Paired t-test results for temporal variation of genetic diversity (observed
heterozygosity, Ho; unbiased expected heterozygosity, uHe; allelic richness, Ar; and inbreeding,
FIS) of Dupont´s lark males at country (Morocco, Spain) and regional level. Significant values are
represented with an asterisk; Table S4: Genetic diversity estimates for each of the nine Dupont´s
lark regions considering the samples that overlapped geographically (sampled at the same localities)
during the recent past (P) and the current (C) period. Sample size (N), observed heterozygosity (Ho),
unbiased expected heterozygosity (uHe), allelic richness (AR), inbreeding coefficient (FIS). Paired
t-test results for temporal variation of genetic diversity (observed heterozygosity, Ho; unbiased
expected heterozygosity, uHe; allelic richness, AR and inbreeding, FIS) at regional level are also
shown. Significant values are represented with an asterisk; Table S5: Matrix of pairwise (GST and D)
values between regions in Morocco (Anti Atlas, AA; Ain Bni Mathar, ABM; Midelt, MID; Plateau of
Rekkam, REKK). Values below diagonal correspond to comparisons in the recent past period and
above diagonal in the current period. Values among sampling periods within regions are shown on
the diagonal. Asterisks indicate statistically significant values; Table S6: Matrix of pairwise (GST and
D) values between regions in Spain (Ebro Valley, EV; Iberian Mountains, IM; Northern Plateau, NP;
Southern Plateau, SP and Southern Spain, SS). Values below diagonal correspond to comparisons in
the recent past period and above diagonal in the current period. Values among sampling periods
within regions are shown on the diagonal. Asterisks indicate statistically significant values.
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