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Abstract  The necessity of genetic diversity for evolution and the relationship 
between heterozygosity and population fitness are important arguments for con-
serving genetic diversity. The loss of genetic diversity can be detrimental to the 
short-term viability of individuals and populations, and to the evolutionary poten-
tial of populations and species. Genetic erosion can be defined as the permanent 
reduction in richness or evenness of common local alleles or as the loss of com-
binations of alleles over time in a defined area. Various international and inter-
governmental organizations and networks have therefore recognized the need to 
assess and monitor plant genetic erosion in order to prevent such effects. The rare 
tree species Chihuahua spruce (Picea chihuahuana Martínez), which is endemic to 
Mexico, is an excellent model for estimating genetic erosion. The species occurs 
in about 40 isolated relict populations in the Sierra Madre Occidental, in the north-
west of the country. Here, we will review a study assessing the degree of genetic 
erosion that was evaluated in five populations of P. chihuahuana M. in the State of 
Durango (Mexico), by comparing genetic diversity across diameter classes (which 
were assumed to be a surrogate for age classes). In the two largest populations, 
there was a moderate loss of genetic diversity at AFLP loci from older trees to 
saplings, and to young seedlings. Significant genetic erosion was only detected in 
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the very small population of San José de las Causas (SJ). Hence, if genetic diver-
sity at AFLP loci reflects diversity in the whole genome, genetic erosion per se 
does not explain the relict status of Chihuahua spruce, except for very small popu-
lations, such as SJ. However, further researches with candidate genes are neces-
sary to assess the putative loss of evolutionary potential in these stands. Activities 
that increase population size should be helpful to preserve genetic diversity.

Keywords  Loss of genetic diversity  ·  Diameter distribution  ·  Covariation  ·  
Permutation test  ·  Climatic change

7.1 � Introduction

7.1.1 � Genetic Erosion

The necessity of genetic diversity for evolution and the relationship between 
heterozygosity and population fitness are important arguments for conserving 
genetic diversity (Reed and Frankham 2003). In the short term, genetic diversity 
is related to increased inbreeding, which at its turns affects individual fitness. 
In the longer term, standing genetic variation can be associated with a species’ 
ability to respond to changing selection pressures (Young et  al. 1996; Reed and 
Frankham 2003; De Carvalho et al. 2010; Kremer et al. 2012). On the other hand, 
genetic erosion can be detrimental to the viability of individuals and the evolution-
ary potential of populations and species, thus affecting the direct use of genetic 
resources (Brown et al. 1997).

Various international and intergovernmental organizations and networks [e.g., 
the World Conservation Union (IUCN), Species Survival Commission, Convention 
on Biological Diversity (CBD), UNEP World Conservation Monitoring Centre 
(UNEP/WCMC), Organisation for Economic Co-operation and Development 
(OECD), European Union (EU), Bioversity International (formerly IPGRI) and 
FAO] have recognized the need to assess and monitor genetic erosion, in order to 
prevent such effects (Diulgheroff 2006). A literature review has shown that sur-
prisingly few studies have measured and assessed this important process in for-
est tree communities (e.g., Lee et al. 2002), particularly for subtropical threatened 
taxa.

Genetic erosion can be viewed as the “loss of genetic diversity, in a particu-
lar location and over a particular period of time, including the loss of individual 
genes, and the loss of particular combinations of genes such as those manifested 
in landraces or varieties. It is thus a function of change of genetic diversity over 
time” (FAO/IPGRI 2002). Maxted and Guarino (2006) suggested that genetic ero-
sion may also be defined as a “permanent reduction in richness or evenness of com-
mon local alleles or the loss of combination of alleles over time in a defined area”. 
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However, it must be noted that these definitions do not specify whether genetic ero-
sion is caused by adaptation (selection), genetic drift, or inbreeding. For instance, 
the latter includes the total number of variants and their relative frequencies, as 
two important components of diversity that are well-balanced, and considered in 
the Simpson index (Simpson 1949) and in the “effective number” of variants (υ2) 
(υ2 = 1/Σpi

2) (Gregorius 1978). As a complement, Brown et al. (1997) provided a 
useful list of features or indicators for estimating the potential risk of genetic ero-
sion, namely: (i) the number of subspecific entities, (ii) population sizes, numbers, 
and isolation, (iii) environmental amplitude, (iv) genetic diversity at marker loci, 
(v) quantitative genetic variation, (vi) interpopulation genetic structure, and (vii) 
amount and patterns of mating.

In this chapter, we will discuss one of the few documented examples of genetic 
erosion found the endangered, rare, relictic, and fragmented endemic Mexican 
spruce, P. chihuahuana M., in Durango State, northwestern Mexico. It studied 
five populations, by comparing genetic diversity among diameter at breast height 
(DBH) classes (as a surrogate variable for age classes), estimated using domi-
nant gene markers (AFLP) and Gregorius’ total population differentiation (δT) 
(Gregorius 1987). These populations bear less adult trees and should be more 
affected by the ongoing climate change than the northern ones, and thus repre-
sent ideal models to estimate genetic erosion. Results were previously reported in 
Wehenkel and Sáenz-Romero (2012).

7.1.2 � Genetic Diversity and Structure of Picea  
chihuahuana Martínez

The rare tree species Chihuahua spruce (P. chihuahuana Martinéz), an endemic of 
Mexico, is an excellent model for estimating potential genetic erosion (Ledig et al. 
1997). This species occurs in about 40 isolated relict populations at elevetions 
between 2,155 and 2,990 m above sea level in the Sierra Madre Occidental in the 
states of Durango and Chihuahua, in Northwestern Mexico. The size of the popu-
lations varies from 21 to 5546 individuals, including trees, saplings, and seedlings 
(Ledig et al. 2000; Farjon 2001).

As this species is a relict stranded by a warming climate during the cur-
rent interglacial period, Mahlman (1997) and Ledig et  al. (2000) proposed that 
Chihuahua spruce can serve as a signal species for the projected climate change 
in the twenty-first century. It has thus became emblematic of the challenges that 
Mexico will face in implementing management actions, such as assisted coloni-
zation, to prevent extinctions due to global warming (Ledig et  al. 2010). Some 
studies have been carried out to establish the genetic diversity and structure of 
this species (Ledig et al. 1997, 2004; Jaramillo-Correa et al. 2006; Wehenkel and 
Sáenz-Romero 2012; Wehenkel et al. 2012; Quiñones-Pérez et al. 2014a, b; www.
mapforgen.org).

http://www.mapforgen.org
http://www.mapforgen.org
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Ledig et al. (1997) analyzed 24 loci in 16 enzyme systems to estimate genetic 
diversity (He) and the number of alleles per locus (A) in 10 populations compris-
ing 15 to 2441 mature trees, based on seeds and sample sizes of 7.7–22.9 trees per 
locus. They concluded that “if genetic diversity at isozyme loci reflects diversity 
in the genome as a whole, lack of diversity per se is not the reason for the relict-
ual status of Chihuahua spruce.” These authors also found that He and A were 
closely related to the logarithm of the number (N) of mature trees in the popula-
tion (rHe,N = 0.93, P = 0.004; rA,N = 0.78, P = 0.047), which confirms the theory 
relating population size and genetic diversity (Frankham 1996).

Jaramillo-Correa et al. (2006) determined and observed numbers of mitotypes 
and chlorotypes, and mitochondrial and chloroplast diversity estimates (H; equiva-
lent to the expected heterozygosity; He, for diploid data) for 16 Chihuahua spruce 
populations, based on seeds and sample sizes of 8–10 mature trees per popula-
tion. These authors found that none of the 16 P. chihuahuana populations surveyed 
was polymorphic for the mtDNA markers, while for the cpDNA markers, three of 
the 16 stands surveyed were fixed for a particular chlorotype. In addition, they 
noted that the diversity in cpDNA decreased from northern to southern latitudes 
(Lat) (rH,Lat = 0.626; P < 0.01) and that genetic and geographic distances were not 
related.

However, a marginal correlation was observed when comparing the diversity 
in cpDNA with the population census (rH,ln(N) = 0.064; P = 0.863) and with all 
other ecological or demographic factors previously considered (Ledig et al. 2000) 
in the stands surveyed therein. Jaramillo-Correa et  al. (2006) therefore assumed 
that P. chihuahuana has been subjected to strong bottlenecks and has suffered 
from genetic drift in the recent past (i.e., during the Holocene). Thus, according to 
the previous definition, genetic erosion has proceeded in the species as a whole, 
at least since the end of the last glacial period. However, the question remains as 
to whether genetic erosion took place recently (or is still taking place) in single 
isolated populations, because not all fragmentation events lead to reduced genetic 
variation in plants (Young et al. 1996).

7.2 � Genetic Erosion in Populations of Picea  
chihuahuana M.

7.2.1 � Populations Studied and Methodological Approach  
of Detecting Genetic Erosion

The study was conducted in the State of Durango which occupies about 23 % of 
the Sierra Madre Occidental ecosystem. Branches were collected from each of 254 
randomly chosen specimens of P. chihuahuana M., distributed in five populations 
as follows: (a) Paraje Piedra Rayada (PPR), (b) Quebrada de los Durán (Arroyo 
del Indio Ignacio) (QD), (c) La Pista (LP), (d) Santa Barbara (Arroyo del Infierno) 
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(SB), and (e) San José de Causas (SJ), which covers most of the latitudinal range 
of the species in Durango State, Mexico (Figs. 7.1 and 7.2). In addition, the diam-
eter at breast height (DBH) of trees and saplings, and the diameter at ground level 
of seedlings were assessed for every individual studied.

Fig.  7.1   Map of the 40 already detected populations of Picea chihuahuana M. and the five 
locations of the populations under study: Paraje Piedra Rayada (PPR), Quebrada de los Durán 
(Arroyo del Indio Ignacio) (QD), La Pista (LP), Santa Barbara (Arroyo del infierno) (SB), and 
San José de Causas (SJ) (red circles), in the State of Durango, Mexico (Elevation in m)
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Because P. chihuahuana is an endangered species (IUCN Red List of 
Threatened Species 2011; www.iucnredlist.org), the sample trees were not 
cored for growth ring counting to obtain the actual ages (permission to core the 
stems was not obtained from federal authorities). However, Gordon (1968) and 

Fig. 7.2   Individuals of 
Picea chihuahuana M. in 
Paraje Piedra Rayada (PPR) 
and Quebrada de los Durán 
(Arroyo del Indio Ignacio) 
(QD), Durango, Mexico

http://www.iucnredlist.org
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Narvaéz-Flores (1984)  -  in Ledig et  al. (2000)  -  reported a positive relationship 
between tree diameter, height, and tree age in Chihuahua spruce. According to 
Ledig et al. (2000), “P. chihuahuana probably grows slowly, about 0.25 to 0.75 m 
per year, on average, over its first 100 years”; this was estimated from a regression 
of height and age of 29 trees. DBH was therefore used as a surrogate for age (see 
below for more details). Ledig et al. (2000) also provided detailed descriptions of 
the first four populations shown in Table 7.1 along with some demographic and 
ecological parameters.

Given that DBH can represent the approximate tree age (Seymour and Kenefic 
1998; Nord-Larsen and Cao 2006) in Chihuahua spruce (Ledig 2000), it was 
assumed that each diameter class reflects natural regeneration during a particular 
period within the past 160  years. For instance, the dc of 5  cm was assumed to 
represent the natural regeneration in the past 20 years, the dc of 75 cm the natural 
regeneration that occurred about 130–160 years ago, etc. This enabled Wehenkel 
and Sáenz-Romero (2012) comparing the genetic diversity of Chihuahua spruce 
across different time periods for a defined area.

According to Wehenkel and Sáenz-Romero (2012), DNA data from frozen 
needles were obtained by the amplified fragment length polymorphism (AFLP) 
technique. AFLP fingerprints were generated using a modified protocol described 
by Vos et  al. (1995). As for other dominant markers, each band detected (pres-
ence) at each given position (locus) corresponds to a dominant genotype (plus 
phenotype).

Further methodological details for measuring Gregorius’ total differentiation 
(δT)  can be found in Simpson (1949) and Gregorius (1987);    for determining the 
proportion of polymorphic fragments (prpoly) and down-weighted marker values 
(DW) in Schönswetter and Tribsch (2005); for computing arithmetic  the mean 

Table  7.1   Locations of the five populations of Chihuahua spruce, the number of trees (>2  m 
high) counted for the first four populations by Ledig et al. (2000), the Gregorius’ total differentia-
tion (δT), proportion of polymorphic fragments (prpoly), the down-weighted marker value (DW), 
and the arithmetic mean genetic distance calculated with all pairs of individuals (d0,ind,m) in each 
population

*Geographical coordinates reported by Ledig et al. (2000) are incorrect

Code Location Number
of trees

Geographical 
coordinates

δT prpoly DW d0,ind,m

PPR Paraje Piedra Rayada, 
Guanaceví

3564 26°08′48″N
106°22′53″W

0.183 0.856 84.4 0.091

QD Quebrada de los  
Durán, Guanaceví

2628 26°07′15″N
106°24′17″W

0.162 0.803 63.9 0.115

LP La Pista, Mezquital 919 23°19′4.5″N
104°44′42.6″W

0.150 0.755 68.8 0.095

SB Santa Barbara,  
Pueblo Nuevo

148 23°39′50″N*
105°26′08″W

0.117 0.655 52.0 0.128

SJ San José de las  
Causas, San Dimas

ca. 120 24°01′05″N
105°47′06″W

0.136 0.677 50.0 0.117
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genetic distances calculated with all pairs of individuals in each cohort (d0,ind,m) 
and with four randomly chosen pairs of individuals in each cohort to compensate 
for the different sample sizes (d0,ind,m(4)) in Weir et al. (2006) and Gregorius et al. 
(2007); and for calculating covariation (C) as well as for statistical tests in Gregorius 
et al. (2007). Those methods were used by Wehenkel and Sáenz-Romero (2012).

7.2.2 � Significant Genetic Erosion Detected in the Very  
Small Population

Wehenkel and Sáenz-Romero (2012) reported that a significant loss of genotype 
diversity was only detected among the 319 AFLP loci studied in the very small 
San José de Causas (SJ) stand (Fig. 7.3b and Table 7.2); although the demographi-
cal stem-number distributions were almost balanced when using 10-cm DBH 
classes (Fig. 7.5). One of the main reasons for the loss of diversity in SJ may be 
the smaller proportion of mature and reproductively competent individuals (Reed 
and Frankham 2003), which can be explained by the detection of significantly less 
genetic differentiation (and thus higher relatedness) between individuals in the 
younger generations (Fig. 7.4 and Table 7.2).

Hence, the results of Wehenkel and Sáenz-Romero (2012) are consistent with 
the findings of Ledig et al. (1997), i.e., if genetic diversity at a set of loci reflects 
the diversity in the whole genome, then genetic erosion per se does not explain the 
relict status of Chihuahua spruce, except in the very small populations, such as SJ. 
This population, consisting of about 120 trees, and has probably fallen below the 
level of a minimum viable population size when demographic and environmen-
tal stochasticity, as well as natural catastrophes, are ignored. The standing genetic 
diversity of this population would therefore not be sufficient to prevent a danger-
ous accumulation of inbreeding depression, while future mutations should not 
compensate  for the loss of alleles due to genetic drift (Wright 1938; Millar and 
Libby 1991; Frankham et al. 2002; Bücking 2003).

It is important to note that the trend of genetic erosion in the population SJ 
could be reversed if pollen and/or seedlings originating from older trees in SJ 
(genetically more variable than younger individuals) or from neighboring popu-
lations are (re)introduced (Wehenkel and Sáenz-Romero 2012). It may be 
argued that the introduction of foreign alleles may cause outbreeding depression. 
However, there is probably a greater risk of allowing this population to continue 
its genetic decline in what could become a vortex of extinction (Frankham et al. 
2002). Furthermore, given that all populations studied therein have shown identi-
cal mtDNA signatures and similar cpDNA patterns, they should be derived from 
the same ancestral stand and bear similar adaptive alleles. Therefore, the risk of 
outbreeding depression should be low. It must also be noted that some models pre-
dict that gene flow fosters adaptation in forest trees (see Kremer et al. 2012 for a 
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review), and although these effects might be different for the rear edge popula-
tions (such as those surveyed by Wehenkel and Sáenz-Romero 2012), this could be 
an ideal opportunity to empirically test the putative responses of these threatened 
stands to future environmental changes.

Fig. 7.3   Relationships 
between DBH classes and 
mean values of Gregorius’ 
total differentiation (δT),  
(a) across all populations and 
for observed relative diameter 
distribution (f), and (b) total 
differentiation (δT) for each 
population [Paraje Piedra 
Rayada (PPR), Quebrada 
de los Durán (Arroyo del 
Indio Ignacio) (QD), La Pista 
(LP), Santa Barbara (Arroyo 
del infierno) (SB) and San 
José de Causas (SJ)] for all 
254 individuals of Picea 
chihuahuana M. studied in 
Durango, Mexico
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Fig. 7.4   Relationships 
between DBH classes 
and mean values of mean 
genetic distance between 
two individuals with four 
randomly chosen pairs of 
individuals in each cohort 
(d0,m(4)) for each population 
[Paraje Piedra Rayada (PPR), 
Quebrada de los Durán 
(Arroyo del Indio Ignacio) 
(QD), La Pista (LP), Santa 
Barbara (Arroyo del infierno) 
(SB), and San José de Causas 
(SJ)] of Picea chihuahuana 
M. studied in Durango, 
Mexico

Table 7.2   Covariation (C) between diameter classes (dc) and population size (NP), and observed 
degrees of Gregorius’ total differentiation (δT), proportion of polymorphic fragments (prpoly), 
down-weighted marker values (DW), and arithmetic mean genetic distances calculated with all 
pairs of individuals in each cohort (d0,ind,m) and with four randomly chosen pairs of individuals 
in each cohort to compensate for the different sample sizes (d0,ind,m(4)) per dc for each popu-
lation [Paraje Piedra Rayada (PPR), Quebrada de los Durán (Arroyo del Indio Ignacio) (QD),  
La Pista (LP), Santa Barbara (Arroyo del infierno) (SB), and San José de Causas (SJ)] of Picea 
chihuahuana M. studied in Durango, Mexico

dc index δT prpoly DW d0,ind,m d0,ind,m(4)

PPR C −0.31 0.05 0.41 −0.65 −0.36

P(Z ≥ C) 0.3250 0.4718 0.3026 0.1704 0.3118

QD C −0.85 −0.81 −0.86 −0.97 −0.28

P(Z ≥ C) 0.0830 0.1510 0.1255 0.0503 0.3920

LP C −0.62 0.39 0.37 0.79 0.78

P(Z ≥ C) 0.2161 0.3527 0.3676 0.1258 0.1758

SB C 0.32 −0.86 −0.81 −0.67 0.19

P(Z ≥ C) 0.3680 0.0998 0.1176 0.2397 0.4749

SJ C 0.96 0.62 0.88 0.87 1.00

P(Z ≥ C) 0.0249 0.2320 0.0843 0.0749 0.0083

total C −0.21 −0.64 0.26 −0.02 0.08

P(Z ≥ C) 0.3228 0.0467 0.2599 0.4842 0.4320

NP C 0.99 0.99 0.96 −0.80 −0.80

P(Z ≥ C) 0.0165 0.0171 0.0255 0.1161 0.117
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7.2.3 � Implications for Management and Conservation

Traill et al. (2007) reported in a meta-analysis based on 141 sources and 212 spe-
cies that the minimum viable population size is context-specific and is on average 
4,824 individuals for plant species (95 % CI = 2,512 − 15,992). Such an estimate 
suggests that all populations of Chihuahua spruce have low chances of survival 
without assistance, given that the maximum population size currently observed is 
only 3564 trees (>2 m tall; Ledig et al. 2000). Therefore, all activities that increase 
population size would be helpful regarding the genetic structure and diversity of 
the species as a whole. Such activities might include the following: (i) protect 
natural regeneration against livestock, wild animals and forest fires, (ii) establish 
artificial regeneration with autochthonous reproductive material in well-selected 
locations in the vicinity of (but not inside) the particular population, (iii) remove 
competing vegetation (including other tree species) in the vicinity of the par-
ticular population, (iv) support putative biotic dispersal vectors, and (v) promote 
the establishment of local mycorrhiza and other microorganisms that might help 
increase nutrient intakes in seedlings and saplings in and around populations.

Moreover, it is necessary to continue monitoring the population sizes and 
genetic diversity of the existing stands in situ. Then, if genetic erosion, or any 
other significant stochastic force, is detected in a population, the most obvi-
ous tactic should be to restore gene flow to this population (Ledig et  al. 1997). 
However, because of differences in the genetic population structure, seed transfer 
from the northern to the central or southern populations and vice versa should be 
avoided (see Jaramillo-Correa et al. 2006).

Fig. 7.5   The observed 
relative diameter distribution 
in the diameter classes 
of 2.5–82.5 cm in the 
populations Paraje Piedra 
Rayada (PPR), Quebrada de 
los Durán (Arroyo del Indio 
Ignacio) (QD), La Pista (LP), 
Santa Barbara (Arroyo del 
infierno) (SB), and San José 
de Causas (SJ) populations 
of Picea chihuahuana M., 
Durango, Mexico
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Interestingly, for the small La Pista (LP) population and the very small Santa 
Bárbara (SB) stand, the mean genetic diversity did not decrease throughout the 
DBH classes (and thus age classes) (Wehenkel and Sáenz-Romero 2012). Perhaps 
the purging of lethal alleles and facultative selfing suspected in many threatened 
spruces (Ledig et al. 2002, 2005; Aleksiċ and Geburek 2013) occurred earlier dur-
ing a bottleneck event for these particular locations, thus maintaining higher mean 
levels of genetic diversity. It is also possible that an array of well-adapted individ-
uals that retained a well-represented genetic diversity survived and sustained these 
populations since the last bottleneck. Because of the limitations imposed by the 
dominant marker used, Wehenkel and Sáenz-Romero (2012) could not determine 
whether the fitness and constant genetic diversity of these individuals were caused 
by high degrees of heterozygosity (Ledig 1986), which should be thus explored 
further. However, the results reported by Ledig et al. (1997) argue against this pos-
sibility given the excess of homozygosity found for eight of the 13 isozyme loci 
surveyed. In which case, it could be argued that any possible loss of genetic diver-
sity in LP and SB due to genetic drift and inbreeding was compensated by incom-
ing gene flow from the neighboring populations, such as proposed for isolated 
stands in the endemic and endangered Serbian spruce (Aleksiċ and Geburek 2013).

7.2.4 � Adaptation to Climatic Change

The predicted reduction and eventual disappearance of a suitable habitat for P. chi-
hahuana due to climatic change (Ledig et al. 2010) imposes an additional risk of 
extinction. Management actions such as migration (also called assisted coloniza-
tion), e.g., establishing ex situ conservation plantations outside the present distri-
bution, at localities where it is predicted that suitable habitat will occur, should 
be carried out, giving priority to seedlings grown from seed collected from older 
trees. According to Wehenkel and Sáenz-Romero (2012), these mature trees 
should be the most genetically diverse.

A priority area to establish ex situ conservation plantations would be the north-
west corner of the State of Durango, near its border with the State of Chihuahua, 
where it was predicted that suitable climatic habitat will arise in the near future 
(i.e., between 2030 and 2060; Ledig et  al. 2010). Also, in this area will collide 
projected suitable climatic habitats for what was identified as the northern mito-
type and the central–southern mtDNA variant (Jaramillo-Correa et al. 2006). Since 
there are no available provenance test results so far, and then, it is not known if 
both mitotypes reflect genetic differentiation for quantitative traits of adaptive rel-
evance, a conservative approach would be to keep separated both mitochondrial 
lineages at the ex situ conservation planting sites to prevent potential outbreeding 
depression.

Such ex situ conservation plantations should be big enough to equate a genet-
ically viable effective population size (see Traill et  al. 2007), where the popula-
tion size might be large enough for at least to theoretically compensate the loss 
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of genetic diversity due to genetic drift with new genetic variants provided by 
mutation (Millar and Libby 1991). As a general suggestion, it could be proposed 
to establish Forest Genetic Resource Conservation Units (FGRCUs), with a mini-
mum of 4,660 trees at reproductive age, in order to maintain an average heterozy-
gosity similar to that found across Mexican conifers (Sáenz-Romero et al. 2003). 
For the P. chihuahuana case, however, the FGRCU would be an ex situ plantation, 
instead of a designed natural stand. Nevertheless, further research might be needed 
to determine how many mature trees should be sampled to collect the seed to estab-
lish such a plantation. In any case, as a starting point, and considering the lack of 
information and the urgency to preserve P. chihuahuana, it seems reasonable to 
aim for ex situ conservation plantations of a minimum of 5,000 individuals at the 
above-mentioned border of Durango and Chihuahua States as soon as possible.

7.2.5 � Future Research Needed

Estimations of current and historical gene flow among populations seem essential 
to enrich the current conservation programs for P. chihuahuana. Ideally, assisted 
migration should only include populations that have been or are still exchang-
ing genetic material, and their identification can easily be done by scanning the 
genome with anonymous markers (such as AFLPs) and/or by transferring some of 
the genetic tools developed for other spruces. Recently, two different SNP arrays 
comprising more than 15,000 markers originally designed for P. glauca (a boreal 
conifer whose genome was recently published; Birol et  al. 2013) were tested in 
seven spruce taxa, including P. chihuahuana (Pavy et al. 2013). Although the num-
ber of segregating markers was very low in this last species (i.e., 322), they are 
still more than enough to estimate basic population-genetics and demographic fig-
ures, including gene flow and inbreeding. Further re-sequencing of genes directly 
derived from these genomic resources might allow the estimation of other demo-
graphic parameters, such as the time and intensity of the past bottlenecks, and the 
times of divergence of the modern populations (e.g., Aleksiċ and Geburek 2013). 
Altogether, these parameters could be integrated into simulation frameworks to 
predict possible outcomes under different climate change scenarios, and to pro-
pose precautionary measures when needed.

Genomic tools can also be used to monitor effective population sizes, genetic 
diversity and inbreeding across time. Indeed, under a population decline, or an 
extinction vortex scenario, these parameters are expected to change rapidly from 
one generation to next (Frankham et al. 2002). Therefore, developing DNA arrays 
that are easy to apply would allow the direct estimation of these parameters once a 
new cohort is established and/or prior to the introduction of individuals (or pollen) 
from other populations, which could maximize the amount of preserved genetic 
diversity. Furthermore, the combination of these analyzes with test plantations in 
the field could help identify divergence patterns of adaptive relevance.
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Nevertheless, because a significant loss of diversity had occurred in some of the 
studied Chihuahua spruce populations at different gene loci, a globally directed 
force, such as climate, which should operate as a directional selective force, 
should be less relevant than most stochastic pressures. Indeed, genetic drift and 
inbreeding due to reduction of the effective population size would be expected to 
have a greater influence (Franklin 1980). However, the search for putative adaptive 
gene variants that still remain in the populations, and which are related to other 
variables than climate (i.e., soil type), should be helpful to reinforce any future 
conservation efforts in order in correctly account for the evolutionary potential of 
each particular stand.

7.2.6 � Conclusions

Genetic erosion was documented at one of the smallest population of the southern 
distribution of P. chihuahuana. Considering the progressive loss of genetic diver-
sity along the DBH classes (a surrogate of age classes), the insufficient recruitment 
of young plants and the multiple threatening factors (illegal logging, grazing, forest 
fires), and climatic change, there is no reason to believe that such population would 
not go extinct, unless there is an active management for conservation. Among other 
conservation actions, it should be considered enrichment to perform some planting 
to increase genetic diversity and population size, and to develop ex situ conserva-
tion, by planting in sites where it is predicted that will occur the climate for which 
populations are adapted (as a measure for adaptation to climatic change).
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