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Abstract

Currently, there exists a limited knowledge on the extent of temporal variation in

population genetic parameters of natural populations. Here, we study the extent of

temporal variation in population genetics by genotyping 151 genome-wide SNP markers

polymorphic in 466 individuals collected from nine populations of the annual plant

Arabidopsis thaliana during 4 years. Populations are located along an altitudinal climatic

gradient from Mediterranean to subalpine environments in NE Spain, which has been

shown to influence key demographic attributes and life cycle adaptations. Genetically,

A. thaliana populations were more variable across space than over time. Common

multilocus genotypes were detected several years in the same population, whereas low-

frequency multilocus genotypes appeared only 1 year. High-elevation populations were

genetically poorer and more variable over time than low-elevation populations, which

might be caused by a higher overall demographic instability at higher altitudes.

Estimated effective population sizes were low but also showed a significant decreasing

trend with increasing altitude, suggesting a deeper impact of genetic drift at high-

elevation populations. In comparison with single-year samplings, repeated genotyping

over time captured substantially higher amount of genetic variation contained in

A. thaliana populations. Furthermore, repeated genotyping of populations provided

novel information on the genetic properties of A. thaliana populations and allowed

hypothesizing on their underlying mechanisms. Therefore, including temporal genotyp-

ing programmes into traditional population genetic studies can significantly increase our

understanding of the dynamics of natural populations.
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Introduction

Numerous biotic and abiotic factors acting in concert

with key demographic parameters determine popula-

tion size and the extent of its fluctuations over time.

The demographic consequences of temporal variation in
nce: F. Xavier Picó, Fax: +34 95 462 1125;

@ebd.csic.es
population size are well known: increasing temporal

variation in vital rates increases extinction risks (Good-

man 1987; Menges 2000). In contrast, the effects of such

variation on the genetic properties of populations are

less understood. However, this is important because it

is widely accepted that the interaction between demo-

graphic (e.g. reduction in population size) and genetic

factors (e.g. loss of genetic diversity, increasing inbreed-

ing rates) is crucial to accurately assess population
� 2011 Blackwell Publishing Ltd
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extinction rates (Lande 1988; Lynch et al. 1995; Frank-

ham 2005; Picó et al. 2009). Genetic monitoring, a term

defined as the quantification of temporal changes in

population genetic metrics obtained using molecular

markers (Luikart et al. 1999; Schwartz et al. 2006), can

provide relevant insights into the extent of temporal

genetic variation in natural populations.

Molecular markers are commonly used to make infer-

ence on some important demographic events, such as

population bottlenecks or migration rates (Cornuet &

Luikart 1996; Luikart et al. 1999; Keller et al. 2001; Avise

2004). Traditionally, genetic data obtained from different

populations sampled at a single time point suffice to

make such demographic inference based on gene and

homozygote frequencies (Luikart et al. 1999; Richards

et al. 2003; Zhang et al. 2004). Nevertheless, it remains

to be seen to what extent short-term transient population

dynamics affect the genetic composition of populations

and the demographic interpretation of genetic data. Pop-

ulations may experience dramatic fluctuations in size

from year to year, such fluctuations being more pro-

nounced as the organism’s lifespan becomes shorter

(Garcı́a et al. 2008). Populations can be sampled in good

or poor years, that is, in years with high or low number

of individuals, which can strongly determine gene fre-

quencies. On top of that, the number of individuals sam-

pled and genotyped normally represents a very small

proportion of individuals present in the population so

that sampling strategies are also important to obtain reli-

able population genetic estimates. Hence, the particulari-

ties of the sampling year and the features of the

sampling scheme might affect our ability to evaluate

demographic patterns from genetic data.

Repeated genotyping of natural populations over time

has classically been carried out to obtain genetic data

from two time periods. These data have been used to

estimate the effective population size (Ne) based on

changes in gene frequencies over two generations (Krim-

bas & Tsakas 1971; Schaffer et al. 1977; Williamson &

Slatkin 1999; Siol et al. 2007; Waples & Yokota 2007; Lun-

demo et al. 2009; Osborne et al. 2010). Ne has been

defined as the number of breeding individuals of an ide-

alized Wright–Fisher population, i.e. a panmictic popula-

tion with a binomial distribution of the number of

successful offspring per parent (Fisher 1930; Wright

1931) that would exhibit the same genetic properties as

the population of study. The theoretical estimation of Ne

based on temporal variation in gene frequency has

extensively been developed (Krimbas & Tsakas 1971;

Nei & Tajima 1981; Pollack 1983; Waples 1989; Caballero

1994; Williamson & Slatkin 1999; Anderson et al. 2000;

Wang 2001; Berthier et al. 2002; Wang et al. 2010). Esti-

mates of Ne are important for ecology, genetics, evolu-

tionary biology and conservation biology (Wang 2005;
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Schwartz et al. 2006; Antao et al. 2010) because they help

to predict changes in neutral genetic variation or fixation

of deleterious alleles among other genetic properties (see

Wang 2005). In the last few years, the interest for assess-

ing the extent of temporal changes in genetic variation in

natural populations has notoriously increased (Richards

et al. 2003; Schwartz et al. 2006; Mhemmed et al. 2008;

Honnay et al. 2009; Lundemo et al. 2009; Palstra et al.

2009; Antao et al. 2010; Bomblies et al. 2010).

The main goal of this study is to generate and analyse

temporal series of genetic data to evaluate their poten-

tial to better understand the ecological (e.g. population

dynamics) and genetic (e.g. genetic drift) processes

affecting an organism’s population biology. In particu-

lar, this study spans up to 4 years and is conducted in

nine populations of the annual plant Arabidopsis thaliana

distributed along an altitudinal climatic gradient in NE

Spain. This gradient ranges from low-elevation coastal

Mediterranean sites to high-elevation montane subal-

pine locations. It has recently been shown that high-ele-

vation A. thaliana populations exhibit higher plant

mortality rates in winter and stronger secondary seed

dormancy in spring than low-elevation populations

(Montesinos et al. 2009). Interestingly, plants from dif-

ferent populations along the altitudinal climatic gradi-

ent exhibit relevant life cycle adaptations, including

vegetative growth, biomass allocation, phenology and

fecundity (Montesinos-Navarro et al. 2011), which

might ensure the long-term viability of populations

under contrasting environmental conditions. Therefore,

assuming adaptation to local environmental conditions,

temporal changes in the genetic composition of popula-

tions are expected to be mainly accounted for by tem-

poral variation in demographic processes.

The assessment of temporal patterns of variation in

genetic diversity of populations along an altitudinal cli-

matic pattern can provide important clues to improve

our knowledge about the dynamics, and their underly-

ing mechanisms, of A. thaliana natural populations.

Here, we specifically aim (i) to evaluate the extent of

temporal variation in standard genetic parameters, (ii)

to quantify the relationship between temporal variation

in genetic data and altitude and (iii) to estimate Ne

based on temporal changes in gene frequency. The

results are also discussed on the basis of their implica-

tions for the continuous development of population

genetics as a discipline.
Materials and methods

Study species and populations

Arabidopsis thaliana (L.) Heyhn. (Brassicaceae) is an

annual plant with a persistent seed bank (Baskin &
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Baskin 1972, 1983; Lundemo et al. 2009; Montesinos

et al. 2009). The species is self-compatible and self-fer-

tile. Average outcrossing rates of populations have been

reported to vary between 0.3% and 2.5% (Abbott & Go-

mes 1989; Bergelson et al. 1998; Bakker et al. 2006; Picó

et al. 2008; Bomblies et al. 2010; Platt et al. 2010),

although values as high as 14.5% have also been

recorded (Bomblies et al. 2010). The species’ native

range includes Europe and the Central Asian mountains

(Hoffmann 2002; Platt et al. 2010). Arabidopsis thaliana is

considered a poor competitor and mainly occurs in dis-

turbed areas as well as openings of natural vegetation

(Picó et al. 2008; Lundemo et al. 2009; Montesinos et al.

2009; Bomblies et al. 2010). A population of A. thaliana

is typically represented by an assemblage of stands dif-

fering in area, number of plants per stand and distance

among stands (Montesinos et al. 2009; Bomblies et al.

2010).

This study was conducted in nine natural populations

from NE Spain. Populations were located along an alti-

tudinal climatic gradient ranging from low-elevation

Mediterranean coastal sites (population codes: BAR,

Barcelona; HOR, Hortsavinyà; COC, Cap de Creus;

POB, Poblet; MUR, Mura; Table 1) to high-elevation

subalpine montane sites (VDM, Vilanova de Meià; ALE,

Albet; BIS, Bisaurri; VIE, Vielha; Table 1). Coastal and

montane populations were separated by 24–96 and 29–

209 km, respectively. Distance from the sea, which

strongly influences climate in the Iberian Peninsula, for

coastal and montane populations ranged 4–33 and 104–

173 km, respectively. See Montesinos et al. (2009) for
Table 1 Geographic information and sampling area of Arabidopsis tha

Population Coordinates

Altitude

(m.a.s.l.)

Area

(m2)

BAR 41.43N, 2.13E 429 1206

HOR 41.67N, 2.62E 431 1134

COC 42.31N, 3.20E 519 374

POB 41.35N, 1.03E 656 238

MUR 41.68N, 2.00E 836 330

VDM 42.04N, 1.01E 975 64

ALE 42.41N, 1.32E 1225 3540

BIS 42.49N, 0.54E 1450 540

VIE 42.63N, 0.76E 1620 275

Controls

Total

Seed collection was strictly conducted every sampling year within the

(N = 466) successfully genotyped with 151 SNPs is indicated for each

area or with a low number of individuals to be included in the analy

genotyped twice (controls; N = 65) to calculate the genotyping error a

indicated.

BAR, Barcelona; HOR, Hortsavinyà; COC, Cap de Creus; POB, Poblet

Bisaurri; VIE, Vielha.
environmental and ecological descriptions of each pop-

ulation.
Study area boundaries, plant density and seed
collection

We selected an area within each population that ranged

from a low of 64 m2 to a high of 3540 m2 (Table 1). The

main criteria to set the boundaries of these areas were

high plant density and isolation from other occupied

areas because of natural barriers (e.g. thick woody vege-

tation, creeks). Some areas were clearly delimited with

plants clumped in stands, and these areas tended to be

small. In larger areas, plants occurred scattered across

the whole site. Area did not correlate with any of the

genetic parameters of study (P > 0.37 in all cases), so

this variable was not taken into account in the analyses.

We obtained an estimation of plant density as the

number of reproductive individuals in spring along a 4-

m permanent transect laid down for demographic mon-

itoring at each population (see details in Montesinos

et al. 2009). Transects were placed across a representa-

tive stand within each area where A. thaliana was abun-

dant. The characteristics of each area eventually

determined the location of transects. For small areas,

this task was straightforward because stands were

clearly delimited. As the area became larger, stands

were more diffuse and decisions on transect location

more difficult to make.

Seeds required for this study were exclusively col-

lected from plants growing within the whole delimited
liana populations (ranked by altitude)

Samples

2006

Samples

2007

Samples

2008

Samples

2009

13 19 14 15

15 20 19 14

– 19 – 19

– 20 21 21

– 20 13 15

20 – 19 –

16 19 21 –

– 13 16 13

14 20 18 –

0 18 21 26

78 168 162 123

same delimited area. The final number of individuals

population and year. Years with no plants within the sampling

ses are represented by dashes. The number of individuals

nd the total number of individuals genotyped per year are also

; MUR, Mura; VDM, Vilanova de Meià; ALE, Albet; BIS,

� 2011 Blackwell Publishing Ltd
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area. Years with no plants in the study area or with a

very low number of plants were excluded from the

analyses (see Table 1). In May ⁄ June of each of the four

study years (2006–2009), we collected seed from 20 to

25 haphazardly chosen individual plants within delim-

ited areas at each population. Individuals sampled were

not totally removed from the area after seed collection

to minimize the alteration in the natural dynamics of

populations: some individuals already dispersed seeds

from the first fruits produced or still bore unripe fruits

that could disperse further seeds. Seeds were stored in

cellophane bags at room temperature in darkness.
DNA isolation and SNP genotyping

Every autumn, approximately 3 months after seed col-

lection, plants were grown from seed to isolate DNA.

Seeds were stratified in moist Petri dishes at 4 �C in

darkness for 4 days in an incubator (Radiber, S.A., Bar-

celona, Spain). A total of 20–40 seeds per individual

were sown on trays with standard soil mixture in an

air-conditioned greenhouse (22 �C day, 15 �C night, 16-

h day length and constant high moisture) from the

Institute for Plant Biochemistry and Photosynthesis

(IBVF-CSIC, Sevilla, Spain). Five weeks after sowing,

we pooled leaf tissue from 6 to 10 sister plants for each

individual. DNA was then isolated following a previ-

ously described protocol (Bernartzky & Tanksley 1986)

without mercaptoethanol.

Those individuals that did not germinate, had failed

genotyping or had missing values > 25% were dis-

carded from the analyses. Individuals (Table 1) were

genotyped with 239 presumably neutral nuclear SNP

loci using the SNPlex technique (Applied Biosystems,

Foster City, CA, USA) through the CEGEN Genotyping

Service (http://www.cegen.org). On average, there

were about 48 SNPs per chromosome (range = 42–55

markers) located at approximately 0.5 Mb from each

other (range = 0.11 Kb–1.82 Mb). SNPs were divided

into five sets of 47 ⁄ 48 markers. Two of the sets con-

tained SNPs that are polymorphic in Central Europe

(Schmid et al. 2006; Picó et al. 2008). Another two sets

included polymorphisms selected from accessions from

the Iberian Peninsula (Picó et al. 2008). The remaining

set of SNPs was randomly selected from a set of fre-

quent polymorphisms in a worldwide collection exhibit-

ing a minor allele frequency between 25% and 30%

(Warthmann et al. 2007). Previous studies indicated low

ascertainment bias when comparing sets of polymor-

phic SNPs in Central Europe and in the Iberian Penin-

sula (Picó et al. 2008; Montesinos et al. 2009). Therefore,

all SNPs were analysed simultaneously.

We eventually took into account a total of 466 indi-

viduals genotyped with 151 SNPs that were polymor-
� 2011 Blackwell Publishing Ltd
phic in at least one population and year and with

missing values < 25%. On average, all selected SNPs

exhibited 2.52 ± 4.50% missing values (range = 0.00–

24.50%). A total of 65 individuals (c. 14% of the sam-

ples; Table 1) were genotyped twice to calculate the

genotyping error (equal to 0.74%).
Genetic data analysis

Overall, our data set including all individuals and years

showed an observed heterozygosity of 0.002. However,

the SNPlex technique fails to detect some heterozygous

loci (Picó et al. 2008), so we did not report changes in

observed heterozygosity. For each population and year,

we estimated mean number of alleles per locus (na),

mean allelic richness per locus (RS) and mean gene

diversity (HS) using FSTAT v.2.9.3 (Goudet 1995). We cal-

culated the percentage of polymorphic loci (PL), the

total and year-specific number of nonredundant mul-

tilocus genotypes (NH), the per cent number of markers

that differed among all pairs of nonredundant multi-

locus genotypes and the proportion of linkage disequi-

librium (LD) as the percentage of pairs of loci showing

significant LD in relation to the total number of pair-

wise combinations (PD; Stenøien & Såstad 1999). The

number of pairs of loci showing significant LD

(P < 0.05) was also calculated with FSTAT v.2.9.3 (Goudet

1995) using a set of PL that excluded loci segregating as

singleton alleles (as in Picó et al. 2008). Finally, for each

population, we estimated the percentage of multilocus

genotypes that was observed with 1, 2 or 3 years of

data to assess the amount of genetic variation that can

be recorded with a different number of study years.

We assessed genetic relationships among multilocus

genotypes by Bayesian means using the model-based

clustering algorithm implemented in Structure v.2.2

(Pritchard et al. 2000; Falush et al. 2003). Briefly, mul-

tilocus genotypes were analysed with a haploid setting,

using the linkage model with correlated allele frequen-

cies, and running the algorithm with 50 000 MCMC

(Markov chain Monte Carlo) iterations of burn-in length

and 20 000 after-burning repetitions for parameter esti-

mations. To estimate the K number of ancestral genetic

populations and the ancestry membership proportions

of each individual to these clusters, the algorithm was

run 10 times for each K value from K = 2 to K = 15. Dif-

ferences between the data likelihood of successive K

values were tested using the nonparametric Wilcoxon

test for two related samples. The final K value was esti-

mated as the largest K value with significantly higher

likelihood than that from K ) 1 runs (two-sided

P < 0.005). A similarity coefficient between runs of 0.99

was estimated using the symmetric similarity coefficient

(Nordborg et al. 2005). This parameter and the average
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matrix of ancestry membership proportions of the 10

runs (Q matrix) were computed using CLUMPP v.1.1 (Ja-

kobsson & Rosenberg 2007). We also analysed the

genetic relationships among multilocus genotypes using

an alternative method: UPGMA clustering analyses

with the program MEGA v.4 (Tamura et al. 2007) based

on the per cent number of markers that differed among

all pairs of multilocus genotypes.

Given the imbalance of our data set as a result of

years and populations with no plants (Table 1), we

could not analyse the partition of the genetic variance

among years, among populations and within popula-

tions with a unique hierarchical analysis of molecular

variance (AMOVA). Consequently, we first estimated for

each population, genetic differentiation among years,

and then for each year, genetic differentiation among

and within populations. AMOVAs were conducted using

the program Arlequin v.3.1 (Excoffier et al. 2005). FST

statistics (Weir & Cockerham 1984) and their signifi-

cance were calculated from 1000 permutations. Isolation

by distance was analysed for each year as the relation-

ship between genetic distance and geographic distance

using the Isolation-By-Distance Web Service v.3.15 (Jen-

sen et al. 2005). Genetic distance (D) was calculated as

the Slatkin’s linearized FST, D = FST ⁄ [1 ) FST] (Slatkin

1995). Mantel tests (Mantel 1967) were conducted with

log-transformed genetic and geographic distances and

their significance estimated with 1000 permutations.

Two estimates of effective population size (Ne) were

computed with the software NEESTIMATOR v.1.3 (Peel et al.

2004) using moment-based (Pollack 1983; Waples 1989)

and likelihood-based (Berthier et al. 2002) approaches.

Both methods estimate Ne examining allele frequency

variation across generations. For each population, we

used genetic data from the first and last year of study

spanning 2–3 years. The computation of Ne estimates can

only be performed using PL between the two sampling

years. The moment-based Ne requires the estimation of

the standardized variance in allele frequencies between

initial and final generations, and the 95% confidence

intervals are computed using a chi-square approximation

(Waples 1989). In contrast, the likelihood-based Ne takes

into account the gene genealogy described by the stan-

dard coalescent model (Berthier et al. 2002 and references

therein). Simulations to compute likelihood-based Ne

were performed five times to verify the consistency of the

simulations. Likelihood-based Ne values were repre-

sented by the average of the five runs because output

simulations were very similar (results not shown).

The relationship between plant density estimates

from permanent transects and genetic diversity parame-

ters (na, RS, HS, PL, NH and the percentage of markers

that differed among multilocus genotypes) was analy-

sed by computing Pearson’s correlation coefficients for
those populations with at least 3 years of demographic

and genetic data (BAR, HOR, POB, MUR and BIS in

2007, 2008 and 2009). We computed mean values across

years and the coefficients of variation among years (CV)

for all genetic diversity parameters (na, RS, HS, PL, NH

and the percentage of markers that differed among

multilocus genotypes), which were regressed against

altitude using linear regression models. We also

explored the relationship between altitude and FST val-

ues among years and the two estimates of Ne by means

of linear regression models. We tested the effect of year

of occurrence (year-specific multilocus genotypes in

2006, 2007, 2008, 2009 and multilocus genotypes

observed in more than a year) on the total number of

individuals per multilocus genotype observed across

years using ANOVA and Student–Newman–Keuls post hoc

tests. We did not transform any parameter in the analy-

ses because the visual inspection of residuals indicated

that the assumptions of parametric analyses (e.g. homo-

scedasticity) were met. All linear regressions were per-

formed using SPSS v.17 statistical software (SPSS Inc.,

Chicago, IL, USA).
Sample size effects and subsampling technique

The number of individuals genotyped per population

and year varied between 13 and 21 individuals

(Table 1). To test whether differences in sample size

biased the observed patterns of variation and their rela-

tionship with altitude, we carried out the following sub-

sampling approach. For each population and year, we

created 100 random subsamples of 13 individuals each,

the minimum sample size observed. Subsequent input

files were analysed with FSTAT to obtain new estimates

of PL, na, HS, RS and among-year genetic differentiation

FST. For each population and year, we calculated mean

(±SD) of genetic parameters for each set of 100 runs.

Observed and simulated data were highly consistent

(Fig. S1 and Table S1, Supporting information), and

previous analyses with both sets of data showed the

same patterns of variation with altitude (results not

shown). On top of that, 86 of 108 of genetic parameters

for observed data fell within the SD of those for simu-

lated data (Table S1, Supporting information). Overall,

these results indicate that bias because of variation in

sample size is low in this data set. Results are based on

observed data.
Results

Plant density within transects

Yearly demographic surveys of permanent transects

laid down in representative stands from spring 2007 to
� 2011 Blackwell Publishing Ltd
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spring 2010 indicated that plant density estimates

declined over time. The BIS population was the only

one with a different pattern as this stand reached the

largest size in 2009 (Fig. 1). Based on a subset of pop-

ulations with coupled demographic and genetic data,

temporal variation in plant density was not signifi-

cantly correlated with temporal variation in genetic

diversity parameters in any population (P > 0.07 in all

cases).
Multilocus genotypes

A total of 142 different multilocus genotypes were

detected among the 466 individuals genotyped in all
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Fig. 1 Number of reproductive Arabidopsis thaliana plants

recorded in spring at each population within 4-m permanent

transects. No plant density estimates were available for the

COC population.

Table 2 Total and private (round brackets) number of multilocus gen

altitude) and sampling year

Population NH 2006 NH 2007 NH 2008

BAR 7 (5) 14 (10) 8 (4)

HOR 4 (3) 12 (9) 6 (4)

COC – 16 (12) –

POB – 9 (5) 10 (3)

MUR – 10 (6) 7 (4)

VDM 4 (2) – 5 (3)

ALE 4 (1) 9 (2) 7 (2)

BIS – 1 (0) 3 (1)

VIE 2 (1) 5 (3) 6 (4)

The total number of multilocus genotypes for each population detecte

markers that differed among all pairs of nonredundant multilocus gen

BAR, Barcelona; HOR, Hortsavinyà; COC, Cap de Creus; POB, Poblet

Bisaurri; VIE, Vielha.
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populations and years (Table S2, Supporting informa-

tion). No identical multilocus genotype was found

among populations in any year. The total number of

multilocus genotypes recorded in each population over

the study years varied between three and 35 (Table 2).

Thirty-six multilocus genotypes (25%) were found in

different years, while the remaining 106 multilocus

genotypes (75%) were detected specifically in a single

year and population. The number of total and year-spe-

cific multilocus genotypes varied considerably across

years in all populations (Table 2). On average, one and

2 years of data captured up to 49.1% and 73.8% of all

multilocus genotypes observed over the entire study

periods, respectively (Table 3).
otypes (NH) for each Arabidopsis thaliana population (ranked by

NH 2009 NH total Difference (%)

13 (11) 35 14.8 ± 6.3

3 (0) 19 18.6 ± 7.5

11 (7) 23 26.0 ± 6.4

6 (2) 17 21.8 ± 5.3

3 (2) 16 14.9 ± 5.3

– 7 15.9 ± 4.2

– 12 15.8 ± 5.7

2 (0) 3 9.5 ± 7.7

– 10 12.9 ± 10.9

d over years is also indicated. The mean (±SD) percentage of

otypes found in each population across years is also given.

; MUR, Mura; VDM, Vilanova de Meià; ALE, Albet; BIS,

Table 3 Mean (±SD) percentage of multilocus genotypes

observed as a function of the number of study years for each

Arabidopsis thaliana population (ranked by altitude)

Population 1 year 2 years 3 years 4 years

BAR 30.0 ± 10.3 55.7 ± 10.9 81.0 ± 10.8 100.0

HOR 32.9 ± 21.2 57.0 ± 21.0 87.7 ± 11.0 100.0

COC 58.7 ± 15.4 100.0 – –

POB 49.0 ± 12.2 80.4 ± 9.0 100.0 –

MUR 41.7 ± 21.9 75.0 ± 12.5 100.0 –

VDM 64.3 ± 10.1 100.0 – –

ALE 55.6 ± 21.0 86.1 ± 4.1 100.0 –

BIS 66.7 ± 33.3 88.9 ± 19.2 100.0 –

VIE 43.3 ± 20.8 73.3 ± 15.3 100.0 –

For each population, the maximum number of study years

corresponds to 100% of the multilocus genotypes observed

over the entire study period.

BAR, Barcelona; HOR, Hortsavinyà; COC, Cap de Creus; POB,

Poblet; MUR, Mura; VDM, Vilanova de Meià; ALE, Albet; BIS,

Bisaurri; VIE, Vielha.
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On average, multilocus genotypes observed in multi-

ple years included an average of 8.9 individuals

(range = 2–38), whereas year-specific multilocus geno-

types included 1.4 individuals (range = 1–6). The

number of individuals per year-specific multilocus

genotype observed in each single year did not

differ from one another but they all significantly

differed from the number of individuals per multilocus

genotype observed in more than a year (F4,139 = 18.9,

P < 0.0001). High-frequency multilocus genotypes

were detected in more than a year, whereas low-fre-

quency ones appeared in a single year (Table S2,

Supporting information). On average, the mean num-

ber of markers that differed among all multilocus

genotypes observed in each population was 16.7%

(Table 2).

Altitude was significantly negatively correlated with

the mean number of multilocus genotypes observed

across years (Fig. 2), but it was not significantly corre-

lated with the coefficient of variation among years for

the mean number of multilocus genotypes (P = 0.70;

Fig. 2). In addition, altitude was significantly negatively

correlated with the mean number of differences among

multilocus genotypes observed across years (Fig. 2) and

significantly positively correlated with the coefficient of

variation for this same variable (Fig. 2).
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Genetic diversity, differentiation and structure

Percentage of PL, mean number of alleles per locus (na),

mean allelic richness per locus (RS), mean gene diver-

sity (HS) and the proportion of LD (PD) showed sub-

stantial variation among populations and years. The

ranges of observed values for these parameters across

populations and years were as follows: PL = 0.0–79.5%,

na = 1.0–1.8 alleles per locus, HS = 0.00–0.28 and

RS = 1.00–1.76 (Table S1, Supporting information). On

average, the proportion of LD estimated as PD was

50.2% (range = 7.2–100.0%), which was in agreement

with PD estimates from other Arabidopsis thaliana popu-

lations based on SNPs (Picó et al. 2008; Lundemo et al.

2009).

Mean values of PL, na, HS and RS computed for each

population across years were all significantly negatively

correlated with altitude (Fig. 3). CV among years and

altitude were significantly positively correlated for PL

and HS, marginally positively correlated for RS and not

significantly correlated for na (P = 0.19; Fig. 3).

Average FST estimates among populations for each

year varied between 0.47 and 0.79 (P < 0.0001 in all

cases; Table 4A). All population-pair FST values were

significant for each year (Table 4A). The average esti-

mates of significant among-year genetic differentiation
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FST for each population ranged between 0.13 and 0.26

(P < 0.04 in all cases; Table 4B). FST values among years

for VIE, BAR and COC populations were not significant

(Table 4B). The proportion of significant population-

pair FST values among years for each population varied

between 66.7% and 100.0% (Table 4B). Mean FST values
� 2011 Blackwell Publishing Ltd
computed across years were not significantly correlated

with altitude (P = 0.47). We did not detect significant

correlations between genetic and geographic distances

among populations for any year (P > 0.09 in all cases).

A total of six genetic clusters were inferred with

Structure when using all 142 mutlilocus genotypes



Table 4 Mean FST and range of pairwise FST values for each (A) sampling year and (B) population (ranked by altitude)

(A)

Year

Number of

populations Mean FST

Range of

pairwise FST

% Significant

pairwise FST

2006 5 0.792*** 0.562–0.858 100.0

2007 8 0.471*** 0.204–0.810 100.0

2008 8 0.561*** 0.403–0.689 100.0

2009 6 0.480*** 0.245–0.779 100.0

(B)

Population

Number

of years Mean FST

Range of

pairwise FST

% Significant

pairwise FST

BAR 4 0.066 ns 0.006–0.265 83.3

HOR 4 0.126** 0.068–0.197 100.0

COC 2 0.053 ns – –

POB 3 0.145** 0.104–0.211 100.0

MUR 3 0.260*** 0.107–0.498 100.0

VDM 2 0.192** – –

ALE 3 0.259*** 0.041–0.403 100.0

BIS 3 0.264* 0.034–0.470 66.7

VIE 3 0.033 ns 0.015–0.112 66.7

The number of populations and years to compute FST values is given. The proportion of significant pairwise FST values is also

indicated (P < 0.022 in all significant pairwise FST comparisons).

BAR, Barcelona; HOR, Hortsavinyà; COC, Cap de Creus; POB, Poblet; MUR, Mura; VDM, Vilanova de Meià; ALE, Albet; BIS,

Bisaurri; VIE, Vielha.

Significance: ***P < 0.0001; **P < 0.001; *P < 0.05; ns, nonsignificant.
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based on 151 SNPs (Fig. 4). The majority of multilocus

genotypes exhibited very high membership proportions

in the ancestral genetic clusters (Fig. 4). All low-eleva-

tion populations (BAR, HOR, COC, POB and MUR)

eventually grouped into different clusters, whereas the

four high-elevation populations (VDM, ALE, BIS and

VIE) grouped into a single cluster (Fig. 4). Clustering

analysis based on the per cent number of markers that

differed among all pairs of multilocus genotypes

yielded consistent results with those obtained with

Structure (Fig. S2, Supporting information).
Effective population size

Both moment and likelihood effective population size

(Ne) estimators were highly consistent among popula-

tions, although likelihood Ne estimators tended to be

higher than moment Ne estimators (Table 5). Moment

Ne estimators ranged between one and 12 individuals,

whereas likelihood Ne estimators varied between one

and 34 individuals (Table 5). VIE exhibited the highest

Ne value, probably as a result of the notorious increase

in the number of PL between the two sampling years

used to compute Ne while keeping low genetic diversity
values (Table S1, Supporting information). When exclud-

ing Ne estimators of the VIE population from the analy-

ses, moment Ne estimators were significantly negatively

correlated with altitude (Fig. 5), whereas likelihood Ne

estimators showed a marginal negative correlation with

altitude (P = 0.07).
Discussion

Temporal variation in population genetics

A previous genetic study conducted in 2007 on the nine

Arabidopsis thaliana populations used here revealed that

montane populations were genetically less diverse than

coastal populations (Montesinos et al. 2009). Overall,

this conclusion holds when considering genetic data

from multiple years generated in this study. This result

suggests that 1 year of data might suffice to obtain a

realistic snapshot of the genetic composition of A. thali-

ana populations. Other studies also concluded that the

lack of temporal replicates may not necessarily repre-

sent a major drawback in genetic studies (Tessier & Ber-

natchez 1999), although further empirical evidence on

different study systems and environments is needed to
� 2011 Blackwell Publishing Ltd
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Fig. 4 Genetic structure of Arabidopsis thaliana detected across

all populations and years estimated with Structure. Each mul-
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ted in the model. Population names and altitude are given.

TEMPORAL POPULATION G ENETICS IN A. THA LI ANA 3549

� 2011 Blackwell Publishing Ltd
assess the generalization of this result. However, it is

clear from our results that increasing the number of

study years increases the potential to detect more

genetic variation in A. thaliana populations because rare

multilocus genotypes mostly appear in a single year.

On top of that, the added value of repeated genotyping

over time lies in the fact that temporal data provide

information not only on mean patterns, but on the

extent of variation across years. Assessing the implica-

tions of temporal variation in genetic data represents a

relevant but uncommon contribution to standard popu-

lation genetic studies.

Our results show that genetic differentiation among

years is below 0.26, which is clearly lower than genetic

differentiation observed among populations (FST > 0.47;

Table 4). Furthermore, all among-population FST values

for each year were significant, whereas six of nine

among-year FST values for each population were signifi-

cant. Thus, we conclude that there is greater genetic dif-

ferentiation among populations than among years in

this set of A. thaliana populations. This conclusion is in

broad agreement with other studies based on two con-

secutive years of genetic data conducted on A. thaliana

populations in Norway at a regional scale (Lundemo

et al. 2009) and in Germany at a local scale (Bomblies

et al. 2010). In fact, processes accounting for spatial (e.g.

historical founder effects) and temporal differentiation

(e.g. yearly variation in windows of opportunity for

recruitment) operate at very different timescales, which

chiefly determine the spatial and temporal patterns of

variation in genetic differentiation.

It is widely accepted that migration among A. thali-

ana populations is low and that it poorly accounts for

within-population genetic variation in A. thaliana. Basi-

cally, as a result of novel mutations, outcrossing and

recombination within populations, A. thaliana popula-

tions are generally composed of genotypes that are

genetically closely related and strongly differentiated

from other genotypes detected in other populations

(Stenøien et al. 2005; Bakker et al. 2006; Picó et al.

2008; Lundemo et al. 2009; Montesinos et al. 2009;

Bomblies et al. 2010). The evaluation of the genetic

relationships among all multilocus genotypes found

across years also supports this pattern, especially for

low-altitude populations (Fig. 4). However, although

high-altitude populations do not share any multilocus

genotype, they all group together into a single cluster

(Fig. 4). This finding suggests that different subre-

gional long-term historical processes have been operat-

ing at low- and high-elevation populations.

Nevertheless, we cannot discard that the inherent

lower genetic diversity found among high-elevation

populations reduced the power to detect the genetic

structure of these populations.



Table 5 Moment and likelihood estimates (±95% confidence intervals) of the effective population size (Ne) for each Arabidopsis thali-

ana population (ranked by altitude)

Population

Sampling

years

Number

individuals

Number

loci

Moment Ne

estimator

Likelihood

Ne estimator

BAR 2006–2009 28 102 4 (2.5–4.8) 5 (4.2–6.2)

HOR 2006–2009 29 88 6 (3.9–8.4) 9 (7.1–11.1)

COC 2007–2009 38 137 7 (4.9–9.4) 7 (5.6–8.4)

POB 2007–2009 41 108 2 (1.5–2.8) 2 (1.8–2.5)

MUR 2007–2009 35 68 2 (1.3–2.7) 1 (0.7–1.2)

VDM 2006–2008 39 62 3 (2.0–4.6) 5 (3.6–6.1)

ALE 2006–2008 37 76 2 (1.1–2.2) 2 (1.6–2.5)

BIS 2007–2009 26 23 1 (0.4–1.4) 2 (1.4–2.7)

VIE 2006–2008 32 75 12 (6.2–28.8) 34 (21.5–61.9)

The two sampling years, the number of individuals and the number of polymorphic SNP loci used to compute Ne are given.

Likelihood Ne values are the average of five simulations.

BAR, Barcelona; HOR, Hortsavinyà; COC, Cap de Creus; POB, Poblet; MUR, Mura; VDM, Vilanova de Meià; ALE, Albet; BIS,

Bisaurri; VIE, Vielha.
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Our study also finds temporal fluctuations in the

number of multilocus genotypes in all populations

(Table 2). In addition, multilocus genotypes with a high

frequency within a population were mostly detected in

more than 1 year, but none of the genotypes, regardless

of their frequency and year of occurrence, was observed

in more than one population. Given that for each popu-

lation we strictly sampled plants within a restricted

area every year and no identical multilocus genotype

was found in different populations, all low-frequency

multilocus genotypes observed in one single year likely

come from the genetic reservoir of the soil seed bank,

as suggested to occur in other A. thaliana populations

by Bomblies et al. (2010) and elegantly tested by Lun-
demo et al. (2009). In fact, field experiments have esti-

mated that the half-life of A. thaliana seeds in the soil

seed bank is about 3 years (Montesinos et al. 2009),

which illustrates the potential of A. thaliana seed bank

to recruit new individuals, and genotypes, into the pop-

ulation over time.
Clinal variation in population genetic metrics

The A. thaliana populations of study are located along

an altitudinal gradient that represents a proxy for a cli-

matic gradient in which precipitation increases and tem-

perature decreases with altitude (Montesinos et al. 2009).

Our results also provide evidence for clinal variation for

genetic parameters not only when considering mean val-

ues but also temporal variation. For example, the mean

number of multilocus genotypes decreases with altitude

but the coefficient of variation among years in the num-

ber of multilocus genotypes does not vary with altitude

(Fig. 2). This result suggests that environmental factors

associated with altitude, with important effects on

A. thaliana demographic (Montesinos et al. 2009) and life

cycle traits (Montesinos-Navarro et al. 2011), influence

the total amount of genetic variation encompassed at

each population, expressed as the number of multilocus

genotypes, but it does not affect the temporal dynamics

of appearance and disappearance of such genotypes.

Furthermore, mean differences among multilocus

genotypes decrease with altitude (Fig. 2). We hypothe-

size that the higher similarity among multilocus geno-

types at high-elevation populations could be accounted

for by different factors that may act in concert: stronger

founder effects, higher outcrossing rates or stronger

selection in montane sites that overall would reduce

differences among multilocus genotypes. In contrast,
� 2011 Blackwell Publishing Ltd
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the coefficient of variation among years for the mean

differences among multilocus genotypes increases with

altitude (Fig. 2). However, this relationship is strongly

determined by the particularities of two populations:

BIS and VIE (Fig. 2). BIS is composed of three multilo-

cus genotypes, two of them only differing in a single

marker, and VIE shows a group of four of 10 multilocus

genotypes only differing in 1–12 markers (results not

shown). This enormously increases the coefficient of

variation in the mean differences among multilocus

genotypes in these populations.

As mentioned previously, mean values for the main

genetic diversity parameters (PL, na, RS and HS)

decrease with altitude. Interestingly, the CV for some of

the important parameters (PL and HS) also increase

with altitude. We hypothesize that the lower temporal

variation in genetic diversity metrics at low-elevation

populations can be the result of an overall higher demo-

graphic stability in low-elevation environments. In gen-

eral, it is accepted that overall environmental stability

maintains genetic diversity (Carnaval et al. 2009) and

that demographic stability and genetic variation may be

tightly correlated (Booy et al. 2000; Spielman et al. 2004;

Finn et al. 2009). Research underway on the long-term

spatiotemporal demography of all A. thaliana popula-

tions of study (F.X. Picó, unpublished) will provide

insights into the extent of demographic stability along

the altitudinal climatic gradient to test this hypothesis.
Effective population size

A recently published study based on temporal changes

in allele frequency for other A. thaliana natural popula-

tions reported Ne values ranging between a few hun-

dreds and a few thousands (Lundemo et al. 2009). In

contrast, our Ne values for the A. thaliana populations

of study varied between one and 34. Our Ne values

were based on biallelic SNP markers, whereas those of

Lundemo et al. (2009) were estimated using multiallelic

microsatellites as well as a different maximum-likeli-

hood approach for estimating h (h = 4Nel, where l is

the mutation rate per generation), which overall make

comparisons between studies difficult to evaluate. The

biallelic nature of SNPs could be one of the main factors

accounting for such low Ne values owing to their effect

on allelic frequencies. Another reason could be the con-

servative sampling scheme applied in this study. We

only sampled plants within a restricted sampling area

at each population and year, so we did not pool geno-

types from different areas within each population in

different years. Given the high genetic heterogeneity

found among closely located A. thaliana stands (Bom-

blies et al. 2010), pooling genotypes from different areas

would increase temporal changes in allele frequencies
� 2011 Blackwell Publishing Ltd
and subsequently Ne values. Hence, our Ne estimates

refer to the sampling areas within each population. Fur-

thermore, Lundemo et al. (2009) estimated an average

effective generation time of 3–4 years for A. thaliana. If

this also applies to our populations of study, we might

then be using overlapping generations because the

number of years between samples ranges 2–3 in our

study, and overlapping generations have been shown to

bias Ne (Waples & Yokota 2007; Wang et al. 2010).

Finally, the selfing habit of A. thaliana can also account

for the low Ne values found in this study. In the field,

individuals can produce dozens or hundreds of selfed

seeds each (F.X. Picó, unpublished). Given that A. thali-

ana populations are composed of a few high-frequency

genotypes and closely related low-frequency genotypes,

the net number of different genotypes contributing to

the next generation is likely to be low.

The significant negative relationship between Ne and

altitude reveals a novel pattern that has not previously

been described. An assumption of the two approaches

applied in this study to estimate Ne is that natural

selection, mutation and migration have a very low or

null effect. Therefore, the trend for decreasing Ne with

increasing altitude can be interpreted in terms of higher

random genetic drift occurring at higher altitudes. Such

random genetic drift at high-elevation A. thaliana popu-

lations could be caused by more frequent and sharper

demographic fluctuations producing bottlenecks and ⁄ or

increasing variance in reproductive output of geno-

types, which eventually account for lower Ne values

(Wang 2005).
Methodological limitations

We want to stress some of the caveats inherent to this

sort of empirical studies that might affect some of our

results. First of all, although we first checked out the

effects of sample size on genetic parameter estimation,

the sample size used in this study (13–21 individuals)

could still be small compared with the real census size

at our delimited study areas. Hence, our potential to

observe rare multilocus genotypes in multiple years

could be limited, affecting the accuracy in which gene

frequencies change over time. In this sense, our sugges-

tion is to increase sample size when assessing the genetic

diversity of A. thaliana populations to avoid possible

problems related to low sampling size relative to high

population size. It must be emphasized that repeated

genotyping over time could also represent a method to

decrease bias because of low sample sizes relative to cen-

sus sizes given the potential of repeated genotyping to

capture a higher amount of genetic variation.

Second, estimating accurately population size turns out

to be a difficult task in natural A. thaliana populations.
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In fact, we failed in our attempt to relate temporal

changes in plant density within transects and temporal

changes in genetic diversity. The spatial distribution of

clumps may easily change from year to year, and our

permanent transects could not capture the real dynam-

ics of the whole delimited study area sampled. In other

words, representative transects in 2007 when they were

laid down could be no longer representative in 2010.

On top of that, temporal variability in environmental

conditions strongly affects A. thaliana performance. This

has important implications in the number and spatial

position of plants that can be sampled and genotyped

every year. This explains why for some years we were

not able to obtain genetic data despite the fact that sam-

pling areas bore plants in those years.
Conclusions

Overall, our results support the view that increasing

temporal variation in population genetic metrics with

increasing altitude is the result of demographic pro-

cesses: higher plant mortality in winter and higher

secondary seed dormancy in spring at high-elevation

populations decrease plant numbers (Montesinos et al.

2009) that in turn increase demographic stochasticity and

genetic drift. Overall, this can be translated into higher

temporal variation in the genetic attributes of popula-

tions. Although we expect selective pressures to be stron-

ger at high-elevation populations, as a matter of fact, we

ignore the nature of all possible selective pressures along

the altitudinal climatic gradient and their strength and

consistency over time. Clearly, further research is needed

to improve our current knowledge on the selective

pressures that may be operating in Arabidopsis thaliana

populations at different native environments.

Assessing the extent of temporal variation in popula-

tion genetic metrics provides the opportunity to gather

additional information on the genetic characteristics of

populations, which is quite relevant and meaningful for

population biology studies. Traditional demographic

studies are entirely based on spatiotemporal variation in

demographic vital rates, temporal variation being partic-

ularly relevant for long-term demographic assessments

(Tuljapurkar & Orzack 1980; Caswell 2001). Based on

our results, we conclude that genetic studies should also

be based on spatiotemporal variation in genetic parame-

ters. The key point, which will depend on the specific

questions to be addressed, is to decide the adequate time

lag to sample and genotype populations to maximize the

impact of results but also to economize resources. If

yearly samplings are not possible because of economic

or logistic reasons, the time lag between sampling events

can be determined by the estimated organism’s genera-

tion time to minimize the effects of overlapping genera-
tions and avoid underestimating important population

genetic attributes, such as Ne.

The usefulness of repeated genotyping is enhanced

when populations of study are selected according to spe-

cific designs across a given geographical region. In our

case, A. thaliana populations were distributed along an

altitudinal climatic gradient in NE Spain, which has been

reported to affect demographic attributes (Montesinos

et al. 2009) and life cycle adaptations (Montesinos-Nav-

arro et al. 2011). This is especially relevant when genetic

data are used to estimate Ne by means of temporal

changes in allele frequency. Given that Ne is notoriously

difficult to estimate regardless of the methodological

approach used for it (Wang 2005), the biological signifi-

cance of Ne estimates arises from the comparison among

different ecological and ⁄ or evolutionary scenarios. Such

comparative approach provides additional insights into

the meaning and implications of Ne estimates.
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