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14 Genetic diversity

CONSTANCE I. MILLAR

Genetic diversity rarely makes headline news. Whereas species extinc-
tions, loss of old-growth forests, and catastrophic forest fires are readily
grasped public issues, genetic diversity is often perceived as arcane and
academic. Yet genes are the fundamental unit of biodiversity, the raw
material for evolution, and the ultimate source of all variation among
plants and animals on earth (Dobzhansky 1970, Soulé and Wilcox 1980).
Why then have they escaped central attention in conservation? Although
genes are pervasive, controlling individual fates and determining
offspring destinies, they are minuscule molecules, unyielding to mean-
ingful direct observation even through a microscope: their direct struc-
tures and functions are essentially invisible. Over the decades we have
learned about their existence and significance indirectly by studying the
effects that genes have on individuals, populations, and species. Because
genes are passed among generations in mathematically predictable ways,
we have developed a towering theoretical understanding of the way genes
ought to work in nature (Wright 1978). Increasingly we are able to pene-
trate the nature of genes directly, through biochemical and molecular
analysis (Figure 14.1; Nei 1987, Neale and Harry 1994). We are beginning,
dimly, to perceive empirical connections between changes in gene pool
diversity and species declines, changes in forest health, and loss of ecosys-
tem productivity. This cumulative knowledge teaches us that attention to
genetic diversity will pay off in achieving the goals of forest conservation.
With an emphasis on North American conifers, this chapter presents
general approaches to conserving forest gene pools and provides exam-

ples illustrating how genetic management can be integrated within other
conservation efforts.

Genes as the foundation of biodiversity

Genetic diversity may be mostly hidden to the naked eye, but when
illuminated through genetic study, its variation and structure are com plex.
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ing species, especially those like conifers whose genes travel far and wide,
have high variation within populations, but the populations remain rather
similar due to the mixing effects of gene flow (long-distance dispersal of
genes).

Natural selection is, of course, the grand architect. Individuals either
survive or die, pass on many offspring or few, based on their ability to
survive and function in their ‘panicular local habitats. Those individuals
whose suite of genetic characteristics provides them with advantages,
such as surviving extreme weather, attracting mates, or avoiding preda-
tion, produce more offspring on average than those more unlucky (Hartl
1988). The reason that these genetically endowed individuals only win ‘on
average’ rather than always is because of chance. Many chance events, col-
lectively called genetic drift, occur within natural populations and affect
genetic compositions, from the roll-of-the-dice probabilities of recombi-

“nation during sexual reproduction to events such as wildfires randomly
- burning some populations and not others (Patton and Feder 1981). These
_are much more likely to have large effects in small populations (including
.rare species) than where population sizes are large (Hudson 1991).
‘Chance events aside, the advantages accumulating over generations,
however, that result from natural selection translate into tremendous
daptations of individuals to local environments. They also resultin adap-
tations of groups of populations to regionally distinct environments.
When gene flow among groups is diminished, for example by groups
being geographically isolated (e.g., by mountain ranges, or just enough
. distance), natural selection over time leads to the evolution of ecotypes,
jeographic races, and subspecies (e.g., Clausen et al. 1940, Antonovics et

l. 1971, Daly and Patton 1990). Genetic conservation seeks to maintain
both the widest set of adaptations that have evolved within species as well
8 the continuing potential of populations to adapt to ever-changing new

. Human actions almost always have some consequence on gene pools

d evolution (Stern and Roche 1974, Schonewald-Cox et al. 1983, Ledig

: 91, Hedrick and Miller 1992, Baradat et al. 1995). They may mimic

atural influences, exceed them in rate of change or strength of selection,

show novel effects. Some consequences are minor compared with
ckground genetic changes; some far overwhelm the path of evolution.

In general, activities of greatest concern to management are those that

ge the direction and rate of natural selection and gene flow signifi-

tly. Some affect gene pools directly, others indirectly. Some activities
likely to have significant genetic effects. These include activities that:
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— add or remove a significant number of individuals from natural popula-
tions (e.g., tree, grass, or forb planting, fish stocking, timber harvest,
fishing and hunting);

- significantly change population sizes (especially decrease) of native
species (e.g., livestock grazing, land clearing and habitat type conver-
sions, biological control);
eliminate populations, especially systematically from portions of a
species range (e.g., by urban development, dam construction);
move individuals among ecologically distinct locations (e.g., ecological
restoration, fish stocking);

~ significantly alter sex ratios, number of breeding individuals, reproduc-
tive capacity, fecundity, viability of individuals, or survival and mortality
of certain age classes (e.g., grazing, timber harvest, fire suppression);

~ introduce disease vectors or insect pests, especially those that are non-
native (made worse by roads, trails and other access points into native
populations);

— significantly increase the potential for hybridization over what would
occur naturally (e.g., tree planting or introducing non-local germ-
plasm);

— fragment populations such that gene flow is drastically reduced; con-
versely, alter population structure such that formerly isolated popula-
tions regularly interbreed (e.g., road and dam construction);

- disruptor significantly alter meta-population structure and other geo-
graphic patterns and related processes (timber harvest, fish stocking,
dam construction).

Byand large we lack data on actual genetic effects of these activities and
our predictions about their significance come from population-genetic
theory (Ledig 1988, 1991, Hedrick and Miller 1992). In the few cases where
we have data, we find that the actual genetic consequences depend on how
each activity is conducted. With timber harvest, for example, the type Of

cutting and intensity, the phenotype and ages of trees cut and the season of’

harvest, may have different genetic effects. Where ecologically appropri«ii

ate silvicultural procedures have been applied, no significant changes i
genetic frequencies have been found (Savolainen and Karkkainen 1994)
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Genetic conservation

Forest genetic conservation focuses on managing the current and
future condition of genes in forest species for the purpose of influencing
the health and adaptability of individuals, populations, and species.
Although genetic conservation is usually associated with maintaining bio-
diversity and restoring ecosystems (the context of this book), there are
other equally important goals. Maintenance of genetic diversity has been
advocated in contexts of crop breeding and animal husbandry (Frankel
and Soulé 1981), experimental research (e.g., Drosophila, Dobzhansky
1970), maintaining indigenous cultivars and wild relatives of crop plants
for agriculture (Oldfield 1984), and for medicinal (e.g., Pacific yew, Taxus
brevifolia, for cancer drugs; Wheeler 1996) and horticultural uses (Oldfield
1984). Key early work in wildland genetic conservation was done to benefit
breeding and production programs for commercial forest trees and fish.
In these cases, maintenance of genetic diversity was paramount to success
of these programs (e.g., for trees, Zobel 1977, Libby, 1973, Ledig 1988),
and provided early insights into the importance of local origins and
genetic-adaptation zones, maintenance of diversity, potential problems of
inbreeding, and contamination from poorly adapted stocks. The informa-
tion that developed in these breeding and production contexts provided an
important foundation of knowledge, which has proved valuable for devel-
oping genetic conservation goals within biodiversity protection contexts.

GOALS FORGENETIC CONSERVATION WITHIN A
BIODIVERSITY CONTEXT

Environmental challenge comes to individuals and groups of native
species in many forms. These range from ‘expected’ events, such as preda-
tion, disturbance, and succession (fire, disease), to chance events or long-
term changes such as volcanic eruptions, climate change, or human
impacts. In forest genetic conservation we attempt to maintain genetic
diversity and evolutionary processes so thatindividuals and populations of
native species retain their resiliences to changes in the short- and long-
term. There is no single approach or one right way to practice genetic con-
servation, because there are so many different management objectives of
forested lands. Specific applications require that genetic goals be inte-
grated with local and regional management objectives to determine
appropriate actions (Ingram 1g96).

Genetic conservation optimally involves a combination of ex situ and in
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situ practices. In ex situ conservation, germplasm (seeds, pollen, whole
plants and animals, sperm, and other genetic propagules) is removed
from native habitats and preserved in storage, such as refrigeration, dehy-

ration, cryopreservation, or as whole plants in nursery plantations
(Oldfield 1984, National Resource Council 1991, Millar 1993). Although
these tissues prove useful for genetic analysis, the main purpose is to store
genes in a safe environment and make them available as needed for
reintroduction or augmentation of natural populations. For example, in
the late 1980s, the rare Torrey pine (Pinus torreyana) was threatened by a
bark beetle epidemic, which caused many drought-weakened trees to die.
Germplasm was needed to restore the greatly diminished population.
Seeds collected years earlier from a large number of healthy trees in the
same population were used for restoration (Ledig 1991). Approaches to
gene sampling and maintenance of genes ex situ have been designed to
meet such conservation goals (Bonner 1990, Brown and Briggs 199,
Center for Plant Conservation 1991, Eriksson 19gs).

Adrawback to exsitu methods is that genes are preserved in a static con-
dition with no opportunity for continuing adaptation to dynamic environ-
ments (Soule and Wilcox 1980, Oldfield 1984). The environments for
reintroduction change (due to climate, pathogen or insect, or anthropo-
genic pressures) while the germplasm is in storage, causing samples to
‘slip behind’ evolutionarily. Further, potential losses to germplasm while
in storage, such as seed or sperm death, reduce the value of the collections
for restoration. Practical concerns that collections might be lost acciden-
tally due to fire or technological breakdown cannot be underestimated.
For instance, fires burned the seed storage facility notonce but twice at the
Centro de Genetica Forestal in Chapingo, Mexico, devastating irreplace-
able germplasm collections and burning research labs and storage build-
ings. Despite the limitations and risks, however, storage of germplasm in
various ways is a critical element in integrated gene conservation pro-
grams (Falk and Holsinger 199r).

Genetic conservation for maintenance of biodiversity is usually prac-
ticed through many in situ approaches, that is, where natural populations
are managed to achieve genetic conservation goals (Ledig 1988, Holsinger
and Gottlieb 1991, Adams et al. 1992, Baradat et al. 1995). This can range
from establishing single-purpose genetic conservation areas to develop-
ing genetic management prescriptions for lands thatare actively managed
for other purposes, such as production forestry or recreation. In situ gene
conservation comes into consideration in designing nature reserves (e.g.,
biosphere reserves, natural areas), protecting populations of rare or
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endangered species, restoring species, habitats, and communities, plan-
ning or mitigating activities that manipulate native populations of plants
and animals (e.g., harvesting, grazing, fish stocking), or in restoring pap-
ulations after natural disturbances such as flood and fire. Discussions that
follow emphasize in situ conservation.

MEASURING GENETIC DIVERSITY

Any decision to develop genetic conservation or genetic manage-
ment plans implies there is a known or suspected concern for impacts to
gene pools, and a desire to protect species from assumed detrimental
genetic effects. Because species vary widely in their genetic attributes and
in susceptibility to management actions and situations (e.g., prescribed
fire, tree harvest, ecological restoration), this decision presupposes that
knowledge about the genetic structure of species and its potential vulner-
ability is available or can be measured or inferred.

By and large, genetic variation is hidden to the eye of the general
observer, and is effectively revealed only through expensive and time-con-
suming methods (see reviews in Adams et al. 1992, Boyle and Boontawee
1995, Baradatetal. 1995, Hunter 19g6). Itis tempting to consider counting
the frequency of individuals in a sample having readily observed morpho-
logical variants (e.g., specific flower or fur color) and assume this repre-
sents genetic variation. If counts are made on individuals in wild
populations, however, the resulting frequencies combine both genetic
and environmental influences, and only those few traits unaffected by
environmental variation will yield genetic information.

To detect heritable variation in these traits (i.e., genetic diversity)
requires much more work. ‘Common garden’ tests or captive rearing pro-
jects must be done subject to experimental controls (such as replication
, and randomization), with the age of individuals and the environment in
which they are raised kept uniform among all individuals (Figure 14.2).
Common-garden studies to determine genetically based variation in
plants are relatively straight-forward but take many years (decades, in
some cases) to yield useful information. Pedigree analysis in animals also
takes many years, requiring several generations in captivity with con-
trolled breeding. Further, although these tests reveal general and indirect
information about genetic variance, they do not yield direct information
about gene or genotype frequencies.

Genetic diversity can also be measured at the molecular and biochemi-
cal levels, which involves detecting variants in, for instance, DNA, RNA,
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Fig. 14.2. Variation in height among equal-aged white fir (Abies concolor) plants growingina
common plantation in California, USA. Seedlings collected from throughout white fir’s range
in western North America were planted together, and over the years the differences that were
observed reflect genetic differences both among individuals and among groups of individuals
adapted to different parts of the species range. Seedlings from two populations shown here
come from populations at 2380 m (left) and 975 m (right) in the Sierra Nevada (Libby et al
1980). (C. I. Millar photo)

isoenzymes, terpenes, and flavonoids (Clegg 1990, Neale and Harry 1994).
Some of these are under strong genetic control, allowing genetic diversity
to be directly measured. For example, DNA aad isozymes do not appear tc
be modified by the environment in which organisms are living, anc
samples from an organism of any age and any site can be taken directly
from the field and reliably yield a genetic interpretation (i.e., a common-
garden test or captive rearing is unnecessary) (Figure 14.3). Although they
require sophisticated laboratory equipment and experienced geneticists
for interpretation, these methods do give genetic information about
specific genes, are relatively rapid, and can often be consistently applied
across taxa.

Unfortunately the relationships among the various kinds of genetic
data (morphological, biochemical, and molecular) are difficult to inter-
pret (Asins and Carbonell 1987, Adams et al. 1992, Baradat et al. 1995).
Different genetic traits (and differentapproaches to measuring t 4
yield different patterns of genetic a ecture. Th
differing evolutionary and ecological influences on different genes.

ularly
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Fig. 14.3. Molecular (DNA) variation among 25 accessions of Theobroma cacao as determined by
polymerase chain reaction (PCR) techniques, whereby differences in low-copy genes can be
assessed. (From Russell et al. 1995.)

genetic conservation, genes actually or potentially affecting survival and

fitness are most important. Some morphological or physiological traits
(e.g., body or foliar weight, drought or frost resistance) seem to reflect
adaptive variation, and thus reveal important information for conserva-
tion.

By contrast, the adaptive or ecological significance of many sequences
of DNA or isoenzyme variants is unknown. For this reason, the latter are
referred to as marker genes, meaning that, to a certain degree, they indi-
cate (or mark) the nature of genes that may be of greater interest but are
intractable to analysis. For many of these genes, although we may know
the specific function of a gene we are measuring (e.g., an enzyme in the
Kreb’s Cycle), we have little idea of the physiological role played by the var-
iants thatwe can measure. Variants in marker genes generally seem to have
relatively neutral or minor adaptive values, and tend to reflect events in a
species’ evolutionary history, such as colonizing events, bottlenecks, and
other chance effects rather than natural selection. Qur ability to evaluate
the condition and vulnerability of a gene pool is thus compromised by our
inability to understand the specific physiological importance of the
genetic variants we are most able to detect.

Because of these limitations, direct analyses have been undertaken for
only a small number of taxa, especially those species of special interest,
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such as commercial forest trees or rare and endangered species of high
conservation visibility. Because measuring genetic diversity is expensive
and time-consuming, indirect approaches have been sought as alterna-
tives to directanalysis. In plants, such studies have indicated that weak byt
significant correlations exist between genetic architecture and some life-
history traits. For instance, Hamrick and his associates (see Hamrick and
Godtiggo, Hamrick 1983, Hamricketal. 1979) reviewed statistical correla-
tions in 400 plant species between isozyme diversity and features such as
geographic range, longevity, seed-dispersal mechanisms, and mating
system (Table 14.1). Although these correlations are useful at a general
level, they provide little help when evaluating individual populations or
species because of the many exceptions thatexist (i.e., the weak regression
among genetic diversity and life-history traits).

Clearly we are still learning about the relationships among the ques-
tions we ask, the genetic data we collect, and the adaptive, evolutionary,
and conservation implications of these data. It is important for natural
resource managers to be aware of the biases of different types of genetic
variation, and the difficulties in interpreting their significance before
assessing vulnerability or making management prescriptions.
Significantly, information is lacking about current and historic genetic
structure for most forest species (except a few of high significance), and
will likely remain this way in the future. In regard to wildland taxa, we are
in the position where genetic assessments, vulnerabilities, and priority
setting must, for the time being, be based primarily on inferred conse-
quences rather than on empirical measurements.

SETTING PRIORITIES FOR GENETIC CONSERVATION

Sometimes priorities are obvious. For instance, a species listed as
endangered must be evaluated for genetic vulnerability prior to a project
approval. Or, a set of species is targeted for ecological restoration, and
genetic guidelines for these taxa at specific sites must be determined. In
other cases, priorities are not targeted nor obvious. Rather, conservation
planners are faced with the daunting challenge of how to address genetic
conservation at a bioregional scale, where thousands of taxa (i.e., natural
ecosystems filled with abundant native plants and animals, including
invertebrates, fungi, etc.) must be considered. Allocating priorities
amongthe conservation needs letalone geneticissues, and winnowing the
list of many taxa and their genetic subunits (ecotypes, races, important
populations) down to a manageable number, becomes an essential task.
Setting priorities for genetic management begins by identifying those
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Table 14.1. Correlations of genetic variation with life history characteristics as an
indirect approach to measuring genetic variation. Upper figure: within species;
middle figure: among populations, and lower figure: within populations

Correlates with genetic variation within plant species®
Trait’ Highest level Lowest level

Geographicrange Widespread Endemic
Life form Long-lived, woody perennials Short-lived perennials
Breeding system Mixed mating, wind Mixed maint, animal
pollinated pollinated

Seed-dispersal Attached Explosive

" mechanism
Taxonomic status Gymnosperms Dicots
Regional distribution Boreal-temperate Tropical or temperate
Mode of reproduction Sexual Sexual and asexual

Successional status Late successional Mid successional

Correlates with genetic variation among populations within plantspecies*®

Trait? Highest level Lowest level
Breeding system Self-pollinated Outcrossing, wind
pollinated
Life form Annuals Long-lived, woody
) perennials
Seed-dispersal Gravity dispersed Gravity attached
mechanism
; Successional status Early successional Late successional
3 Taxonomic status Dicots Gymnosperms
i Regional distribution Temperate Boreal-temperate

Correlates with genetic variation within populations of plant species®

: Trait® Highestlevel Lowest level

; Breeding system Mixed mating, wind Self-pollinated

‘ pollinated

: Geographicrange Widespread Endemic

14 Life form Long-lived, woody perennials ~ All others

Iy Taxonomic status Gymnosperms Dicots

§ Seed-dispersal Attached Explosive

mechanisms

, Regional distribution Boreal-temperatures Temperate or tropical
Successional status Late successional Early successional
Notes:

¢ Derived from Hamrick and Godt1ggo; Hamricketal. 1979.
PTraits are arranged in approximate order of their strength of correlation with genetic varia-
tion. Thus, breeding systems and geographic range are very strongly correlated with genetic
variation within populations, but successional status is only mildly related.
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— gene contamination, thatis, non-local genes being incorporated into
native, local populations;

— intraspecific or interspecific hybridization and introgression that would
notoccur naturally.

Management practices or land uses that could lead to these effects
include actions noted earlier that significantly add individuals to, or
remove individuals of native species from, natural populations; introduce
exotic species; add individuals of native species adjacent to natural popula-
tions; move individuals from place to place; and activities that significantly
change number of breeding individuals, demography, reproductive
behavior, or natural mortality. Specific examples of practices include:

timber harvest; tree, shrub, or grass breeding; wildlife habitat improve-
ment; land development; fire suppression, prescribed fire, ecological res-
toration and reclamation; fish planting and other wildlife introductions;
forest tree planting; livestock grazing; forest health control; road and
dam construction.
None of these practices or methods in and of itself leads to detrimental
genetic effects. When applied prudently, many may have no significant
effect, although this depends on the species targeted. However, if manage-
ment is poorly thought out, or if genetic effects are ignored during plan-
ning for these activities, undesired consequences are more likely.

GENERAL GENETIC CONSERVATION GUIDELINES

Given the goal of maintaining genetic diversity for short- and long-
term adaptability, the primary objective for genetic conservation is to
maintain natural levels of genetic diversity and genetic processes (gene
flow, natural selection, etc.) at the individual, population, race, and
species level. For species of concern or management situations identified
as high risk, specific attention may be needed. Developing genetic conser-
vation plans for these situations requires an approach tailored to the
species and the context. The potential for risk depends on the genetic
profile of the populations, including the amount of information known
about its genetic structure and function, its general reproductive fitness
and ecological conditions relative to other native taxa, nature of environ-
mental challenges, and specific details of the proposed action. Because of
unique circumstances in these cases, management takes different forms.
Oneapproach is outlined below for sugar pine (Pinus lambertiana).

In situations where otherwise non-vulnerable taxa are at risk due to
specific management or land-use circumstances, general guidelines have
been developed to aid management (Box 14.1). These focus on the goals of
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situations where it may be threatened or at risk.
L. When introducing individuals into natural habitats:, (e.g., tree or grass
| planting, species reintroductions, biological control):

|

-~ Use germplasm from local donor populations thatare geographically

' closeand ecologically similar to those of the introduction site.

: Determining what is local depends on the species and context, but is

I related to the size of genetic neighborhoods, selection gradients, and his-

f toric events.

— Collectdonor germplasm from local populations thatare large, viable,

: uncontaminated (by non-local genotypes of the same species or interspe-

; cific hybridizations).

J ~ Do notuse germplasm of unknown origin.

| — Maintain natural sex ratios and demographically appropriate age-class

‘f structure.

} = Maintain high effective population sizes when collecting and propagat-

i[ ing germplasm for reintroduction. Maximize the number and diversity of

| distinct founding genotypes, and maintain equal contributions from each

| donor individual through to the outplanting or introduction phase.

|~ Introduce healthy founders; avoid introducing disease with founders,

I ~ Favor rapid early population growth.

| — Choose introduction sites that match the optimal habitat requirements of

| the species (both physical and ecological, e.g., metapopulation struc-

! ture).

| — Avoid sites near (i.e., within significant gene flow distance of) popula-

| tions of non-local genotypes or races of the same species capable of con-

! taminating the introduced populations.

‘ - Choose sites thatare geographically large enough to accommodate large

| effective populations sizes, unless metapopulation structure suggests
otherwise.

= Minimize inbreeding (in species that naturally outbreed) by maintaining

| | large population sizes, minimizing relatedness in founders (avoid using

‘ ‘ clones), equalizing sex ratios, maintaining representative age-classes.
and maximizing diversity (within above standards).

— Promote reproduction and dispersal by favoring natural pollinators, seed

* dispersers, connectivity, disturbance regimes, and habitat availability

(safesites) for sexually reproducing species.

— Forasexually reproducing species, maintain high numbers of clones, as

they will determine the amount and distribution of resident genetic diver-
sity.

BOX 14.1 General management guidelines for maintaining genetic diversity in |

Genetic diversity
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BOX 14.1 (cont.)
[I. Whenremovingindividuals from natural populations (e.g., timber
harvest, hunting and fishing):

— Avoid significant reductions in effective population size (e.g., significant
reductions in census number of individuals, unequal sex ratios, unequal
contributions from parents, unequal numbers of offspring, drastically
fluctuating population sizes).

_ Avoid unnatural changes in mating systems (e.g., isolated seed trees or
clumps of retention trees may promote inbreeding).

— Avoid increases in undesired intraspecific or interspecific hybridizations
(e.g., changes in gene-flow corridors, fragmentation).

— Mimic natural structural patterns (spatial distributions, age-class distri-
butions, patterns and intervals of mortality) and processes, especially dis-
turbance regimes.

— Maintain or restore natural selection regimes (e.g., native pathogens and

insects, pollinator relationships, nature fire regimes).

maintaining local germplasm and promoting natural genetic processes in
the range of management situations met in wildlands, from minimally
disturbed areas (e.g., wilderness) to multiple-use or manipulative situa-
tions. Sometimes these guidelines specifically emphasize genetic conser-
vation within ecological restoration (Millar and Libby 1990, Knapp and
Rice 1994), rare and endangered species conservation (Falk and Holsinger
1991, Falk et al. 1996), or production forestry (Kitzmiller 1990) contexts.
Such ‘best genetic management practices’ help guide development of
specific genetic prescriptions, as the examples later in the chapter illus-
trate.

Principles of ecosystem management remind us that our attention
should be focused on a broader array of species and environments than
individual taxa targeted as high risk. Genetic conservation under ecosys-
tem management ideally brings the best genetic management to all native
species. Because of the enormous number of species this entails, the lack
of genetic information for all but a minute fraction of these, and the
expense and sophistication needed to gain that information, a general
approach is needed for these remaining species. Under many circum-
stances, genetic diversity may be adequately maintained by focusing on
species and habitat conservation, without further modification for genetic
concerns. This is because natural genetic structure and function (i.e., evo-
lutionary processes) occur when populations are functioning with
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minimum human disturbance and in generally natural habitats. Thus, i
many cases, species and ecosystem conservation serve as adequate surr
gates for genetic conservation for the vast multitude of forest species.

Genetic conservation for specific management situations

As described above, emphasis in genetic conservation is on protec
ing single species identified as high risk, mitigating certain managemer
practices, and providing general protection to all species in an ecosyster
management context. Examples of some approaches are described beloy

GENETIC CONSERVATION IN PRODUCTION FORESTRY

Production forestry is one situation where genetic conservatio
goals are combined with others in a multiple-use landscape. Several silvi
cultural practices in the early days of forestry were potentially detriment:
to tree gene pools. High-grading, or harvesting trees with superior growt
and form traits and leaving poor quality trees to regenerate stands, wa
regularly practiced, and likely led to declines in growth and productivity i
subsequent generations. In the early decades of planting, the geneti
source of seedling stock was not considered, which contributed to planta
tion failure or poor performance, tree mortality, and decline in forest pro
ductivity. The ill effects of such early activities, seen in the light of moder
information on genecology in forest trees, catalyzed the establishment o
genetic practices to maintain productivity. For example, in 1934 a fores
seed law was passed in Germany that called for the destruction of certai
low productivity stands and forbade seed collection from 50% of the
stands. Similar problems accumulated in the United States and man)
older plantations still exist on public and private lands where trees o
unknown, but offsite, source essentially downgrade the sites due to poo!
performance. By 1939, the U.S. Department of Agriculture establishec
policy on seed transfers for federal forests with the goal of maintaining
local germplasm and representative diversity.

The California region of the U.S. Forest Service provides a more specific
example (Kitzmiller 1976, 1990). A long-term objective is to maintain and
promote broad adaptability of tree populations of all species, but the
primary focus is on conifer species of highest commercial value, namely
ponderosa and sugar pines (Pinus ponderosa, P. lambertiana), Douglas-fir
(Pseudotsuga menziesii), incense-cedar (Calocedrus decurrens), and white fir
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(Abies concolor). The approach emphasizes in situ maintenance of genetic
architecture by maintaining genetic standards (as described earlier in this
chapter and Box 14.1) throughout harvest and planting regions. Scattered
set-asides (reserve areas), designated for other conservation purposes,
also contribute to maintaining population and ecotypic genetic diversity.
Three elements compose the core of the program:

1. Tree seed zones. Forested ecosystems are divided into zones of general
similarity in selection pressure (i.e., similarity in climate, forest types
and species, soils, elevation, aspect) (Figures 14.2, 14.4). Movement of
germplasm is restricted both within and among these zones. Thatis,
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seed to be used for planting harvested sites is collected within the same
zone and within the same 150 m elevation band as the planting site.

Zones for this map were first developed by a group of forest geneticists
and foresters who based their estimates on general and anecdotal
knowledge of land forms, elevation, and climatic zones (Buck et al.
1970). Little direct genetic information was available to inform those
who drew the zone boundaries, although some elevation and latitudinal
transect studies provided information. Subsequent analyses of genetic
variation in these species (Figure 14.5), and ecological mapping of
species and habitats, have shown that these early estimates of geneco-
logical provinces were surprisingly good.

2. Seed collection and nursery practices. Once locations for seed collecting
are determined, seed is collected from a minimum of 20 forest stands per
zone, with one to many trees per stand serving as seed parents
(Kitzmiller 1976, 1990). Equal contributions of seeds from each donor
are sought to create bulked (combined) seedlots from each stand.
Similarly, attempts are made to keep numbers of seeds and seedlings per
tree and per stand equal throughout the nursery phases to maintain
effective population sizes and thus favor high genetic diversity. During
seed collection and culling operations in the nursery, slightselection is
exerted toward traits of interest to production forestry (e.g., rapid height
growth, stem straightness, flat branch angles). This latter practice inte-
grates the objective for gains in productivity, whereas the other recom-
mendations assure the retention of adequate adaptive genetic diversity.

3. Harvestpractices. The main genetic conservation goal for tree harvest is
to avoid systematic alterations in the gene pool, or high-grading. Thus,
when partial-harvest methods are used, a mix of tree phenotypes is left
rather than the best trees repeatedly being harvested and poor pheno-
types being left as parents of natural regenerants. Federal laws (National
Forest Management Act 1976) require thatharvested sites be planted
with the same mix and abundance of native species that existed on the
site prior to harvest.

No formal monitoring exists within the California program, although
research studies have shown that genetic diversity is similar in produc-
tion seedlots and the native stands where seeds were collected.

GENETIC CONSERVATION AREAS

Sometimes genetic conservation goals are the primary emphasis in
land management. Where activities occur that might significantly
affect genetic diversity (such as those described earlier in this chapter),
parcels of land may be chosen to conserve representative genetic diversity.
Such genetic conservation areas (GCAs) have the goal of conserving ailelic,
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Fig. 14.5. Multi-locus contour maps of geneticvariation among ponderosa pine (Pinus pon-
derosa) populations in the Sierra Nevada of California. Contours are derived from canonical
trend surface analyses of many isozyme loci. Contour intervals are based on 0.50 standard
deviation units from the analysis. Highly resolved genetic studies such as these provided
refinement of original tree seed-zone boundaries. (From Westfall and Conkle 1992.)
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genotypic, population, and species genetic variation through designation
and genetic management of natural habitat distributed over the native
range of target species. In addition to conserving in situ genetic diversity
and genetic function, these GCAs can be used for genetic monitoring,
serving as baselines against which manipulative treatments can be com-
pared. Wilderness areas, national parks, nature reserves and natural areas,
and other specific conservation areas (such as for rare or endangered
species) often function effectively as GCAs. For rare species, there may be
as few as one to several GCAs (Nabhan and Norman 1992), whereas for
widespread species, networks of many GCAs are developed, ideally with
individual units being carefully selected to represent important parts of
geneticarchitecture (Wilson 1990, Arbez 1995). Whereas GCAs are usually
managed similarly to strict nature reserves (with no manipulative activities
allowed), they can be developed from areas where certain kinds of manip-
ulation occur, as long as native species are maintained and land manage-
ment priorities allow genetic standards to be maintained.

Although forest GCAs have longbeen discussed, they have been slow to
be implemented. Several pilot networks are planned or developed for
Norway spruce (Picea abies), cork oak (Quercus suber), and a few hardwood
species in western Europe (Arbez 1995). In Malaysia, a network for hard-
wood species is being developed (Tsai and Yuan 1995). The Turkish
government has established a national genetic conservation area program
that provides a model for other countries (see case study below).

Determining the size and locations of individual units within GCA net-
works has been approached in several different ways. In the state of
Washington, USA, over roo GCAs (there called gene pool reserves) for
Douglas-fir were designated in each 152 m elevation band within every
seed zone. Reserves were selected to be 1o ha and containing at least 400
dominant or co-dominant trees (Wilson 19go). These reserves are with-
drawn from timber harvest and managed strictly for genetic-conservation
purposes.

In Europe, 31 countries, the European Community, and four interna-

tional organizations approved six resolutions in 19go pertinent to forest
genetic conservation (Arbez 1995). One emphasized the development ofin
situmethods, including the developmentof pilot GCA programs and even-
tual comprehensive networks. For European silver fir (Abies alba) in ;

France, available genetic information was used to select 20 populations
~considered to be representative of the important genetic variation in the
region. The total area of this network covers about 200 ha, less than r% of
the species distribution in France. Each stand is about ro-15 ha, ensuring;
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at least 600 trees. An additional go ha isolation zone protects the stands
from gene contamination. Genetic management guidelines are integrated
with the general management plans for each area, and do not significantly
constrain wood production goals for these areas.

In California, USA, aresearch GCA project for key conifers was initiated
in the Sierra Nevada which demonstrated a quantitative approach to using
genetic information in designing GCA size and placement (Millar and
Libby 1991). The focus of this GCA projectwas the five commercial conifer

species of the Sierra Nevada (ponderosa pine, sugar pine, incense-cedar,
Douglas-fir, and white fir). Throughout mostoftheir ranges, these species
are subject to timber harvest, and also conserved under the genetic conser-
vation practices of the U.S. Forest Service described for production
forestry above. The development of a GCA network was proposed as a
back-up and insurance to the operational gene conservation practices, and
also as baseline for assessing the efficacy of those operational guidelines.

Siting and size decisions about the individual units demonstrate how
genetic data can be used to improve the efficiency of designing a GCA
network. Areas were selected according to four generalized steps: (1)
compile genetic data for multiple traits; (2) develop multivariate statistical
models and analyses to locate alternative network designs for GCAs that
combine all five species and represent genetic diversity gradients at
regular intervals across the landscape; (3) survey on-the-ground to find
areas where all species represented are in appropriate conditions and age
classes, and where natural processes have been least disrupted by human
activities (e.g., minimal history of timber harvest, road building, fire sup-
pression or catastrophic fire); (4) develop and implement management
plans that prescribe goals, restricted and permitted activities, monitoring,

and restrictions on adjacentland use.

Recommended size of each GCA in this project was calculated by con-
sidering the size of an area thatwould maintain stable effective population
sizes into the future (i.e., no decline in genetic diversity). Areas must be
large enough to avoid inbreeding, retard loss of diversity due to drift, and
buffer against pollen contamination from neighboring stands. The rec-
ommended sizes ranged from 500 ha to 3000 ha, depending on stand con-
ditions of the sites and management of adjacent areas.

Management plans for. this GCA network would emphasize natural
structure and process, including ecologically appropriate mixes of
species, age classes, and densities, as well as appropriate fire and natural
insect/pathogen regimes. Carefully controlled harvest, artificial regenera-

tion, and other manipulative practices could occur if genetic considera-
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tions were given highest priority. This arguably diminishes or obviateg
their usefulness as baseline areas for comparison with harvested areas. In
most parts of theworld, however, undisturbed (by human influence) forest
doesn’texist. In lightof'this, the bestapproach is to choose areas with least
historic disturbance, greatest record of past effect, and highest likelihood
ofachieving genetic standards and practices in future management.

ENDANGERED SPECIES MANAGEMENT

Much conservation activity is focused on endangered species.
Protection of these species can be both preventative, in minimizing or
halting the activities that eroded or contaminated genetic diversity, and
restorative, in reintroducing allelic, genotypic, and ecotypic diversity.
Often a management decision hinges on determining how much genetic
diversity is enough; thatis, whether a rare population or species’ gene pool
would be ‘significantly impaired’ by a proposed management project
(e.g., timber harvest, trail-building, grazing allocations, fire). Significant
genetic change is difficult to interpret even with monitoring, and thus it is
difficult to determine what constitutes a threat, especially to small or
weakened populations.

One way to evaluate the significance of proposed actions involving
endangered species is to model or predict the implications on short- and
long-term genetic diversity and population viability. An example comes
from sugar pine, an ecologically and commercially important species of
western North America. Sugar pine, along with other white pines native to
North America, is threatened by an exotic pgthogen, Cronartium ribicola,
which causes the fatal white pine blister-rust disease (Smith 1996). White
pine blister rust was introduced into North America in 1910 on a shipment
of infested eastern white pine (Pinus strobus) from France, and has spread
with variable speed through sugar pine and other white pine forests in
western and eastern parts of the continent.

Sugar pine is highly susceptible to blister rust. Seedlings and young
trees are killed outright, while old trees die more slowly, losing portions of
their crowns over many years. A major gene for resistance, which appears
to be widely distributed in sugar pine populations at very low levels, was
found almost 30 years ago (Figure 14.6, Kinloch etal. 1970, Kinloch 1gg2).
Threat of population or species extinction from blister rust is attenuated
by sugar pine’s naturally low stand densities, which were further reduced
as a result of heavy harvest during the settlement period in California (late
nineteenth century).




inus lambertiana) confers

Fig.14.6.As
tance from white pine blister-rust disease to individuals that carry the
Individuals carrying the normal allele die when exposed to the pathogen (left). Frequenci
ant gene vary in sugar pine forests from absentto about 16%. (From Kinloch et
, Kinloch 1g92.) (B.B. Kinloch photo)
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Models have been developed to predict changes in genetic diversity and
to assess long-term population viability in sugar pine (Millar et al. 1996).
The assessment focused on the rate and geographic extent of the spread of
the rust, the effects on sugar pine populations as the epidemic reached all
-parts of the species’ range, and the consequences to the species at popula-
tions, ecotypic, and species levels. In modeling, effective population size
was tracked as the key marker of genetic diversity during the predicted rust
epidemic. Effective population size (N) is similar to the census size of a
population (the actual countofindividuals) butis adjusted to represent the
number of genetically effective individuals. N_is equal to the actual census
only when mating is random, all parents contribute offspring equally,
where sex ratios are equal, and population sizes remain unchanging over
time.

Following effective population size in sugar pine shows some surpris-
ing results (Figure 14.7). As blister rust becomes epidemic, sugar pine
populations decline rapidly in size. A few individuals in most populations
are likely to survive due to the resistance gene. These individuals produce
resistant progeny. In subsequent generations, populations increase
rapidly in size due to strong selection for the resistance gene (Figure 14.7).
An important outcome from modeling, however, is the significant and
long-lasting decline in N,. This suggests that a large portion of genetic
diversity in sugar pine populations will be lost even though the popula-
tions recover in size. Without its complement of genetic diversity,
however, the long-term stability of sugar pine is hampered since the
species would lose resilience to meet future environmental changes.

Comprehensive management programs have tackled the blister-rust
problem in sugar pine for several decades (Kitzmiller 1976). Most
recently, a breeding program is developing resistant sugar pine seedlings
to outplantafter timber harvest (Samman and Kitzmiller 1996). Seeds are
collected from known resistant trees in wild stands, and resistant seed-
lings are returned to reforestation sites within the same adaptive zone.
This augmentation of resistant stock should significantly improve sugar
pine’s chances for successfully passing through the epidemic and main-
taining genetic diversity as well.

Aless obvious implication from the modeling is the effect that harvest-
ing genetically susceptible old-growth sugar pine individuals would have
on long-term loss of genetic diversity. Although it might seem that these
genotypes are extraneous to the population since they will likely be killed
by the rust, in factas long as trees with susceptible genotypes are alive (and
many may take years to die), they contribute genes through pollen to
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Fig. 14.7. Evaluating impacts to genetic diversity in sugar pine from white pine blister rust
with predictive models. The model shows the effect of five generations of blister rust on popu-
lation size (N) of sugar pines, frequency of the sugar pine resistantallele (fR), effective popu-
lation size in sugar pine (N ) over five generations, and harmonic mean N,. Harmonic mean
N, is the average effective population size over the five generations and is used to evaluate
effect on genetic diversity. With a mean N, of 0.2, in five generations approximately g5% of
sugar pine’s genetic diversity could be lost. (From Millar etal. 1996.)

resistant mother trees. They also can bear resistant seeds themselves
through pollination from resistant father trees. The genetic diversity they
contribute at genes other than the blister rust gene is significant, and
emphasizes why itis so important that these trees be kept alive during the
epidemic.

This example demonstrates how projections that focus only on popula-
tion numbers can be misleading: although a population may appear to be
stable or recovering in census size, significant undesired impacts may be
accruing, as in the case of sugar pine, to long-term genetic diversity, which
could impair long-term resilience and adaptability in the species.
Preventative and proactive management approaches that ‘load the dice’
genetically can be chosen where practical.
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GENETIC MONITORING

Although the importance of ecological monitoring extends to the
genetic level, genetic diversity is difficult to assess, requiring costly labora-
tory methods or time-consuming field studies for detection. The genetic
structure of several forest tree and fish species have been studied in many
places, but few if any studies have been repeated, and time trends are
unavailable. With no long-term studies, we have little understanding of
natural fluctuations or response to ecological disturbances, and thus no
patterns of temporal or spatial variability to use as a baseline. A related
barrier to genetic monitoring is the difficulty in interpreting changes in
diversity relative to adaptability, resilience, and vigor. With current tech-
niques, by the time we could detectsignificant changes in genetic diversity,
populations and species may already be irretrievably in demographic
decline. New approaches combining molecular with physiological tech-
niques, such as quantitative traitlocus (QTL) monitoring, are encouraging
(Neale and Harry 1994), but these techniques are not yetavailable for con-
servation use. In sum, although genetic theory provides expectations
about changes in diversity, we have not yet developed a meaningful
approach to genetic monitoring because we do not know whether
increases, decreases, or other changes we may measure are significant for
a particular species or population. For now we can advance the objectives
of genetic monitoring by understanding ecological contexts within which
genetic trend data are collected, int%grating genetic diversity measure-
ments with other ecological monitoring data, and using ecological surro-
gates for genetic inference (Bawa and Menon 1995, Boyle and Boontawee
1995).

Case study: preserving a priceless legacy of genes in Turkey

An ambitious and comprehensive project is under way to conserve
the rich genetic resources of native plants and wild relatives of important
crop, medicinal, and ornamental plants of Turkey (Global Environment
Facility 1995, Adamsetal. in press). The program is jointly administered by
the Turkish Ministry of Agriculture and Rural Affairs, Ministry of Forestry,
and Ministry for the Environment and funded by the Global Environment
Facility of the World Bank. Turkey is one of the richest countries in plant
genetic resources. Over 30% of its 9ooo species are endemic. Turkey has a
unique biogeographical setting located at the junction of the Euro-
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Siberian, Mediterranean, and Irano-Turanian floristic regions. Diverse
environmental and climatic conditions contribute to making Turkey a
major center of origin for globally important plant genetic resources and
the native home of widely used domesticated plants.

This projectis the first of its kind in the world to protect both woody and
non-woody wild crop relatives through the development of in situ multi-
species genetic conservation areas. Whereas many nations have under-
taken some form of ex situ genetic conservation (seed storage, primarily),
Turkey is the first to integrate ex situ with in situ methods in a national
program for the management of genetic resources. In addition to identify-
ing and establishing gene conservation areas, a project goal is to
strengthen the institutional capacity in Turkey for implementing an
ongoing national program for genetic conservation and integrating with
other current conservation efforts in the country.

The project includes five major components: SUrveys and inventories,

gene conservation areas (called gene management zones in this project),
data management, a national plan for a larger network of in situ conserva-
tion areas, and institutional strengthening for gene conservation. This
pioneering program began in March 1993 with a three-year pilot phase
that emphasized development of eco-geographic surveys and inventories
of species and genetic diversity (isozyme and common garden studies) of
tree and crop relative species across the country to determine appropriate
locations for genetic conservation areas. These areas would be located to
preserve unique genetic resources as well as conserve areas of high species
diversity. The number of areas and their size would vary with site and
species richness. Areas will be selected that contain more than one popu-
lation of targetspecies, and that contain core areas (center of the zone) and
buffer zones. The pilot program focused on areas within Kazdagi National
Park, Ceylanpinar State Farm, and the Anatolian Diagonal.

Each GCA designated in the Turkish network will have a separate man-
agement plan, and a scientific and technical team from several govern-
ment agencies will implement and review conservation activities of each
site. Management will emphasize non-manipulative uses initially, espe-
cially in core areas. Cessation of grazing will be the most important man-
agement action. For areas that have endangered species, recovery plans
will be written and implemented but the focus emphasizes restoring eco-
system function not just species representation. Removal of invasive
plants and feral animals and fertilization of some parts of the GCA may be
needed. Permanent sampling and monitoring plots will be established to

monitor baseline biotic and physical environmental changes. Plots will be
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resampled every 3—5 years, and ecological research will be encouraged in
these areas. These GCAs of forestand crop species are intended to serve as
the core of a much larger network of conservation areas that will compre-
hensively cover all plant species in Turkey.

Summary

Genetic variation is the fundamental source of all biological diver-
sity. Without genetic variation, adaptation to changing environments
would not occur. Because species are subject to natural selection, gene
flow, chance events of genetic drift, and other evolutionary forces that
shape their genetic composition, they have evolved highly structured pat-
terns among individuals, populations, and widely separated portions of
native ranges. No two species are alike in their genetic architecture,
although some species thatare similar in mating systems (e.g., inbreeders
vs. outbreeders), geographic distribution (e.g., widespread vs. rare), or
longevity (e.g., annual vs. perennial) may share similar general patterns in
genetic diversity. Much of this variation has evolved as a consequence of
natural selection fine-tuning populations for adaptation to local environ-
ments, although many ecosystem forces alter the genetic structure of
species in random ways as well. Human actions also influence genetic
diversity, in both beneficial and detrimental ways.

Genetic conservation is a component of land management that aims to
maintain the ecological and evolutionary potential of species’ gene pools.
Traditionally genetic considerations have been limited to a very few taxa
(commercial forest species) and a few aspects of forest management (tree
improvement or reforestation). General guidelines and strategic genetic
plans that aim to maintain and restore genetic diversity need to be more
widely integrated across suites of taxa in forest planning. Where the man-
agementgoal is to maintain biodiversity, genetic objectives can be aided by
actions that maintain native genetic diversity and function, and avoid
genetic contamination. These include using local germplasm of native
species (in projects like tree planting, fish stocking, ecological restora-
tion, or rare species reintroduction); maintaining natural population
sizes, distributions, and connectivity; ensuring that parents of future gen-
erations are genetically representative of current generations when indi-
viduals are removed (e.g., in tree harvest, hunting and fishing); providing
sources of back-up genes in storage in case of emergency needs (e.g.,
seeds in a seedbank, frozen sperm); and promoting natural disturbance
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agents thatactas selectionagents (e.g., fire and native insects/pathogens).
Specific genetic conservation prescriptions may be needed when genetic
diversity seems at risk; these include germplasm collection and transfer
rules, minimum population size guidelines, genetic conservation areas,
and guidelines on selection of individuals for removal or introduction.

Hartl (1988), Hartl & Clark (1989) and Hedrick (1983) develop the
basic population-genetic theory that underlies conservation genetics.
Early conservation biology treatments, such as Soule and Wilcox (1980)
and Frankel and Soulé (1981), set the stage for important conservation
genetic precepts. These are further developed generally in Oldfield (1984)
and Soulé (1987), while Ledig (1988), Schoenewald-Cox et al. (1983), Falk
& Holsinger (1991) and National Research Council (1991) take up genetic
conservation within specific management contexts. More recent treat-
ments include Hedrick and Miller (1g92), Rogers and Ledig (1996}, and
Friedman (1997).
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