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Response of Forests to Environmental Change

SPECIES
ATTRIBUTES

SPECIES RESPONSE TO CHANGE

* Species exposure to climatic chaRge.

« Species sensitivity to environmental changg

* Species adaptive capacity. \ ©

¥

Plant species will acch aE to shifting environmental

conditions via phergt‘ypvc plasticity, developing and
expressing partlcu traits in response to local
environmentgy Jonditions.

Over the I5nger term, tree species may disperse via
gen@v’éw to more favorable sites, potentially over long

Under strong environmental change species via genic
selection may also adapt, or become locally extinct.




CENTRAL DOGMA OF CONSERVP&I’Q)N

GENETICS OV

\
A

Genetic variability is Yéneficial, hence
worth preservingétq he greatest extent.

a <

Conservatiof 09 biodiversity ultimately depends
on the 8o’hservation of genetic diversity and
incrQasing genetic variance enhances the
probability of population survival.




eTarget: “identify components of biological
diversity” & “monitor through sampling &
other techniques the components of biolgg(\tal
diversity” D

\
\( Convention on
- ) Biological Diversity

\
o 1992

<

eFocal area:{Réd?Jcing the rate of loss of the
componsr@s of biodiversity, including ... genetic
diversity”

e|ndicator: “Trends in genetic diversity”




AIM OF GENETIC MONITORIN(E\

. S

\
To assess the current stat?s of genetic

resources and quant ﬁcrelevant changes
at a temporal scgle in light of preserving

long-term adoaptive evolutionary potential
L
N /

Q




A Digression to Formality:
Genetic Monitoring Definitions

e quantification of temporal changes ir Sbpulation

genomics and dynamics metrics
©

\
<
* dynamics of transition fgﬂn the present to the
future genetic statu%pfa population such as a
forest stand <
o
L
. trackingdl}i'ough time to estimate demographic

and/o¥ population genetic parameters in order to
infer whether adaptive changes are occurring




[The Genetic Monitoring Objective }

‘

\\
e To assess the OStud{msgfument.

evolutionary potential

and response of a species O®arly detection /

< }Jrognostic value.

to temporal 5
environmental chan§és ® A means to secure
starting with curgen the conservation of

status of its g‘eﬂetic processes that maintain
resourcessgvaluated with|  genetic variation &
3 set af €riteria adaptive evolutionary
V4 .
indiceﬁors and verifiers. processes in natural

populations.
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Criteria, Indicators & Verifiers

e Criterion: something that is judged by (@tﬁ

without being a direct measure it%eisa

\©
e Indicator: any component\o} process within a
ecosystem describedédng used as a sign for the
sustainability of agresource.
o
L
e Verifier:@ parameter needed to measure any

component or process within the ecosystem in
order to assess an indicator.



The Genetic B

Monitoring
debate

» Paper by Fred Allendorf and
Nils Ryman (1987). Genetic

management of hatchery stocks. In
Population genetics and fishery
management. Edited by N. Ry 3
and F.M. Utter. Univ. Washington
Press, Seattle, pp. 141-@59.

> Discussion-groposals h

intensified @ the last decade
(Laikre et al. 2009, 20103, b).

Conservation Prachice and Policy

Neglect of Genetic Diversity in Implementation of the
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Compromising genetic diversity in the
wild: unmonitored large-scale release
of plants and animals
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Indicators Verifiers References
(genetic, demographic)
elevels of egene/genotype frequencies, All dg}f et al.
genetic egenotypic/allelic diversity, egene _ |R0US; Anonymous
variation, flow, epopulation differentiation, N 2006;
eselection, eoutcrossing/inbreeding rat ,0 Aravanopqulos
ooen oA, oN_ oN,, oF ., oF oLI" 2011; Bariteau
sCHe A> TTIS) T STy > 2003; Granke et
migration, oadaptwely significant rits in al. 2009: Graudal
egenetic common garden eoxpglments, ®NO0. | & Kjaer 2006;
drift, of potential pargn®, ephenotypic Hansen et al 2012;
emating frequency distrMution, eage class Konnert et al.
system, distributiorﬂ eregeneration, epollen |2011; Kuparinen
ehybridiza- dlspe a% Oeseed dispersal, & Merila 2007;
tion ys1ca1 isolation by distance, Laikre et al. 2008,;
epopulation antlal aggregation of mating McKinnel 2002,
Namkoong et al.
structure, pes esex ratios, epollinator 1996, 2002;
epopulation |abundance, eparental population Schoen et al.

vital rates

density, eproportion of filled seeds,
egermination percentage, efertility,
efructification

2008; Schwartz et
al. 2006




Evaluation of Indicators and Verifiers used thus
far in Genetic Monitoring

e Numerous within a single scheme, or difficulbté\assess
(time, expertise & financial elements) \'\

\\
. [ ] v
e |ndicators \
2 13
.\‘5
o
e Verifiers <
—_— >
L 23
%

o
e Very gﬁeral in order to be directly evaluated.

e Dependant on extensive data collection, or meta-analysis,
in advance of application.
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COMMEN Y / COMMENTAIRE

Genetic monitoring in natural perennial plant
populations

F.A. Aravanopoulos

Abstract: Genetic monitoring, the guantification of temporal changes in population genetics and dynamics metrics gener-
ated by wsing appropriate parameters, constitutes a method with a prognostic value. Genetic monitoring has besn recog-
nized in several international agreements and documents, and can be an important tool for the protection of biodiversity.
However, approaches developed =o far for perennial plant species are rather cumbersome for practical use. It is proposed
that perennial plant genetic monitoring should focus on keystone species of biological and economical importance, as well
as rare of endangered species. In addition, genetic monitoring should concentrate on gene conservation units of such spe-
cies, to be advanced in a dynamic gemne conservation scheme. Three indicators are proposed for genetic monitoring based
on a gene-ecological approach: natural selection, genetic drift, and a gene flow-mating system. These are evaluated based
on three demographic (age and size class distribution, reproduective fitness, regeneration abundance) and four genetic (ef-
fective population size, allelic richness, latent genetic potential, outcrossingf/actual inbreeding rate) parameters. Minimuom
sample =sizes, critical levels of differences among parameters, and costs for temporal evaluation are proposed. The benefits
of the immediate application of genctic monitoring are highlighted.

Kev words: genetic monitoring, gemncecologii

Résumé : Lc suivi sénétique. soit la quantit  [ghle |, Parameters for the evaluation of temporal changes in the genetic monitoring of perennial plant gene conservation units.

sures dynamiques générées par 1"utilisation ©
nostigues. On a reconny le suivi géndétique d
outil important pour la protection de la biodi
tales pérennes demeurent plutét pea commaod Gene[ic
ies pérennes se concenine sur des especes im

Cntical difference between as-

e he oo ratien dynomin dos gene INICALOT Metric trait  marker Parameter sessments

sur une approche génécologigue : sélection 1 N | - — .

cows-ci en se basant sur 3 parametres démos  Selegfjon J Age and size class distribution Two standard errors
o ecteantillone, dos degnes chinc e, daeten J Reproductive fitness: percentage of filled seedsand ~ 250%

Mots-clés - suivi génétique, approche généoo percemage Of gem’iinalicn

[Traduit par la Rédaction] i

J Regeneration abundance >30%

Intreduction Genetic drift J Effective population size NS0 (absolute value)

The 20th century has been characterized by un
dented scientific and technological advances, but : e )
same time, by an egqually unprecedented exploitatio A”ellc r|ChneSS '25%
devastation of the natural environment. Almost 45% : :
world™s forests have already been depleted, and abouw La[em ge“enc POtemml 225%
of this destruction has occurred in the past century (A | . . .

P v——————————————el - i 0 J Qutcrossing/actual inbreeding rate >10%

om the MRC Research Press Web site at botany.nrc.ca on

14 January 2001
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‘Selection of Species - I\/Ionitoring\
__Areas - Monitoring Method, |

o
e \What do we want to conserve and’(n\)nitor?

\
.\‘O

e Focus on keystone/modeLér vulnerable species?
.« ©
\
o
e Focus on mostovéluable, or most vulnerable

protected‘ar’bas/priority gene pools/gene
consg\atlon units?

e \WWhich will be the monitoring method?

UNIVERSITY
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[ Species selection }

\\
* Genetic monitoring may focus on: o

h ¥
\

. O
— Keystone/model species of eiobgical / economic

importance; target speci%s’%principal aim: prevention)

EN \
— endangered and/®r rare species (principal aim:
restoration)%
p &
o

— ”disﬁbutional or ecological margins of the species’
natural distribution (principal aim: prevention/
restoration)




[Selection of Study Areas and I\/Ionitoring}
Method

e Monitoring should start from protected areas, freferably
gene conservation units advanced in a dyngntic gene

conservation scheme (priority: gene pog ).

e The monitoring method should be\a‘Qmuch as possible
unified and applicable to all spe&ies (priority: “species-
free”). \ S

e Sampling should be easﬁand straightforward in
monitoring areas th&t likely will be situated in rather
remote areas (piority: easy sampling).

e A minimuna%%t of measured parameters should be

selecteqin order to provide an adequate assessment of
the monitoring area status at temporal scales (priority:

minimum # of parameters).




Indicators and Verifiers

e Considerations: Q
— merits \ ©
— advantages / disadvantages \)\'
— restricted number .\0
— species-free \.(

— pan-European applicstl‘sng

— essential genetic '@formation not to be compromised
— ease / difficu{cﬁ)f verifier assessment
— temporal®ature of measurements

— tech\&cg expertise requirements

— financial considerations

— indicator interdependence / independence

UNIVERSITY
OF THESSALONIKI




[ Criteria }
'\

Aravanopoulos 2011, 2016



How to Monitor — What to Measure?

 Proposed conceptual framework: the

geneecological approach. o

\'\

)

e The major forces of evqutiQﬁ\a?microscale are
the effects of natural .seée’ttion (that can lead to
differentiation asso@a’ted with local adaptation)
and genetic drift{that can lead to differentiation
associated wikh stochastic changes and genetic
erosion)or%ediated by the action of gene flow
(thatén lead to genetic homogenization).

Aravanopoulos 2011, 2016



Genomic Monitoring Parameters: Basic Indicators &

Verifiers
Indicator Verifier 1-2¢ ?Y 10-15Y
Selection age/size class distribution "\ v
reproductive fitness — mast years (% of fil@ V
seeds, % of germination) \
regeneration abundance L9 < \4
mortality / fructification © '
F.; outlier analysis 6 '
Genetic drift | genetic diversiti(allele/genotype v
frequenc'fs,,QIA, P, He, Ho,, Frs, Fer)
effe®jye population size (N) v
aglic richness v
latent genetic potential v
Gene flow outcrossing /actual Inbreeding rate v

Aravanopoulos 2011, 2016




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

Indicator Verifier Critico{Wifference
Selection age/size class distribution N\ s%mdard errors
reproductive fitness — mast years (% OQ >50 %
filled seeds, % of germination) O
regeneration abundance _ A >50 %
mortality / fructificatiog >50%
Fsr outlier analysigy, N >25%
Genetic drift genetic divegity (allele/genotype >25%
frequians,, N, P, Hg, Ho, Fi, Fer)
eXective population size (N;) < 50 (absolute value)
$ q’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 & N, oqucing plants 250 (N 2 50) \\

Sample sizes: \,\

\
— I\Ireproducing plants > 50 O

= Nioq > 100 (SNP) (> 20 SSR) €
— Ngeeqs = 1000 (for India®or-1)

— N, ooqs = 300 (for Ino%ator-ll genetic analysis out of

the Indicator¢ysample)

Number ofpopulations : evaluation of > 10
popu{&ti@ns (GCUs) / species (preferable).

Temporal frequency: one evaluation / 10-15 Y

Aravanopoulos 2011, 2016
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Feasibility: Indicators evaluated in monitoring
schemes for forest trees

\\
o

Aravanopoulos 2011
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Feasibility: Verifiers evaluated in
monitoring schemes for forest trees

\\
o

Aravanopoulos 2011
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B33

| /LIFEGENMON ACTIVITIES

B1 DEFINING
ACTION INDICATORS R

_lem

OUTPUT - methodology of forest genetic
monitoring

*Geneticmonitonng ragions delneated
*Minimum & optimal numberofindicators &
verifiers defined

sCostper species /level / indicotor asse ssed

~

EXPECTED IMPACT-
methodology of forest
geneticmonitoring
*European wide
geneticmonitoring will
beinitisted
*Harmonisation of
national genetic
monitoring intiatives
sLong tem forast
adaptabllity can be
monitored and
compared between
countries

-

A PREPARATORY ‘

OVERALL GOAL: Implementation of a long-term early-warningsystem for forest genetic resources

S

B2 GUIDELINES &

MANAGEMENT STRATEGIES |

B3 POLICY
GUIDELINES

\/._/

monitoring

action plans

OUTPUT implementation of forest genetic
sGuidelines perspecies/ group of species

*Manual for fore st genetic monitonng

sList of regulatians key stake holders, policy makers,

*Professional background documents for legislature

~S-

EXPECTED IMPACT-
Implementation of
forest genatic

sGuldelinesand
strategias will upgrade
otherforest
monitoring results
*Results of genetic
monitoring will directly
|eadto practical forest
managementactions
by a detalled decision
support system

~l

(I E<GE I><AlIbD<<=

FGM 13 Control method,
lmplementatlon ovaluaion ", /\
\J 1 Pamclpatory .» 2. Stakeholder
satu?lgMnal analysis """ “identification
12, Dlsouss 2 Wp&

a)

11. Dissemination

4. Agreement on-'strategles. methods,

responsibilities, roles 3. Consultation
and partnerships and negotiation
10. Publication of scientific results \\/ &
b) 5. Data collection
9. Selection of minimal, A
optimal and state-of-the-art
indicators for FGM 6. Management of data and samples

8. Evaluation of indicators,— 7. Evaluatlonof 0,0
A a'@/venﬁem A ‘;’
0" \ ...... K @@
o ....... 5--:-.---.--u-"""""€ 6@0
Cep1 1o
financial and i
Finzgar et al. 2015, Fussi et al. 2016

Databases
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Proposed Options for Indicator and
Verifier Assessment

e 15t Option (Basic): Use of demographic data only.
Indicator-I is fully evaluated.

e 2" Option (Standard): Use of demographic and genetic
data. Indicator-I is fully evaluated (demographic
verifiers). Indicator-Il is fully evaluated (genetic verifiers
using SSR and/or SNP genotyping).

e 3" 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-Il is fully
evaluated (genetic verifiers based on genomic (NGS)
data).



Table. 4.2.1. List of indicators and verifiers/background information for forest genetic monitoring at the basic,

standard, and advanced levels. X: level at which a certain verifier is recorded. V: verifier, Bl: background

information.

Indicator Verifier name Type Basic Standard Advanced

Mortality / Survival Vv X X X

NR abundance \ X X X

Flowering vV X X X

Fructification \ X X X

% filled seeds Vv X

% germination \ X

Selection | Crown dieback (ash) Bl X X X

Sex ratio (dioecious species) BI X X

DBH class distribution BI X X

Height class distribution BI X X

Flowering synchronisation Bl X

Bud break BI X X

Senescence Bl X X

Allele frequencies Y X X

Latent genetic potential Vv X X

Inbreeding coefficient vV X X

: Effective population size Vv X X

v(::ir:;[:;\ Allelic richness \Y X X

Linkage disequilibrium Y X X

Interspecific hybridisation * BI X X

Multiplicity Bl X X

F-analysis outlier test BI X X

Gene flow \ X

Gene Multi-locus population outcrossing rate Vv X

r:g:;rn/g Actual inbreeding rate Vv X

system Effective number of pollen donors BI X

Biparental inbreeding Bl X

*  Hybridising species only




Verifier: Allelic richness Indicator I: SELECTION

Allelic richness (Ar) is the total number of alleles in a pupuiauun 1ul a sgIe 1LLus aver aged over all loci.
Allelic richness is an estimate corrected by sample size (e.g. by rarefaction). It is used less commonly than
heterozygosity as a genetic diversity measure, as it is harder to take into account the stochastic process of
genetic drift for allelic richness. Nevertheless, allelic richness is considered to be a parameter that is more
useful for gene conservation than allelic evenness (i.e. heterozygosity) (Brown and Schoen 1992; Rajora
and Mosseler 2001, Aravanopoulos 2011). This verifier is associated with the use of microsatellite (SSR)
genetic markers.

Indicator Il: GENETIC VARIATION

Latent genetic potential (LGP) is an important genetic parameter that reflects the aptitude of a population

Verifier: Latent genetic potential

to preserve adaptability under the multiplicity of changing environmental conditions (Stebbins and Hartl
1988; Bergmann et al. 1990). A population genetic analysis reveals its “operating genetic potential” (i.e.
the part of its genetic composition which guarantees the survival of the population under present realised
conditions, which is analogous to the effective number of alleles), while the remaining part in this context
is currently “latent”. This portion of genetic diversity is related to low frequency alleles in the population,
which can nevertheless play a significant role for future adaptation under drastically changing
environmental conditions, which can be of great importance for conservation practices (Aravanopoulos
2011, 2016). Therefore a change, and especially a reduction, of latent genetic potential may indicate a
reduction of the overall adaptive capacity of the population. Latent genetic potential is computed as the
difference between the total and effective number of alleles summed over all loci.

Verifier: Inbreeding coefficient

The inbreeding coefficient (Fis) is the correlation of uniting gametes relative to gametes drawn at random
from a subpopulation. It describes the variance within individuals, relative to their subpopulations. Fis
depends on the ratio of observed heterozygotes to the one expected under Hardy-Weinberg equilibrium,
so it can also be seen as the reduction of heterozygosity of an individual compared to the subpopulation
in the context of several (sub)populations that form the total (meta)population. An increase in inbreeding
is evidently associated with a potential reduction of genetic diversity.

Verifier: Effective population size

Effective population size (Ne) is one of the most (if not the most) important genetic parameters for genetic
monitoring, as when it is small genetic drift becomes much more important than selection, and plays a
paramount role in the evolutionary process. Therefore, a change, especially a reduction, in effective
population size below acceptable threshold levels indicates the onset of genetic drift (as well as that of
inbreeding). Hence it indicates both the onset of random and stochastic processes in the population and
that of inbreeding and a potential reduction of genetic variation, which overall raise questions as to the
future adaptive capacity of the population. Effective population size is defined as the number of individuals

(1)A _ £=1Ai Number of alleles (A)
j=—

I Number of private alleles (Ap)
dp=) Ap
i=1
2 Expected heterozygosity per locus (He)
He;=1- Zpi
1 1
AEi =—= Effective number of alleles per locus (Ae;)
1 / Lp;
He;
I Latent genetic potential (LGP)
LGP =) A -de
[
Observed heterozygosity per locus (Ho)
Ho; = f(Bb)
Expected heterozygosity per locus (He)
He;=1- Z p?
I Ho; Local F
F= —/1
i=1 H €

1
Ne=

TZr 1N



Verifier: Linkage disequilibrium

Linkage disequilibrium (LD) is the non-random association of alleles at different loci in each populatic
and is seen when the frequency of association of the different alleles at a locus is higher or lower th
what would be expected if the loci were associated randomly (i.e. were independent) (Weir 1979). Linka
disequilibrium can be affected both by evolutionary forces (see the Hardy-Weinberg equilibrium aboz
and demographic properties (population structure, asexual reproduction). For instance, linka
disequilibrium will manifest itself or become more prominent in small populations, in populations unc
strong evolutionary forces or under admixture. Therefore, linkage disequilibrium can be a powerful sigr
to denote underlying genetic and demographic processes in a population.

Indicator |Il: GENE FLOW / MATING SYSTEM

Verifier: Gene flow (Nm)

Gene flow is the exchange of genes through seed and pollen among populations that differ in genotypic
frequencies. Gene flow is interceded by the mating system that mediates the recombination and
assortment of genes between generations and determines the extent to which genes are exchanged
among individuals, as well as immigration and emigration. It can be considered either beneficial or harmful
from the point of view of a conservation genetics, forest genetic monitoring or tree breeding (Burczyk et
al. 2004). Gene flow causes changes in the composition of the gene pool (allele frequencies) of the
recipient population by incorporating alleles into its gene pool. The introduction of new alleles through
gene flow increases genetic variability within the population and enables evolution and the combinations
of traits (Encyclopaedia Britannica 2019, Mallet 1999, Burczyk et al. 2004, Aravanopoulos 2011). Gene flow
is determined by the mating system that mediates the recombination and variety of genes between
generations and determines the level to which genes are exchanged between individuals and populations
(Aravanopoulos 2011). Gene flow measurement provides indirect information on the level of migration
among subpopulations (Tibayrenc 2017).

Td

2 ) Cov 2

) Jvary - varg

1 - FST
4For



Verifier: Multi-locus population outcrossing rate (tm)

The mating system is one of the key factors shaping population genetic structure (Hartl and Clark, 1989,

el Cactil and Truil _ , , _ f =1-§ ‘Multilowsestimation for el ovtrossing rate
jillo 2008, Whitehead et al. 2018). Different mating systems influence the levels and mn il

dynamics of genetic diversity, effective population size and population differentiation, and overall it can

affect population resilience and adaptation (Del Castillo and Trujillo 2008). Plant mating systems are

usually defined by the mixed mating model, where one portion of seeds and ensuing plants are derived ] DS

from various levels of inbreeding and the rest are derived from outcrossing at random (Ritland 2002). In §m - nn Mutlocu estmationfr incividual selfigrte

particular, outcrossing promotes gene flow, homogenises populations, increases heterozygosity, and Ii- Pnti

favours gametic linkage equilibrium (Del Castillo and Trujillo 2008). Outcrossing refers to the mating of

genetically unrelated individuals and is the opposite of inbreeding (Aravanopoulos 2011). Multilocus

outcrossing rate (tm) is an estimate of the proportion of outcrossed progeny produced by the population Pt 1 Pt

as a whole, in which outcrossing events include mating between relatives and unrelated individuals. A md ™

A ' \ s ]
difference, e.g. an increase in the multilocus population outcrossing rate (tm), is an indication of Var( m)' rce o emutlos nidlseing

S_
maintenance if not of an increase of multilocus genetic variation, a result that will likely result in the ( mom
maintenance of population adaptive capacity.

Verifier: Actual inbreeding rate

The estimation of actual inbreeding rate (single locus and multilocus) is based on seed and genetic data

(Rajora et al. 2000a, 2002; O’ Connell et al. 2006). This is an important parameter as well, since, for

example, an increase in the inbreeding rate may lead to allelic fixation and the reduction of population R
genetic diversity. The estimation of inbreeding rates can be marker-based, however as potential . B + C- Sm
inbreeding depression may adversely affect seed development and germination, actual inbreeding rates ACtual IanEE’dlng Rate = B—+C
are more reliable. Actual inbreeding rate is calculated by combining selfing estimates (1 - tm) from the

mating systems analysis and seed-trait-based inbreeding estimates. It is the ratio of: [number of empty

seeds per fruit + (number of filled seeds per fruit x selfing rate)] / [number of inbred seeds per fruit +

number of filled seeds per fruit].



[Conclusions - Perspectives J

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.
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