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• Plant species will acclimate to shifting environmental 

conditions via phenotypic plasticity, developing and 

expressing particular traits in response to local 

environmental conditions.  

• Over the longer term, tree species may disperse via 

gene flow to more favorable sites, potentially over long 

distances.  

• Under strong environmental change species via genic 

selection may also adapt, or become locally extinct. 
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• Species sensitivity to environmental change. 

• Species adaptive capacity. 

• Species exposure to climatic change.  
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Response of Forests to Environmental Change 



CENTRAL DOGMA OF CONSERVATION 
GENETICS 

 
Genetic variability is beneficial, hence 

worth preserving to the greatest extent. 

Conservation of biodiversity ultimately depends 

on the conservation of genetic diversity and 

increasing genetic variance enhances the 

probability of population survival. 
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Target: “identify components of biological 
diversity” & “monitor through sampling & 
other techniques the components of biological 
diversity” 

 
 
 

 
 

Focal area: “Reducing the rate of loss of the 
components of biodiversity, including … genetic 
diversity” 
Indicator: “Trends in genetic diversity”  

1992 



AIM OF GENETIC MONITORING 
 
 

To assess the current status of genetic 

resources and quantify relevant changes 

at a temporal scale in light of preserving 

long-term adaptive evolutionary potential 



• quantification of temporal changes in population 
genomics and dynamics metrics 

 

• dynamics of transition from the present to the 
future genetic status of a population such as a 
forest stand 

 

• tracking through time to estimate demographic 
and/or population genetic parameters in order to 
infer whether adaptive changes are occurring 

 
 

 
 

A Digression to Formality: 
 Genetic Monitoring Definitions 



The Genetic Monitoring Objective 

 

• To assess the 
evolutionary potential 
and response of a species 
to temporal 
environmental change, 
starting with current 
status of its genetic 
resources evaluated with 
a set of criteria, 
indicators and verifiers. 

 

●Study instrument. 
 
● Early detection / 
Prognostic value. 
 
● A means to secure 
the conservation of 
processes that maintain 
genetic variation & 
adaptive evolutionary 
processes in natural 
populations. 



Criteria, Indicators & Verifiers 

• Criterion: something that is judged by (but 
without being a direct measure itself).  

 

• Indicator: any component or process within a 
ecosystem described and used as a sign for the 
sustainability of a resource.  

 

• Verifier: a parameter needed to measure any 
component or process within the ecosystem in 
order to assess an indicator. 



The Genetic 
Monitoring 
debate 

►Paper by Fred Allendorf and 
Nils Ryman (1987). Genetic 
management of hatchery stocks. In 
Population genetics and fishery 
management. Edited by N. Ryman 
and F.M. Utter. Univ. Washington 
Press, Seattle, pp. 141-159.  

►Discussion-proposals have 
intensified in the  last decade 
(Laikre et al. 2009, 2010a, b).  



Indicators Verifiers 

(genetic, demographic) 

References 

●levels of 

genetic 

variation, 

●selection, 

●gene 

migration, 

●genetic 

drift, 

●mating 

system, 

●hybridiza-

tion 

●population 

structure, 

●population 

vital rates 

●gene/genotype frequencies, 

●genotypic/allelic diversity, ●gene 

flow, ●population differentiation, 

●outcrossing/inbreeding rate ●P, 

●A, ●NE ●NA, ●FIS, ●FST, ●HE, ●HO, 

●adaptively significant traits in 

common garden experiments, ●no. 

of potential parents, ●phenotypic 

frequency distribution, ●age class 

distribution, ●regeneration, ●pollen 

dispersal, ●seed dispersal, 

●physical isolation by distance, 

●spatial aggregation of mating 

types, ●sex ratios, ●pollinator 

abundance, ●parental population 

density, ●proportion of filled seeds, 

●germination percentage, ●fertility, 
●fructification  
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2008; Anonymous 
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al. 2009; Graudal 
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Konnert et al. 

2011; Kuparinen 

& Merila 2007; 

Laikre et al. 2008; 

McKinnel 2002; 

Namkoong et al. 

1996, 2002; 

Schoen et al. 

2008; Schwartz et 

al. 2006 



Evaluation of Indicators and Verifiers used thus 
far in Genetic Monitoring 

• Numerous within a single scheme, or difficult to assess 
(time, expertise & financial elements) 

 

• Indicators 

         13 

 

• Verifiers 

          23 

 

• Very general in order to be directly evaluated. 

• Dependant on extensive data collection, or meta-analysis, 
in advance of application.  





Selection of Species - Monitoring 
Areas - Monitoring Method 

• What do we want to conserve and monitor? 

 

• Focus on keystone/model or vulnerable species? 

 

• Focus on most valuable, or most vulnerable 
protected areas/priority gene pools/gene 
conservation units? 

 

• Which will be the monitoring method? 



Species selection  
 

• Genetic monitoring may focus on: 

 

– Keystone/model species of ecological / economic 
importance; target species (principal aim: prevention) 

 

– endangered and/or rare species (principal aim: 
restoration) 

 

– “distributional or ecological margins of the species’ 
natural distribution (principal aim: prevention/ 
restoration) 

 

 



Selection of Study Areas and Monitoring 
Method 

• Monitoring  should start from protected areas, preferably 
gene conservation units advanced in a dynamic gene 
conservation scheme (priority: gene pools). 

• The monitoring method should be as much as possible 
unified and applicable to all species (priority: “species-
free”). 

 

 

• Sampling should be easy and straightforward in 
monitoring areas  that likely will be situated in rather 
remote areas (priority: easy sampling). 

• A minimum set of measured parameters should be 
selected in order to provide an adequate assessment of 
the monitoring area status at temporal scales (priority: 
minimum # of parameters). 



Indicators and Verifiers 

• Considerations: 
– merits  

– advantages / disadvantages  

– restricted number 

– species-free 

– pan-European application 

– essential genetic information not to be compromised  

– ease / difficulty of verifier assessment  

– temporal nature of measurements  

– technical expertise requirements  

– financial considerations  

– indicator interdependence / independence  

  



Criteria 

• One overall criterion:  

 

► maintenance of genetic variation and 
adaptive genetic potential in natural 
populations 

Aravanopoulos 2011, 2016 



How to Monitor – What to Measure? 

• Proposed conceptual framework: the 
geneecological approach.  

 

• The major forces of evolution at microscale are 
the effects of natural selection (that can lead to 
differentiation associated with local adaptation) 
and genetic drift (that can lead to differentiation 
associated with stochastic changes and genetic 
erosion), mediated by the action of gene flow 
(that can lead to genetic homogenization). 

Aravanopoulos 2011, 2016 



Indicator Verifier 1-2 Y 5 Y 10-15 Y 

Selection age/size class distribution √ 

reproductive fitness – mast years (% of filled 
seeds, % of germination)  

√ 

regeneration abundance √ 

mortality / fructification √ 

FST outlier analysis √ 

Genetic drift genetic diversity (allele/genotype 
frequencies,, NA, P, HE, HO,, FIS, FST) 

√ 

 

effective population size (NE) √ 

allelic richness √ 

latent genetic potential √ 

Gene flow  outcrossing /actual Inbreeding rate √ 

Genomic Monitoring Parameters: Basic Indicators & 
Verifiers  

Aravanopoulos 2011, 2016 



Critical differences in genomic monitoring parameters at the 
evaluation of temporal changes: 

 
Indicator Verifier Critical Difference 

Selection age/size class distribution 2 standard errors 

reproductive fitness – mast years (% of 
filled seeds, % of germination)  

> 50 % 

regeneration abundance > 50 % 

mortality / fructification > 50 % 

FST outlier analysis > 25 % 

Genetic drift genetic diversity (allele/genotype 
frequencies,, NA, P, HE, HO,, FIS, FST) 

> 25 % 
 

effective population size (NE) < 50 (absolute value) 

allelic richness > 25 % 

latent genetic potential > 25 % 

Gene flow  outcrossing /actual Inbreeding rate >10 % 

Aravanopoulos 2011, 2016 



Minimum Sample Size Considerations: 

• Plot size: 4 ha & Nreproducing plants ≥50 (NE ≥ 50) 

• Sample sizes: 

– Nreproducing plants  50 

– Nloci  100 (SNP) ( 20 SSR) 

– Nseeds  1000 (for Indicator-I) 

– Nseeds  300 (for Indicator-II genetic analysis out of 
the Indicator-I sample) 

• Number of populations : evaluation of  10 
populations (GCUs) / species (preferable). 

• Temporal frequency: one evaluation / 10-15 Y   

 

 

 

Aravanopoulos 2011, 2016 



Feasibility: Indicators evaluated in monitoring 
schemes for forest trees 

Indicators Citation 

3 Aravanopoulos 2011 

18 Konnert et al. 2011 (German National System) 

12 Schwartz et al. 2006 

20 Namkoong et al. 1996 (FAO International System-Ι) 

23 Namkoong et al. 2002 (FAO International System-ΙΙ) 

14 Geburek et al. 2010 (Austrian National System) 



Verifiers Citation 

7 Aravanopoulos 2011 

18 Konnert et al. 2011 (German National System)  

12 Schwartz et al. 2006 

20 Namkoong et al. 1996 (FAO International System - Ι) 

23 Namkoong et al. 2002 (FAO International System - ΙΙ) 

14 Geburek et al. 2010 (Austrian National System) 

Feasibility: Verifiers evaluated in 
monitoring schemes for forest trees 



The LIFEGENMON project: a proof of principle 

exercise for genetic monitoring. 

Finzgar et al. 2015, Fussi et al. 2016 





Proposed Options for Indicator and 
Verifier Assessment 

●1st Option (Basic): Use of demographic data only. 
Indicator-I is fully evaluated. 

 
● 2nd Option (Standard): Use of demographic and genetic 

data. Indicator-I is fully evaluated (demographic 
verifiers). Indicator-II is fully evaluated (genetic verifiers 
using SSR and/or SNP genotyping). 

 
● 3rd Option (State-of-the-art): Use of demographic and 

genomic (NGS) data. Indicator-I is fully evaluated 
(demographic verifiers and signatures of selection 
provided by GWA of sequence data).  Indicator-II is fully 
evaluated (genetic verifiers based on genomic (NGS) 
data).  











Conclusions - Perspectives 

• Genetic monitoring is paramount for the evaluation of 
forest genetic resources; it forms an invaluable tool for 
future ecosystem protection & sustainable 
management. 

• The development of time series data for genetic 
monitoring has been pending for a long time. 

• The genetic monitoring proposed is a comprehensive 
and unified scheme that can be globally applied.  

• Its application presents a twofold benefit: 
enhancement of genetic conservation and risk 
assessment based on prognosis. 



Conclusions - Perspectives 
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