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Strategies for Conserving Clinal,
Ecotypic, and Disjunct Population
Diversity in Widespread Species

CONSTANCE I. MILLAR and WILLIAM J. LIBBY

Why is a chapler on widespread species appearing in a volume on rare species? One
answer to that is another question: Why focus on species in the first place? Granted,
species do have a unique status. They are more Of less closed units genetically, and
species extinction signals the end of an evolutionary lineage that may have begun
millions of years ago. By contrast, individuals and populations within species are lost
and replaced all the time.

If a goal of conservation is to maintain specigs in the long (erm. then attention
should focus on levels of biological organization within the species. Stripped of their
taxonomic identities, organisms cluster naturally into hierarchical units of genetic sim-
jlarity, with individuals at the lowest level and genetically related groups at the highest
level. The species level is part of a continuum of genetic distinctness: diversity and
rarity occur at every level, and much of this variation is adaptive. The evolutionary
potential and resitience of species depend on the amount and structure of genetic vari-
ation at intraspecific levels. Widespread species, by virtue of their size, have complex
genetic slructures, and cause attention to be focused on these levels. During the early
missionary phase of genetic conservation, it was appropriate and effective {or the spe-
cies level to receive the most attention. But now that conservation biology has ad-
vanced in its understanding of species and population biology. we recognize that we
cannot ignore the unique. rare, and unusual variation that exists at intraspecific levels
of most species.

This chapter reviews the genetic architectures of both rare and widespread species,
and presenis strategies for conservation of diversity within widespread species. Be-
cause widespread species by definition comprise many individuals and many popula-
tions, conservation strategies differ from those for rare species in that they aim not so
much to preserve the entire species. but to sample genetically diverse individuals from
some meaningful hierarchy of stands, populations, and races. This chapter draws at-
tention to the inherent value and priority for conserving widespread species and em-
phasizes that intraspecific variation is important in determining conservation strategies
for rare species as well. As forest geneticists, we have chasen as our examples tem-
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perate-zone trees. We hope that the slories they provide will be useful for conservation
of other taxa.

GENETIC ARCHITECTURE OF RARE VERSUS WIDESPREAD SPECIES

All species, whether rare or common, have a unique genetic profile that defines their
hierarchical structure of variation, or genetic architecture of traits (Libby and Critch-
field 1987). The existence of intraspecific levels of variation has profound implications
for conservation of species. At each level  variation can affect fitness and viability, At
the level of individuals, loss of variation (increasing homozygosity) can lead to in-
breeding depression, which is often expressed as a severe decline in health (e.g., Libby
et al. 1981; Sorensen and Miles 1982; Strauss 1987). At the population level, where
variation is often related to adaptation to local environments, reductions in variation
or other disruptions of the local gene pool may decrease the chance that a population
dan adapt to changing conditions. At the species level, loss of diverse populations
reduces the potential of the species to respond to environmental changes at regional
and global scales. Thus species existence depends to a large part on the genetic health
of all the intraspecific levels. Similarly, the appropriate conservation strategy for a
species also varies in response to the particular genetic architecture of each species.

Patterns of genetic variation can be grouped into general classes for specific fax-
onomic groups. Northern Hemisphere conifers have been widely studied, and we sum-
marize some of the patterns of genetic variation that have been described for species
in that group,

No or Little Genetic Variation Within Species ~.

This situation is unexpected in most taxonomic groups, but especially in conifers,
which typically are highly variable. Red pine (Pinus resinosa) is the best known ex-
ample of this small class. Despite its wide distribution throughout the north central
and northeastern United States and adjacent regions in Canada, and a reproductive
system that favors the evolution and maintenance of variation, red pine is nearly in-
variant genetically (Fowler and Morris 1977). This situation is attributed to Pleistocene
glaciation, which appears to have reduced red pine to a small area and eliminated
variation. Red pine has subsequently recolonized vast areas and, within these areas,
appears healthy and aggressive despite loss (presumably) of gcnclic variation (Barrett
and Kohn, Chapter 1; Templeton, Chapter 12).

Species may be invariant in one part of the range and variable in another part.
Western redcedar (Thuja plicata) grows as a scattered component of mixed conifer
forests throughout the Pacific Northwest and British Columbia. In these regions, it
appears Lo have little genetic variation (Copes 1981), perhaps another victim of Pleis-
tocene climate changes. In its southernmost populations of northern California, west-
ern redcedar has some genetic variation. These areas may have been refugia for the
species during the glacial periods, where variation persisted in moderate-size popula-
tions. Unusual environmental heterogeneity in northern California may also contribute
to the evolution and retention of variation there.

CONSERVATION STRATEGIES FOR GENETIC DIVERSITY

STRATEGIE:

IS

No Variati

Torrey pine
a rare Calif
near-San Di
northwest o
populations
differences

oferpene co
tions, presu
the species.

Little Variz

This class ¢
fir (Abies bn
wilderness
variation in
ferences ar
abvious em

These three
the outbree
groups with
ability of ¢
breeding ar
These recon
within popt
commonly,
examples i
despite higl
tirpated ma
normally ot
homozygos
Templeton .
instances.

High Vari:

Several wic
certain por
common ir
Variation v
high, but ¢
(Harry 198
sity in wes




RSITY

sation

s their
ritch-
:ations
ity. At
to in-
Libby
where
riation
ulation
tations
rgional
health
y for a
xcies.
fic tax-
/e sum-
species

onifers,
IWn-ex-
centtal
yductive
aarly in-
istocene
minated
ie areas,
(Barretl

her part.
1 conifer
sgions, it
of Pleis-
iia, wesl-
ta for the
e popula-
sontribute

o

W

STRATEGIES FOR CONSERVING PAVERSITY IN WIDESPREAD SPECIES

No Variation within Populations, Variation Among Populations

Torrey pine (Pinus forreyana) exemplifies this small class for conifers. Torfcy pine is
a rare California species known from only two small populations, one o the mainiand
near San Diego, and the other on Santa Rosa Island off the California coast, 280 km

qorthwest of San Diego. Genetic studies show this species to have no variation within
populations at any of 59 atlozyme loci (Ledig and Corikle 1983). There are, however,

differences between the populations at two allozyme loci and some variation in mon-

7Zavarin et al. 1967). Thas minor differences between popula-

oterpene composition (
tions, presumably caused by founder events, are the only known genetic variation in

the species.

Little Variation Within Populations, Little: Variation Among Populations

This class of forest trees is slightly more common than the previous two. Santa Lucia
ttered in the rugged

fir (Abies bracteata), another rare California conifer that grows sca
wilderness of the Santa Lucia Mountains, is an example. There is 2 modest amount of
yariation in this species. both within and among populations (Ledig 1987). The dif-
ferences among populations follow no geographical pattern and are uncorrelated with

obvious environmental factors.

scribe patterns of variation that are considered exceptional for
lived conifers, but that may be more common for taxonomic
roductive systems. Geneticists concerned about long-term vi-
ability of conifer populations have usually advocated management that avoided in-
breeding and that maintained large populations madé~up of unrelated individuals.
These recommendations were aimed to minimnize situations of low genetic varjation

within populations, such as occur naturally in the three classes described above. More

commonly, conifers do not tolerate those geretic conditions. That there are sO few

examples in these classes may testify t0 this. The species that have survived well
despite high homozygosity may be the few winners in an evolutionary game that ex-

tirpated many others. Managers have developed techniques 1o carry populations of
normally outbreeding species through an inbreeding bottleneck to a point where high

homozygosity is tolerated in the population (Barker and Libby 1974; Libby 1976;
Templeton and Read 1983). This may mimic what occurs in the few successful natural

instances.

These three classes de
the outbreeding, long-
groups with different rep

High Variation Within Populations, Little Variation Among populations

Several widespread conifers exemplify this pattern, either over their entire range or in
certain portions of it. Incense-cedar (Libocedrus decurrens) is a widespread species
common in mid-elevation mixed-conifer forests of California and western Oregon.
Variation within populations in the Sierra Nevada portion of the range is relatively
high, but onty minor genetic differences exist among widely separated populations
(Harry 1984, 1987). Low population differentiation but high within-population diver-
sity in western white pine (Pinus monticola} is a common pattern throughout the ex-
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tensive portions of its range in Oregon, Washington, and Idaho. Populations that ex- -
tend into California, however, are distinct from one another and from the Pacific ol
Northwest populations (Steinhoff et al. 1983). This pattern appears to reflect the rel- R
ative degree of habitat heterogeneity over western white pine’s range—low in the

north, high in the south. E

+

High Variation Within Populations, High Variation Among Populations ol

Conifers in this common situation can be divided into discontinuous and continuous
geographical patterns. The difference between these patierns is often only a matter of
scale.

[ R

., Discontinuous ol
Abrupt genetic differences among populations—that is, large differences at many loci
in repeated groupings—occur as aresult-of natural selection andfor genetic drift. When
selection appears to be the primary factor leading to differentiation, as suggested by
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major differences in environment predictably being associated with particular combi-
nations of genefic variation, the resulting pattern is called ecotypic. This may be rec- i€
ognized on a large scale, as in ponderosa pine (Pinus ponderosa), where at least four
major ecotypes have been described: the Pacific, North Plateau, Rocky Mountain, and .

Southwestern races (Wells 1964; Smith et al. 1969; Read 1980) (Figure 10.1). The
transitions among these races occur in more or less continuous pine populations over
hundreds of kilometers. By contrast, on a small scale, bishop pine (Pinus muricata) is
genetically differentiated into ecotypes that grow on and. off pygmy-forest soils in +
northern California. The two ecotypes meet at abrupt ecotones only 0.5 km wide (Mil-
lar 1989). SN

Discontinuous variation also can oceur primarily because of isolation of disjunct ¢
populations and genetic drift. In these cases, the patter of differentiation may parallel
the population disjunctions, and similar ényironments are not predictably associated : -
with particular combinations of genetic variation. Certainly, selection is not sus-
pended, but its role is less obvious, and the term “‘ecotype™ is not used. In Monterey
pine (Pinus radiata), for example, each of the five disjunct populations has genetically
distinct traits (Bannister et al. 1962; Forde 1964; Millar et al. 1988; Moran et al. 1988).

i i a2 oy TS S ]

b3 | R . Although selective factors differ among the populations, *isolation and genetic drift P such as
were probably more important in producing current patterns of population variation. | are likel
i . adaptive
Continuous ‘. south t¢
Genetic changes often occur gradually over space rather than abruptly, in which case ' (Callahe
they are called clines. Clinal variation is usually ascribed to gradual changes in natural erage Vi
selection, but migration and genetic drift can also give rise to situations where genetic “ally thrc
distance is correlated with geographical distance. At the level of the species range, in alioz
differences among ecotypes may appear abrupt, whereas at the local level, the transi- | cies” U-
tion between races may be clinal (Sorensen 1979; see also Figure 10.1, ponderosa Clin
pine). This is common when populations are spatially centinuous. : stands.

Where important factors of the species’ selective environments vary gradually, southen
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Pondérasa pine
“Fransition region
between races

Figure 10.1. Major ecotypes of ponderosa pine.

such as climate, and when populations are large and more or less continuous, clines

are likely to evolve. Many important physiological traits vary clinally in conifers. Most

adaptive traits of ponderosa pine and white fir (Abies concolor) vary clinally from

south to north and from low to high elevations in the Sierra Nevada of California
(Callaham and Liddicoet 1961; Conkle 1973; Hamrick 1976; Libby et al. 1980). Av-.
erage values for second-year height from a common-garden test in white fir vary clin-
ally throughout the species range (Figure 10.2) (Hamrick and Libby 1972). Changes
in allozyme frequency in knobcone pine (Pinus attenuata) vary clinally along the spe-
cies’ U-shaped distribution (Millar et al. 1988). Many other examples exist.

Clines occur not just'in frequenciés'df genes, but also in levels of diversity-within
stands. In the southwestern United States, many conifers are most diverse in their more
southern populations. Diversity within populations decreases clinally northward (Fins §
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Figure 10.2. Clinical variation in average second-year height {values below black dots)
of white fir in common-garden plantations; ecotypic variation in adaxial stomata rows
(values above black dots) of white fir. Roman numerals indicate four regional groups in-
dicated by multivariate analyses of nine traits. (From Harnrick and Libby 1972)

and Libby 1982; Steinhoff et al. 1983; Critchfield 1984; Furnier and Adams 1986;

‘Ledig 1987; Millar et al. 1988). '

in concluding this section on patterns of variation, we note that different patterns of
variation may occur, depending on the traits studied. This discordance has been dis-
cussed for adaptive (e.g., survival and growth) traits versus presumably more neutral
(e.g., biochemical) traits (Endier 1986; Libby and Critchfield 1987}. In many conifers
(e.g., lodgepole pine, Pinus contorta; Douglas fir, Pseudotsuga menziesii; and pon-
derosa pine), isozyme variation among populations is less than 10%, whereas a much
larger proportion of total variation occurs among populations in obviously adaptive
traits. For example, in lodgepole pine, 6% of the total isozyme variation is among
populations, whereas 38% of total morphometric variation is among populations
(Wheeler and Guries 1982). The discordance can occur even among traits within either
of those categories. In bishop pine, large differences in allozymes yield one pattern,
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 pificant (Hamrick et al. 1981). On a broad
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r, cone morphology a third, resin canal anatomy a

fourth, monoterpenc composition a fifth, and reproductive crossing relationships a
sixth pattern (reviewed in Millar 1986). Obviously, this is a nightmare for taxonomists
and conservationists, but is stil] entirely within the rules of evolution.

We have enumerated these patterns because on the whole they may occuf in rare
as well as in widespread species, differing only in geographical scale. Some general-

;zations are developing about the relative magnitudes of variation in rare versus wide-
he limitations of using one type of trait to infer a general

spread species. Despite &
s—allozymes—are useful traits for comparing diverse

pattern, enzyme polymorphism
taxa. Hamrick and his colleagues (Chapter 5 and references therein) have surveyed the
relationships between allozyme variation and life-history traits for many taxonomic

groups. For 28 conifers, endemic and narrowly distributed species had a lower index

of variation than widespread species, although this difference was not statistically sig-
er taxonomic basis, the influence of geo-

) on genetic architecture has been

survival and growth traits anothe

graphical range (as well as other life-history traits
compared by using allozyme data from 122 studies involving 91 plant species (Ham-
rick et al. 1979; Hamrick 1983). For the 91 plant species and four categories of geo-
gmphical range (endemic, NArrow, regional, ‘and widespread), the highest levels of

variation occurred In widespread species (Table 10.1). Overall diversity within the
species and within individual populations on average Was 10% larger in widespread

species than in endemic and narrowly distributed species. Species with narrow to re-
gional-size ranges had on average 10% more variability among populations than did
endemic species. Of the few comparisons that involved pairs of closely related species

with different distribution sizes, 1o generaﬁzations were possible.

.
g

-~

THREATS TO GENETIC DIVERSITY

Aside from strictly biological considerations, widespread species differ from rare spe-

cies in ways that affect conservation. In forestry and horticulture, many widespread
bers of individuals usually in-

y important, and census num
se and management of species

- species are economicall
ment. Intensive u

crease, not decrease, under ‘manage
lead to special conservation problems. The greatest risks are not to the species’ exis-

tence but to the integrity of the native gene pools (Ledig 1986a, 1988; Millar 1987;
Millar and Libby 1989). As such, the effects can extend throughout the species’ range,

wherever management occurs.

Table 10.1. Relationship of Geographical Range
of Seed Plants

to Allozyme Variability in 91 Species

No. of
Geographical range studies H, H, G, A, P,
Endemic {4} 275 208 200 3.26 639
Narrow 34 .261 K77 275 2.96 609
Regional 38 238 154 a1 323 573
Widespread 43 380 293 .253 3.70 102

pulations: G, = propor-
f alleles per polymeorphic
n cach population.

rsity: H, = mean diversity within po
total diversity: A, = mean number o
£ the total number of afleles found withi

Key: H, = total aliclic dive
tion of among-population to
locus; P, = the proportion o
Sources Hamrick (1983).
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Some management activities have direct negative (dysgenic) impacts on gene
pools. Foremost among these is high-grading, whereby the most valuable trees are
removed each harvest cycle, and inferior trees are left to reproduce. For example,
centuries of such dysgenic selection reduced the gene pools of once vigorous timber-
producing forests of Pinus densiflorus and P. thunbergiana in Japan and Korea (5. K.
Hyun pers. commun, 1960), P. brutia in Turkey (K. Jsik pers. commun. 1977), and
P. roxburghii in the Himalayas (D. Khurana pers. commun. 1988) to stunted and mal-
formed trees.

Although the dysgenic effects of high-grading are well understood, whenever some
trees are left after harvest to regenerate the stand, diversity of their offspring may be
affected. Pollen from the remaining trees contributes to the genotypes of future seeds
not only in the harvest unit, but in the surrounding forests as well. If only a few trees
are left to serve as seed parents (for natural regeneration), then inbreeding and its
depression of viability are likely to build up in future generations.

Other actions tend to stir up the gene pool, disrupting rangewide genetic structure
by changing allele and genotype frequencies in future generations. The actual effects
on diversity and long-term adaptation of forests are usually unknown. Artificial refor-
estation—that is, planting nursery-grown trees back into native habitats—is a common
practice of both operational forestry and intensive tree-breeding programs. If not care-
fully controlled, planting poses a significant threat to gene pools whien nonlocal and
novel genes are introduced into. populations. The potential to disrupt naturai genetic
architecture increases as more lands are planted. Increasing concern for reforestation
and restoration in many temperate forests has prompted enactment of laws requiring
that planting follow disturbance of many kinds. If planting is not done with a serious

. regard for intraspecific variation, the species can be irrevocably affected.

Horticultural use of trees can threaten native gene pogls in similar if more localized
ways. The origin of trees used for landscaping is usually~unknown and nonlocal. Thus
when popular species are planted within or near their native ranges, it is unlikely,
except for genetically homogeneous or extremely rare species, that they come from
the same gene pool as the native population. Interbreeding of planted and native trees
occurs, and foreign genes are introduced into native populations, often creating a per-
manent change. This situation occurs in two of the five populations of Moaterey pine
native to California, where Monterey pine is widely planted as an ornamental (Libby
1990). The planting stock came from New Zealand landraces, which derived mostly
from a third native population several generations ago.

Similarly, it appears that the genetically distinct columnar form of ltalian cypress
(Cupressus sempervirens), which is a widely planted ornamental, has been invading
native cypress forests in the Mediterranean region for millennia. Many trees of inler-
mediate crown architecture are the results of interbreeding of the columnar cultivars
with the normal broad-crowned forest trees (M. Vidakovic pers. commun. 1980).

In addition to forces that perturb the genetic structure of species, population extir-

pation is a serious threat to widespread species. The culprits are the same societal .

forces that threaten rare species—increasing urbanization and conversion 1o agricul-
ture. In trees, for example, entire populations of MacNab cypress (Cupressus mac-
nablana)—a widespread but patchily distributed Californian species—have been lost
because of land conversion. The entire type locality for the species at Whiskeytown,
California, was drowned by construction of a reservoir, and a population at Grass
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Figure 10.3. Remaining populations of MacNab ¢ypress in Grass Valley, California, aftes

construction of condominiums. (Photo i authors)

Valley. California. has been nearly obliterated by-development of a condominiwm {Iig-
wre 10.3). In another cxample, the gracious valley oak (Quercis lobata), once acom-
mon symbot of California’s Ceatral Valley has been forced by agricultural expansion
into minor riparian refugia plus a few urban parks and estates. These stories wre being
repeated in most forested regions in the temperale zone.
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Assigning ranks and assessing genetic value should not, however, follow a straight
formula for maximizing diversity. For example, a monophyletic species such as
Ginkgo biloba would rank higher than a “minor™ species in a large section of a large
genus such as Pinus or Quercus. Within species, however, it may not be the genetically
distinct outlier populations that rank highest but the core populations from the center
of a species range. In this case, within-stand diversity may be qualitatively more im-
portant than uniqueness of a population, although we hasten to add that certain types
of distinct populations should rank high also (more on this later).

Another criterion is the cause of rarity. Some taxa are naturally rare, whereas others
are artificially rare as a result of human actions. Does this situation confer different
tesponsibilities for protection? The answer, we believe, is yes, for two reasons: ethi-

scally, we should fix what humans break, and biologically, the taxa that’ have not

evolved under situations of rarity may be less stable than those that are naturally rare.
The actual tolerance of naturally widespread species to reductions in population size
and concomitant genetic changes depends on many factors, inciuding paleohistory, life
history, response to inbreeding, longevity, and phenotypic and developmental plastic-

- ity. That many widespread tree species do not tolerate reductions in population size

well is indicated empirically by the severe inbreeding depression that occurs when N.
(effective population size) is lowered (e.g., Sorensen 1969; Libby et al. 1981; Soren-
sen and Miles 1982; Wilcox 1983), and theoretically by such models as genetic tran-
silience (Templeton 1980).

Conservation of diversity within-widespread species usually has an objeczive dif-
ferent from that for rare species. Because species existence is not threatened, it is the
evolutionary fitness of the species that is being-safeguarded. For rare species, by con-
trast, the final race against extinction i3 being foug’h;.h In the former case, conservation
is the application of preventive medicine, whereas in the latter, it is crisis intervention

‘(Templeton, Chapter 12). And, as in medicine, the benefits reaped by early and

thoughtful maintenance are often greater and longer acting than those afforded by treat-
ing a battered system suffering a terminal illness. This is not meant to imply that
endangered taxa should be given up and all conservation focused-on healthy species.
On the contrary, it is meant to draw attention to how much can be done and needs to
be done before a taxon teaches the critical point. Perhaps this is the greatest challenge
to conservation biologists in the long-run: that through our knowledge and influence
we not only can rescue species from the brink of extinction, but also can’ prevent
currently healthy taxa from ever becoming endangered.

CONSERVATION STRATEGIES FOR WIDESPREAD SPECIES

In the case of extremely rare plants limited to no more than a few small populations.
the goal of conserving the entire species may be possible through habitat protection
and ex sifu preservation. For many other rare but not extremely rare species and for
all widespread species, conservation will always involve protecting appropriate sam-
ples of the whole species. The goal in this case is to choose the samples such that the
important and/or interesting genetic variation in the species is conserved. Such sam-
pling decisions are based on information from genetic architecture studies.

The two main types of sampling are in sine habitat protection and ex situ germplasm
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d cons of each have been widely discussed (Frankel and

Hawkes 1975). We take the approach of Falk (1987b) in advocating an integrated
approach that involves both methods. Under normal conditions of climatic stability,
we would emphasize the values of protecting genetically valuable populations through
various levels of in situ management. The, ex situ component would act both as a
backup system to safeguard a wider range of variation than could be included in native
habitat arcas, and as a source of germplasm for research, monitoring, and restoration.

The specter of global climate change, however, threatens the value and security of

in situ protection areas. If average or exireme temperatures change as fast as predicted,

floristic changes will be enormous. On a local scale, there will be widespread popu-
lation extirpation and vegetation shuffling. n situ areas that were originally chosen as
prime habitat for specific communities may end up as completely different vegetation
types. Although those areas may play new roles in conservation, their intended value
as protection areas for specific types may be ail. In this scenario, ex situ collecting
should play the primary role in sampling and preserving germplasm before it is lost.

~ We take an uncommitted stand regarding climate change. In the discussions that
follow, we assume that both ex situ and in situ conservation will have value whether
climate changes drastically or not. The two components together should be viewed s
complementary, and when new information on climate change or other environmental
threats becomes available, one or the other component can be favored and expanded.

preservation. The pros an

Geographical Scale

The scale of concern is an important issue in the practical steps that follow. For many
widespread species, it is unlikely that oné céntralized program of genetic conservation
will be implemented. Rather, smaller political areas will act on a local level, coordi-

nating, where possible, with other
the scale to be on the order of a sing
Agriculture Forest Service system. It is import
rnumbers we recommend for conservation are
the species range and not 1o the whole species.

ie national forest of the U.S. Department of
ant to keep this scale in mind, since the
intended to apply to small ‘portions of

index Species

Although we are basically proposing a single-species approach, we consider that some
species under consideration may effectively serve as index species for entire ecological
communities. Choices among alternative strategies for the individual species will be
weighted by their merit in conserving other, nontargeted species. In this discussion,
the index species are commercially important tree species and their relatives. This is
a realistic choice because trees command a large share of political and fiscal support,
because they play central ecological roles in the communities they support, and be-
cause in general much more ccologica'! and genet
than about many of theirassociated plants, anirnals, or microorganisms. Trees are large
organisms, with many aspects of their natural {genetic and ecological) history readily
accessible. Other index species, such as the spotted owl, peregrine falcon, and black
bear (few plant species have been used yet), are chosen for similar criteria.

regions. In the following discussions, we assume .

ic information is available abeut then1 -
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The Land Component: /n Situ Management
Cenetic Management Systems

Conservation within native habitats protects and perpetuates the integrity of gene pools
and of coevolutionary relationships. Individuals, populations, and species interact with
one another and with changing environments and thus maintain their evolutionary fit-
ness in ways that are nearly impossible elsewhere. There are, however, many forms
of in situ management, with conservation objectives having different priorities among
them (Salwasser 1987). Some conservationists consider strict reserves, established for
the sole purpose of preservation, to be the only form of in situ protection. But because
only small amounts of land will ever be available for strict reserves, and correspond-
ingly small percents of widespread species will be included in these reserves, we are
forced to consider ways in which conservation goals can be incorporated into the man-
agement of multiple-use lands.

We propose a composite category of lands called a genetic management system,
distinct from other management categories because the objectives of genetic conser-
vation would have higher priority over other uses. This category would group together

. many types of preexisting management classes. One extreme in the category would be
strict nature reserves, such as wilderness areas, wild rivers, research natural areas, and
other designated nature preserves. Less restricted areas would also be included if their -
management met certain genetic requirements. Examples include botanical areas and
other special interest areas, streamside and riparian buffers, and such areas as spotted
owl habitat areas and gene resource management units (GRMUs) (Riggs 1982; Krug-
man 1984). )

For a particular national forest and for a“species of interest, the boundaries of
preexisting conservation areas would be overlaid™on a map of the species distribution.
A genetic gap analysis would then be made. This would entail systematically compar-
ing the coverage of preexisting units in the genetic management system with the profile
of genetic variation for the species of concern. Where gaps are located (criteria dis-

- cussed in next section), candidate GRMUs would be sought.

The concept of GRMUs has been proposed 4nd discussed at Iength both gcncraliy
(Krugman 1984; Ledig 1988) and for specific cases (Riggs 1982). Authors have used
the concept to imply somewhat different types of land management. We define a
GRMU as any designated forest area that meets minimum genetic management objec-
tives. GRMUs are not exclusive of many other forms of land use. For example, timber
harvest could be allowed, although certain restrictions would apply. The main objec-
tive is to control the genetic composition of trees in the GRMU so as to maintain,
restore, or mimic the natural genetic condition. Natural reforestation is preferred when
timber harvest is excluded, but only if the seed and pollet parents are native and if the
gene pool of the population has not been compromised (i.e., by high-grading, genet-
ically positive selection, of extreme restriction of population size). If these restrictions
do not apply or if planting is required for some other reason, strictly controlled planting
is allowed if seeds from-a certified native, focal, and random sample of trees can be
obtained. Species mixes must be maintained in the approximate proportions originally
found on the site. To our knowledge, no GRMU has been expressly designated that
fully exercises the multiple-use flexibility allowed under this concept.
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For many species, it will be best to exclude timber harvest from the GRMU. Many
forested areas are considered unharvestable because the lands are (0o steep, the soil is
too erosive, the site is not capable of being replanted, or the growth rates are too poor.
I these areas fit into the genetic management system, they can be maintained as de
facto reserves because no timber management was planned for them anyway. The
serious problem with these areas is that if fire is also suppressed on the GRMU or on
surrounding areas, the association of species m the GRMU may change to a different

successional type.

In many cases, however, the genetically most appropriate, interesting, and impor-

tant stands are in designated commercial forests where timber harvest has been a top
priority. If timber harvest is permitted on a GRMU, the type of harvest depends on the
species and on the management of the surrounding lands. No type of harvest is auto-

matically excluded, as long as a genetic prescription for the regenerating stand is writ-
hould be done with seeds

obtained from 2 minimum of 20 randomly selected trees per species growing in the

unit and chosen before harvest.

placement and Design of Units in the Cenetic Management System

The two major sampling considerations for conservation of widespread specics are
geographical placement of units and size of individual units. Many biological and
nonbiological factors determine the final numbers. We will consider primarily the ge-
netic ones, while acknowledging that practical concerns limit rather than increase the

number and size of areas. ‘
There has been much debate in the ¢

of a few large versus many small in iU €O

and Abele 1982; Janzen 1983): Most of th

onservation community over the relative merits
nservation areas (Jarvinen 1982; Simberloff
e arguments have stemmed from ecological

considerations of island biogeographical the\éw\(e.g. , Margules et al. 1982). However,
the genetic system of the target species also affects the proper allocation and size of
reserves. For highly inbreeding species where geographical differentiation is great and
within-stand diversity is low {e.g., species of Avena, Bromus, Elymus, and Hordeum
[Hamrick et al. 19791}, many reserves would be better than a few. The reserves could
be small, with the major effort aimed at capturing geographical variation with many
reserves. For temperate-forest trees, however, which are typicaily highly oulcrossing
and where within-stand diversity is high, large reserves would better maintain the
- important component of within-stand variability. If a few of these wer¢ strategically
placed on the basis of patierns of genetic variation, much of the variability among
populations could also be captured.
The first step in determining the sampling design is—if possible—to complete a
study of the genetic architecture of. the target species. Such a study can take many
forms, from biochemical assays such as restriction-fragment-length polymorphism
(RFLP), isozyme, or terpene analyses, to physiological or morphological studies in a
common garden. The advantages of the biochemical assays are their speed and ability
to yield precise genetic information: ‘Common-garden tests are slow to yield informa-
tion, and -usually do not allow actual genotypic data 10 be estimated. They do, how-
ever, provide information about traits that more directly relate t0 adaptation than do -

biochemical analyses.
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To determine optimal geographical placement of GRMUs, the following data are
useful: magnitude and pattern of genetic variation in the species, amount of variation
due to within- and among-stand factors, and geographical factors contributing to vari-
ation. These data usually can be obtained from the genetic analyses mentioned above.,
In addition, the following more specialized data are useful for each sampled region or
stand: observed and expecied heterozygosities, number of alleles at specific loci, and
number of alleles in various frequency classes, including unigue alieles.

We suggest that the highest priority for in situ conservation systems is to capture
the core(s} of variability in the species. By this we mean areas that contain the common
or shared genetic variability for a region. For economically important tree species, this
area often defines the populations containing the most valued or useful trees as well,
and it is important to conserve the base populations from which valued domesticated
lines are desired. The number of cores depends on the regional patterns in the species.
If a species has racial or regional-level variation {e.g., ponderosa pine, Douglas fir)
or smaller-scale ecolypic variation (e.g., ponderosa pine on and off serpenting soils),
then each ecotype would have its own core of variation. The percentage of variation
that makes up each core depends on the amount of within- and among-stand variability
for each species. For a wide-ranging conifer where much genetic variation is found
within stands, each core might comprise over 95% of the allozyme variation and per-
haps-75% of the adaptive variation in the race or ecotype. Areas that contain this core

. variation are often in the central portions of species rangcs within regions on optimum

sites for the species.

Each core of variability should be conserved by & minimum of two independent
sites. There are two reasons for this: first, two sites reduce the risk of catastrophic loss
(by fire, insects, climate change); and second, two sites capture some of the among-
stand variability. To satisfy the second requirement~therefore, the two sites should not
be as nearly alike as possible, but should sample séme of the site differences within

the central core of variation. Such core sites should be large (see below); if two inde-

pendent sites seriously compromise the size of either one individually, then the single
larger core site might be preferable.

As many more units as practical should be added to the genetic management sys-
tem, but the core areas should be considered essential. For example, in doing a gap
analysis, if the preexisting areas sample only the genetic margins or less variable por-
tions of a species range (as is often the case with wilderness areas and other strict
reserves (Harris 1984; Ledig 1988]), then the region would be considered insufficiently
covered. In adding sites beyond the core, unusual genelic patterns and large disconti-
nuities become important and should be added as possible. Among these, sites with
high within-stand variability should be considered first, unless genetically impover-
ished sites are striking in their complement of unique alleles. The trade-offs between
increasing the aumber of sites at the expense of losing size of individual units is dis-
cussed later, but the initial stage of selection should include more candidates than
anticipated established areas. Ia the case of clinal variation or in other cases where no
obvious core of variability exists, it would be best to Iocate two or three areas at
significant genetic distance from one another along the main gradient of the cline.
Secondary reserves would filf in gaps in the cline as well as any major discontinuities
not contained in the primary areas.
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After candidates for the genetic management system have been identified for the

ue of these sites for other native species (plants, animals, and

target species, the val
microorganisms) should be evaluated. On the basis of available information on species

occurrence and genetic variation in associated species, the candidate areas that maxi-
mize protection of associated native species should be chosen.

Other criteria may also influence selection.of final candidate sites. For example,
concerns about global climate change suggest that areas with potential escape routes
for migration (e.g., whole drainages or at least large elevational spreads) or areas that
are ecologically stable despite climate change (e.g., serpentine soils) should be pre-
ferred. Management of surrounding Jands should also be considered. Whenever an
area is situated such that adjacent lands are managed in a way that will compromise
the genetic integrity of the GRMU, other areas should be considered. By corollary,
to or in other ways complement other units. of the
ystem should be seriously considered. These areas not only have

genetic management 3
xisting reserves by increasing their

protccted ‘boundaries, but also add value to pree
size and improving their integrity.

The other ‘major sampling question for designing new units in the genetic manage-
ment system is, How big should individual areas be? The answer depends on whether
the goal is to maintain a population size that retains the current levels of diversity or

to allow the population to decrease to some acceptable minimum number of individuals
rvival of the population. Either way, the

genetic integrity of populations depends both"on the genetic structure of individuals

within the GRMU and on management of adjacent lands. ,
The genetic factors influencing within-stand dynamics include inbreeding, genetic
drift, immigration, and selection and are influenced by the reproductive systcm of the
species. For many outbreeding spécies, whci’c\ﬂwithin-stand-varia_tion is normally high,
inbreeding caused by reduced population size i cause a severe decline in health and
vigor. These species will need relatively large populations to resist the long-term de-
cline of heterozygosity as related individuals mate. The opposite is true for species
that tolerate inbreeding. Genetic drift causes a decline in heterozygosity. that is nega-
tively correlated to effective population size The rate at which heterozygosity declines
depends not only on population-size within the GRMU, but also on immigration from
outside the unit. If immigration is reduced either unintentionally due to loss of the
species outside the unit or intentionally due to buffer management (see below), drift
has a larger effect than if 2 small amount of immigration is atlowed (Crow and Kimura
1970). The drift effect of increasing homozygosity on the fitness of the organisms
depends on initial heterozygosity and tolerance to homozygosily.’ '
The uncertainties in these factors suggest that a conservative action would be 0
establish populations large enough to maintain current levels of heterozygosity. Of
- particular interest is variability at loci with adaptive effects. Unfortunately, this has
proved recalcitrant to estimate. Formulae for calculating effective population sizes re-

zygosity have been developed for neutral alleles (Crow and

quired to maintain hetero
Kimura 1970), and these have been applied to allozyme data. Calculation of this size

depends on the relation of effective population size to actual census number, mutation
rate, and current levels of heterozygosity. Based on allozyme data for ponderosa pine
and Douglas fir, the effective population sizes range from 2230 to 910, 640, depending
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on original heterozygosity and mutation rate {Table 10.2). For alleles with nonzero
selective values, the N, may be larger or'smaller, depending on the type of selection
on the locus, the intensity of selection, and the mutation—selection relationship.
Genetic variability within GRMUs is affected by conditions outside the GRMU
primarily through gene contamination and secondarjly by altered selection pressures
due to human-caused disturbances. Some geneticists have argued that gene contami-
nation via pollen from ill-adapted stock is not z problem, since maladapted individuals
will be selected against in the GRMU. We take the conservative position that any
foreign genes should be minimized in the GRMU, since deleterious foreign genes may
not be eliminated quickly by selection, and they would cause a gradual decline in
fitness. A swamping of deleterious genes, because of massive planting of areas adja-
cent to nonlocal populations, could cause a catastrophic loss of fitness in the GRMU
population. Similarly, deleterious genes that act in late maturity or are deleterious only
in rare episodic environmental conditions (droughts, freezes, etc.) will accumulate
(Millar and Libby 1989). Either GRMUs must be large enough to effectively buffer
populations from external effects (i.e., include their own buffer) or surrounding lands
must be mariaged as a buffer. Either way, we recommend an active program of buffer

' management.

The size of the buffer depends on the extent of gene flow, which varies by species.
In wind-pollinated tree species, viable pollen can disperse tens and even hundreds of
kilometers (Lanner 1966; Koski 1970; Millar 1983), although most probably falls in
the first hundred meters (Sarvas 1967; Wang et al. 1969). The potential impact from
gene contamination depends on the degree of difference in allele frequencies and in
local adaptation between the trees in 2 GRMU and (hose in the outside forests. In the
unlikely event that there is no difference, then gene~contamination has no effect, and
a buffer against pollen contamination is"unnécesséryraAt the other extreme, if trees
near the GRMU have very different allele frequencies, as in plantations with. nonlocal
stock or highly domesticated trees,; theri an effective buffer is essential,

Table 10.2. Estimates of Effective Population Sizes (N,) Needed to
Maintain Current Levels of Allozyme Heterozygosities in
Populations of Ponderosa Pine and Douglas Fir

N, at CNoat

Species Region H, w = 10-* o= (077
Ponderosa pine S. California 082 2230 223,300
Ponderosa pine N.W. California .108 3030 - 302,700
Ponderosa pine Sierra Nevada 123 3510 350,600 .
Ponderosa pine  N.E. California 1577 4660 465,600
Ponderosa pine N.W. California 183 . 5600 560,000
Douglas fir * Sierra Nevada 190 -5860 586,400
Douglas fir . N.W. California 209 6610 660,600
Douglas fir N.W. California 217 6930 692,850
Douglas fir N.W. Caiifornia 229 “7430 742,500
Douglas fir N.W. California 267 9110 910.600

Nene: Estimates are calculated from Crow and Kimura's {1970} equilibrium heterozygosity
formula for neutral alleles. Two mutations rates () are given as 2 range.

Source: Millar (unpubl. daia).
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In the same way, the impact from altered selection pressures depends on the man-
agement of the external lands. If adjacent lands are only slightly modified, as with
selection cuts, then a modest buffer suffices. If, however, these lands are completely
altered, by clear-cut or conversion to nonforest use, then a wider buffer is necessary
to ameliorate the selective effect on the genetic.composition of the population in the
GRMU.

The management requirements for the buffer rescmble those for the GRMU: prac-
tice conservative forestry. Allow natural regeneration, or use local seeds. In many
regions, there are not enough local seeds to meet all the planting demands (e.g., Riggs
1982). We suggest giving highest priority to the GRMU and the buffer zone when
deploying the available certified iocal seeds. Harvest is allowed in the buffers, but

.+ selection cutting is preferred because the trees in the buffers should provide a physical

barrier against both an altered microclimate and foreign pollen in the external zone. A
loss of some of the resident species because of a shift toward later successional types
is preferable to inappropriate populations of those species being planted in the buffer.,

If natural regeneration is practiced in the GRMU and the buffer, harvest in the
buffer can be timed to occur in the five years or so after harvest in the external zone.
This is a good time to cut in the buffer, because then the regenerating trees in the
GRMU are not in need of buffer against pollen contamination. Regeneration in the
buffer is likely to come from the GRMU and not from outside because the-external
trees will still be immature. Also, the buffer should grow at the same rate as the outside
area, and would guard against contamination as the stands mature.

If natural regeneration is not possible for the buffer and truly local seeds are un-
available, an alternative is to plant the buffer with a well-known, tested, and adapted

exotic species (Ledig 1986a). Only-those specigs known to be noninvasive should be .

chosen. For genetic reasons, a buffer of nonnative species is even better than one of
native species because it acts not only as a physical but also as a genetic buffer of edge
environment. A nonnative buffer will not become contaminated with genes from the
native species, and thus will protect the GRMU longer than would a buffer of native
species. Exotic species are easily identified and can be removed if necessary. Exotic
species are far more desirable in the buffer than native species of nonlocal origin or
even native improved stock. Obviously, the ecological effects of the exotic species on
other organisms must be determined. .

Once the genetic management system is established, the individual units should be
defended and monitored ctively. The boundaries of each unit should be clearly marked
on the ground and on administrative maps used by forest officers. Opportunities that
increase the area of units in the system, or establish new GRMUs, should be sought.
If not already available, an ecological survey of the GRMUs and as many of the other
units in the system as possible should be conducted. This survey documents baseline
information about the areas, and should include a species inventory (plants and ani-
mals), soils information, and ecological data about the community types present. Sci-
entific study in the GRMUs should be encouraged, especially pertaining to genetic
aspects of both index and associated species. Comparisons between genetic data-in
strict reserve units and in those GRMUs where timber harvest or replanting is practiced
would be useful to guide later management. If possible, reports from research studies
should be accessible from a database maintained in a central location for each region.

s
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Gene Banking: Ex Situ Management

£x situ-collections serve the essential role of filling the gaps and extending the range
of genetic variation protected, and of providing germplasm to damaged habitats. In
addition to their protective role if climate changes, ex situ collections act as insurance
against other, more familiar disasters in the natural environment. Fire, insect epidemic,
atmospheric pollution, subminimal viable population size, and changes in regulatory
or management policies all threaten populations in natural reserves.

Ex situ collections can also provide important monitoring functions. If collections
are made regularly, samples can be genetically analyzed, and changes in genetic com-
position of the protected stands determined. This would be especially useful if the
native populations were thought to be at risk—for example, from gene contamination
or inbreeding.

* Finally, ex situ collections serve as a source of material for scientific research. The
information that accumulates from research provides insight into the best conservation
use of the collections.

Sampling Design &

Many of the same concerns about designing an on-site genetic management system
apply to ex situ collecting. Genetic information or inferences about genetic structure
remain a necessary ingredient for planning.

As a first step, and to serve as backup, er sin collecuon samples should be drawn
from all in situ areas. The genetic gap analysis will' provide information useful for
locating additional collecting areas. These additional sites should be chosen to system-
atically sample a broader range of genetic vanauon than was included at in siru sites.
Special emphasis should be given to genetically distifict populations (especially if they
occur in unusual eavironments or in atypical ccologtéﬁtsnuauons), to small or isolated
populations, and to endangered populations. In all cases, efforts should be made to
find the least disturbed populations to serve as collection stands. In all cases, detailed
records on the collection should be kept, including as much of the following as pos-
sible: notes on access, location, and the physical, ecological, and management attri-
butes of the site; number of collection (donor) piants; type and number of propagules;
and mapped location of donor plants.

Although the total number of sites chosen for ex situ collecting will depend on the
genetic structure of the species, in all but the most genetically uniform species there
should be many more ex situ than in situ sites. The more genetically diverse a species
is over its range, the more samples should be included. Transition areas between races
or ecotypes, and sieep gradients along clines should be emphasized. The optimal ex
situ coliections will include replicate samples from genetlcally similar areas, as well
as extensive geographical coverage.

An example of partitioning a species range in forest trees is the practice of estab-
lishing seed zones and seed-transfer and collecting guidelines (e.g., Kitzmiller 1976)
(Figure 10.4). Forested regions are divided into zones, which in theory include simi--
larly adapted populations. Subzones are delineated to follow clinal or ecotypic con-
tours within each zone. Seeds are collected from multiple stands within each subzone,
and guidelines for the number of trees per stand are given.

The number of plants to sample at an area depends on the objectives for the col-
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_lection. Collections may be done to duplicate actual allele frequencies of the native

stands or to capture the largest amount of genetic variation without regard for frequen-
cies (Marshall and Brown 1975). Much has been written about determining actual
numb‘ersfor both situations’ (e.g., Brown 1975, 1978, 1988; Marshall and Brown
1975; Brown and Moran 1981: Chapman 1984; Yonezawa 1985; Namkoong 1988;
Ryder 1988; Crossa 1989). Most calculations require genetic information, especially
allele frequencies, within-stand diversities, and numbers of rare and unique alleles per
population. For genetically variable species, the numbers of seed parents are usually
smaller than those required for in situ conservation. This is especially true when the
species is outbreeding because the genes in the embryos donated by the pollen parents
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capture a wide range of local variation. Whenever possible, samples should be kept
separate and labeled by parent tree. To reduce relatedness and increase genetic diver-
sity, collection trees should be separated by at least 100 m. This distance depends on
pollen flow distances and would be considerably less for species with pollen that does
not disperse far.

Storage Considerations

Many kinds of ex sifu germplasm storage are possible, including living plants in gar-
dens, seeds in cold storage, tissue cultures, and DNA in genomic libraries. The ad-
vantages and disadvantages of these have been discussed elsewhere (e.g., Belcher
1980; Ledig 1986a; Bonner 1988, 1989; Millar 1991). We discuss here some special
considerations of botanical gardens in maintaining ex situ collections.

In all that is done with storage of ex situ germplasm, one of the most important is
recordkeeping. Proper identification is the first job of recordkeeping. A propagule
without a name is useless to genetic conservation. (Although there are biochemical
fingerprinting techniques that can help to identify orphan plants, they are expensive
and time consuming.). The recordkeeping system should start in the field and track the
location and storage conditions of the germplasmi, following the germplasm wherever
it goes.

The second job of recordkeeping is to maintain information about the performance
of the propagules. If plants are grown in gardens or if samples are given to researchers
who grow them, as much information as possible on morphology, pathology, growth,
and other factors should be kept for that sample. The more information that is available
for accessions in a collection, the more valuable the collection becomes.: Even casual
observations may prove important. All gardéns should encourage scientific use of their
germplasm, as this fosters an interactive flow.of use dndinformation.

Space is usually a problem at botanijcal gardens. Although many seeds can be
stored in small freezers, adequate numbers of all but the smallest whole plants require
large planting areas. Furthermore, if genetic information is to be collected from plan-
tations, replication and regular spacing of the plants are required, which also increases

the planting space. One option is for gardens to form consortia and to divide the sam- -

ples of a widespread species among several gardens. Each garden would be responsible
for one or several populations, although each population should be replicated in at -
least two sites. This has the advantages that the populations can be matched to gardens
with the best growing conditions for the population and that replication guards against
accidental loss at one garden. Furthermore, replication at different gardens can serve
as a test of plant performance under various climates. This information may prove
useful in the event of major climate change and the need (o establish populations in
new habitats. If pollination is to be allowed and seeds are to be collected from garden-
grown plants, wind pollination can be allowed if only one population has been grown
at the garden (but consider the problem noted below). A major disadvantage when the
entire collection is not housed together is that relative performance of the populations
cannot be compared, since plants from different populations are grown in different
environments. Furthermore, dividing the collection makes maintenance, curation, and

‘use more difficult. The benefits, however; may outweigh these problems.

A special problem of gardens is that they may be within gene-flow range of other

‘members of the same species. This is a problem only when seeds are to be collected—
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for example, to enhance of replenish stored seed collections—and not if clonal repli-
cation of the plants is planned. If the garden is outside the native range of the species,

gene contamination can occur owing to planted ornamentals in the vicinity of the gar-
den. The problem is potentially worse if the garden lies within the range of the species,
te the pollén from the planted individuals.
e flowers, collecting potien, and arti-

This problem may be reduced by bagging femal
is time consuming and expen-

ficially pollinating the plants. This process, however,

sive.

CONCLUSIONS

We propose a five-step plan for conserving widespread species:

1. Study the genetic variation of the index species, or in some ot
patterns of genetic variation.

2. Plan and implement in sifu gene
for trees, areas the size of national forests i
Units in the system include strict reserves (e.g., wilderness areas, botanical
areas) and multiple-use areas called gene resource management units (GRMUs)
where genetic management is the main objective, but some manipulative prac-
tices may be allowed. The in situ areas should sample the genetic cores of the
species for the local region as well as key areas representing imporiant 1anges
of diversity. The final choice from among candidate units should be decided by
the quality of protection that is afforded important associated species.

3. Plan and implement an ex situ germplasm conservation program {o complement
and extend the in sity program. Ex}i(g collection sites should be much more
extensive and sample more genetically axtreme and unusual sites than in situ
units. Keep the colléction viable by replenishing periodicaily.

4. Monitor genetic diversity over time in both in-situ unijts and ex situ collections.
Encourage research use and maintain files of all information on performance of
the plants.

5. Actively promote the conservation use of both in situ areas and ex situ collec-
tions. In situ areas can be used as habitat for reintroduction or enhancement of
endangered species (animals as well as plants). Ex situ collections should be
offered when restoration of native habitat-is needed (after fires, reclamation,

etc.).

her way infer its

tic management systems for local regions (e.8.,
n the U.S. Forest Service system).

pointed out {Salwasser 1987, Ledig 1988)
habitat will ever be fully protected in strict
managing the remaining lands. Al-

Conservation biologists have correctly-
that since only small percentages of native

reserves, the crux of the problem lies in wisely
though we also promole conservation-minded management on all wiidiands to the ex-

tent that is practical, we know there are mafny practices that by their nature counter the
goals of genetic conservation even when they are highly constrained. We do not think
that the only conservation strategy is (o abolish or severely. restrict these practices. In
many cases, this would only delay a diversity problem. Rather, an extensive and rep-
licated conservation program such as we propose could release some wildiands for
intensive management. This can be envisioned as a trade-off situation: the better the
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170 CONSERVATION STRATEGIES FOR GENETIC DIVERSITY

conservation program, the more land that could be made available for other uses. By
this, we are not condoning irresponsible or exploitive use of these-areas. We are sug-
gesting instead that intensive management of resources is not counter to conservation
goals when it is part of a comprehensive program that also includes intensive conser-
vation. With the possibility of relief from excessive environmentalist attack and gov-
ernment regulation, this approach may motivate some previously anticonservation
groups to support large conservation programs fifiancially.

rd

i

LO

It is now
forthe c
tion ma:
environ:
rare casc
rare and
of the ¢
Neison
Hyb
assimila
is most

-when th

species.
the cutt’
1989), -
1978), -
Mexica
few kne
potentiz
high frc
A st
That is
{Templ
Appear «
results
(Dobzh
in both
suggest
(Allend
been ig




Literature Cited

Bannister, M.H., A.Williams, I. McDcnald, and M.B. Forde. 1962. Variation in
terpentine composition in five population samples of Pinus radiata. New Zealand

J. Sci. 5: 486-1495.

Barker, J.E. and W.J. Libby. 1974. The use of selfing. in the selection of forest
trees. J. Genet. 61:152-168.

Belcher, E.W. 1980. Germplasm storage by ex .situ method. IN Proceed. of
Servicewide Workshop on Gene Resource Management. Timber management staff, U.S5.

Forest Service, Sacramento, California.

Bonner, F.T. 1988. -Technologies to maintain tree germplasm diversity. Unpubl.
paper prepared for the Office of Technology Assessment. 31 p.

Bonner, F.T. 1989. Storage of seeds: potential and limitations for germplasm
conservation. For. Ecol. Manage. (in press).

Brown, A.H.D. 1975. Sample sizes required to detect linkage equilibrium between
two and three loci. Theor. Pop. Biol. 8: 184-201,

Brown, A.H.Db. 1978. Isozymes, plant population genetic structure, and genetic
conservation. Thero. Appl. Genet. 52: 145-157.

Brown, A.H.D. 1988. The case for core collection. In The Use of Plant Genetic
Resources, eds. A.H.D. Brown, D.H. Frankel, D.R. Marshall,-and J.T. Williams, in
press. Cambridge University Press, Cambridge.

Brown, A.H.D. and G.T. Moran. 1981..Isozymes.and the genetic resources of forest
trees. IN M.T. Conkle {ed.)}, Proceed. Symp. TIsozymes of North American Forest
Trees snd Forest Insects, pp 1-10. U.S.D.A. Forest Service, P.S5.W. Forest and
Range Experiment Station, Berkeley, California, Gen. Tech. Rept. PSW-48.

Callaham, R.Z. and A.R. Liddicoet. 1961. Altitudinal variation at 20 years in
ponderosa and Jeffrey pines. J. Forestry 59: 814-820.

Chapman, C.G.0. 1984. On the size of a genebank and the genetic variation it
‘contains. In Crop Genetic Resources, Conservation and-Evaluation, eds. J.H.W.
Holden and J.T. Williams, pp 102-118, Allen and Unwin, London.-

Conkle, M.T. 1973. Growth data for 29 years from the California elevation
transect study of ponderesa pine. For. Sci. 19: 31-30.

Conkle, M.T. 1981. Isozyme variation and linkage in six conifer species.. IN M,T.
Conkle (ed.), Proceed. Symp. Isozymes of North American Forest Trees and Forest
Insects, pp 11-17. U.S.D.A. Forest Service, P.S.W. Forest and Range Experiment
Station, Berkeley, California, Gen. Tech. Rept. PSW-U48.

Conkle, M.T. 1987. Electrophoretic analysis of variation in native Monterey
cypress (Cupressus macrocarpa Hartw.) IN. Conservation and management of rare and-
endangered plants. Proceed. California Conference on Conservation and Management
of Rare and Endangered Plants, ed. T.S. Elias, pp 249-256. California Native
Plant Society, Sacramento, California.




Copes, D.L. 1981. Isozyme uniformity in western redcedar seedlings from Oregon
and Washington. Can. J. For. Res. 11:451-453.

J—
i3

Critchfield, W.B. 1984. Impact of the Pleistocene on the genetic structure of
North American conifers. IN Proceed. 8th North American Forest Biology Workshop,

ed R.M. Lanner, pp 70-118. Logan, Utah.

Crossa, J. 1989. Methodologies for estimating the sample size required for
genetic conservation of outbreeding crops. Theor. Appl. Genet. 77:153-161.

Crow, J.F. and M. Kimura. 1970. An introduction to population genetics theory.
Harper and Row, New York.

Endler, J.A. 1986. Natural selection in the wild. Princeton University Press.
Princeton, New Jersey.

Falk, D. 1987. Strategies for endangered plant conservation: Integrating on-site
and off-site approaches. Proceed. lst Ann. Meeting, Soc. Conservation Bio.
Bozeman, Montana. June 1987.

Fins, L. and W.J. Libby. 1982. Population variation in Seguoiadendron: Seed and
seedling studies, vegetative propagation, and isozyme variation. Silvae genetica
31: 101-148.

Forde, M.B. 1964. Variation in natural populations of Pinus radiata in
California. Parts 1-4. New Zealand J. Bot. 2: 213-259; 459-501.

Fowler, D.P. and R.W. Morris. 1977. Genetic diversity in red pine. Evidence of
low genic heterozygosity. Can. J. For. Res.. 7: 343-347. :

.,
Frankel, 0:H. and J.G. Hawkes (ed.} 1975. Crop genetic resources for today and
tomorrow. Camb. Univ. Press.

Furnier, G.R. and W.T. Adams. 1986. Gebgraphic patterns of allozyme variation in
Jeffrey pine. Am. J. Bot. 73: 1009-1015.

Guries, R.P. and F.T. Ledig. 1982. Genetic diversity and population structure in
pitch pine {(Pinus rigida). Evol. 36: 387-402. :

Hamrick, J.L. 1976. Variation and selection in western montane species. II.
Variation within and between populations of white fir on an environmental
transect. Theor. Appl. Genet. 47: 27-34.

Hamrick, J.L. 1983. The distribution of genetic variation within and among .
natural plant populations. IN.C.M. Schonewald-Cox, - S. Chambers, B. MacBryde, L.
Thomas {eds.) Genetics and Conservation, pp 335-348. Benjamin Cummings Pub. Co.

Hamrick, J.L. and W.J. Libby. 1972. Variation and selection in western U.S.
montane species. I. White fir. Silvae genetica 21{1-2): 29-35.

Hamrick, J.L., Y.B. Linhart, and J.B. Mitton. 1979. Relationships between life
history characteristics and electrophoretically detectable genetic variation in

plants. Ann. Rev. Ecol. Syst. 10: 173-200.




Hamrick, J.L., J.B. Mitton, and Y.B. Linhart. 1981. Levels of genetic variation___
in trees: 1nfluence of life history characteristics. IN.M.T. Conkle (ed.),
Proceed. Symp. Isozymes of North American Forest Trees and Forest Insects,
pp35-41. U.S.D.A., Forest Service, P.S5.W. Forest and Range Experiment Station,

Berkeley, California. Gen. Tech. Rept. PSW-48.
Harris, L.D. 1984. The fragmented forest. Univ. Chicago Press.

Harry, D.E. 1984. Genetic structure of incense-cedar populations. Ph.D.
digsertation, University of California, Berkeley.

Harry, D.E. 1987. Shoot elongation and growth plasticity in incense-cedar. Can.
J. For. Res. 17: 484-489.

Hedrick, P.W. 1983. Genetics of populations. Science Books International, Inc.
Boston, Massachusetts.

Hiebert, R.D. and J.L. Hamrick. 1983. Patterns and level of genetic variation in
Great Basin bristlecone pine. Evol. 37(2): 302-311.

Janzen, D.H. 1983. No park is an island: Incresse in interference from outside
as park size decreases. Oikos #1: 402-410.

Jarvinen, 0. 1982. Conservation of endangered plant populations: Single large or
several small reserves? Oikos 38: 301-307.

Kitzmiller, J.H. 1976. Tree improvement master plan for the California region.
U.S.D.A. Forest Service, San Francisco, California.

Koski, V. 1970. A study of pollen diéﬁersal\ﬁs;a mechanism of gene flow in
coniferg. Comm., Insitit. Forest. Fenniae 3: 1-78.

Krugman, S.L. 1984, Policies, strategiés, and means for genetic conservation in
forestry. IN C.W. Yeatman, D, Kafton, and G. Wilkes (eds.). Plant genetic
resources: A conservation imperative. AAAS Selected Symposium 87. Westview
Press, Boulder, Colorado. :

Lanner R.M. 1966. Needed: A new approach to the study of pollen dlspersal
Silvae genetica 15: 50-52.

Ledig, F.T. 1986. Conservation strategies for forest gene resocurces. For. Ecol.
and Manage. 14: 77-90.

Ledig, F.T. 1987. Genetic structure and the conservation of California's endemic
and near-endemic conifers. IN Conservation and management of rare and endangered
plants. Proceed. California Conference on Conservation and Management of Rare
and Endangered Plants, ed, T.S. Elias, pp 587 ~-594, California Native Plant
Society, Sacramento, California.

Ledig, F.T. 1988. The conservation of diversity in forest trees. Bioscience

38(7}: 431-439.




Ledig, F.T. and M.T. Conkle. 1983. Gene diversity and genetic structure in gz
narrow endemic Torrey pine (Pinus torreyana, Parry ex Carr}. Evol. 37: 79-85.

Libby, W.J. 1976. Closing remarks and summary..Proceedings, .IUFRO meeting on
advanced generation breeding, pp 181-188. Bordeaux, France, June 14-18, 1976.

Libby, W.J. 1989. Genetic conservation of radiata pine and coast redwood. For.-

Ecol. Manage. in press.

Libby, W.J., K. Isik, and J.P. King. 1980. Variation in flushing time among
white fir samples. Annales Forestales 8/6: 123-138.

Libby, W.J., B.G. McCutchan, and C.I. Millar. 1981. Inbreeding depression in
selfs of redwood. Silvae Genetica 29: 15-25.

Libby, W.J. and W.B. Critchfield. 1988, Patterns of genetic architecture.
Annales Forestales 13(1-2): 77-92.

Margules, C., A.J. Higgs, R.W. Rafe. 1982. Modern biogeographic theory: Are
there lessons for nature reserve design? Bio. Conser. 24: 115-128.

Marshall, D.R. and A.H.D. Brown. 1975. Qptimum sampling strategies in genetic
conservation. IN O.H. Frankel, J.G. Hawkes (eds.). Crop genetic resources for
today and tomorrow, pp 53-80. Cambridge Univ. Press, Cambridge.

. Millar, C.I. 1983. A steep cline in Pinus mur;cata. Evol. 37(2}): 311-319.

Millar, C.I. 1986. The California closed-cone pines (subsection Oocarpae Little
and Critchfield). A taxonomic history and review. Taxon. 35: 657-670.

Millar, C:.I. 1987. The California forest géfmplasm conservation project: A case
for genetic conservation of temperate tree species. Conser. Bio. 1(3): 191-193,

Millar, C.I. 1989. Allozyme variation in bishop pine associated with pygmy
forest soils in northern California. Can. J. For. Res. 19: 870-879.

Millar, C.I. 1990. Conservation of germplasm in forest trees. In Clonal
Forestry Genetics, Biotechnology, and Applications, eds. W.J. Libby and M.R.
Ahuja, in press. Springer-Verlag, New York. .

Millar, C.I. and W.J. Libby. 1989. Restoration: Disneyland or native ecosystem?
Rest. Manage. and Notes 7 {1): 18-24.

Millar, C.I., S.H. Strauss, M.T. Conkle, R.D. Westfall. 1988. Allozyme
differentiation and biocsystematics of the Californian closed-cone: pines {(Pinus

subsect. Oocarpae). Syst. Bot. 13(3}: 351-370.

Moran, G.F., J.C. Bell, and K.C. Eldridge. 1988. The genetic structure and
conservation of the five natural populations of Pinus radiata. Can. J. For.

Res. 18: 506-514.

Namkoong, G. 1988. Sampling for germplasm collections. HortSeci: 23(1): 79-81.

i




34

Nei, M. 1975. Molecular population genetics and evolution. Elsevier Publishers,
New York. .

Niebling, C.R. and M.T. Conkle. Washoe pine allozyme diversity and genetic
comparisons with races of ponderosa pine. Can. J. For. Res. submitted.

0ldfield, M.L. 1984. The value of conserving genetic resources. U.S.D.I
National Park Service, Washington, D.C.

0'Malley, D.M., F.W. Allendorf, and G.M. Blake. 1979. Inheritance of isozyme
variation and heterozygosity in Pinus ponderosa. Biochemical Genetics 17(3/4):

233-250.

Read, R.A. 1980. Genetic variation in seedling progeny of ponderosa pine
provenances. For. Sci. Monogr. 23: 1-59,

Riggs, L.R. - 1982. Douglas-fir genetic resources: An assessment and plan for
California. California gene resource program. Sacramento, California. :

Ryder, E.J. 1988. Efficient sampling from a collection. HortSci:23(1): 82-84.
Salwasser, H. 1987. Editorial. Conser. Bio. 1{4): 275-276.

Sarvas, R. 1967. Pollen dispersal within and between subpopulations. XIV IUFRO
Congress; Sec. 22. Munich, pp 332-345.

Simberloff, P.S. and L.G. Abele. 1982, Refuge{design and island biogeographic
theory. Effects of fragmentation. Am. Nat. 120: 41-50.

Smith, R.A., R.L. Peloquin, and P.C. Passoft:}969 Local and regional wariation
in the monoterpenes of ponderosa pine wood oléoresin, U.S.D. A For. Serv. Res
Pap. PSW-56. Berkeley, California.

Sorensen, F.C. 1969. Embryonic genetic load in Douglas-fir, Pseudotsuga
menziesii var. menziesii. American Naturalist 103:389-398.

Sorensen, F.C. 1979. Provenance variation in Pseudotsuga menziesii seedlings
from the glauca-menziesii transition zone., Silvae Genetica 28(2-3): 96-103.

Sorensen, F.C. and R.S. Miles. 1982. Inbreeding depression in height, height
growth, and survival of Douglas-fir, ponderosa pine, and noble fir to 10 years
of age. For. Sci. 28(2): 283-292,

Steinhoff, R.J., D.G. Joyce, and L., Fins. 1983. Isozyme variation in Pinus
monticola. Can. J. For. Res. 13: 1122-1131,

Strauss, S.H. 1987. Heterozygosity and developmental stability under inbreeding
and crossbreeding in Pinus attenuata. Evol. 41(2): 331-339.

Templeton, A.R. 1980. The theory of speciation via the founder principle.
Genetics 94:1011-1038.

Templeton, A.R. and B. Read. 1983. The elimination of inbreeding depression in a
captive herd of Speke's gazelle. IN Genetics and conservation, -eds. C.M.




42

Schonewald-Cox, S.M. Chambers, B. MacBryde, W. Thomas, pp 241-262. Benjamin
Cummings Pub. Co., Menlo Park, California.

Wang, C.H., T.0. Perry, and A.G. Johnson. 1969. Pollen dispersion of slash pine-

(Pinus elliottii) with special reference to seed orchard management. Silvae
genetica 9: 78-86.

Wells, 0.0. 1964. Ecotypes of ponderosa pine. 1. The ecotypes and their
distribution. Silvae genetica 13(4): 89-103.

Wheeler, N.C. and R.P. Guries. 1982. Population structure, genic diversity, and
morphological variation in Pinus contorta Doug. Can. J. For. Res. 12: 595-606.

Wilcox, M.D. 1983. Inbreeding depression and genetic variances estimated from
self- and cross-pollinated families of Pinus radiata. Silvae Genetica 32: 89-96.

Wilson, E.O. (ed). 1988. Biodiversity. National Academy Press, Washington D.C.

Yeh, ?.C. and Y.A. El-Kassaby. 1980. Enzyme variation in natural populations of
Sitka spruce (Picea sitchensis). 1. Genetic variation patterns among trees from.
10 IUFRO provenances. Can. J. For. Res. 10: 415-422.

Yeh, F.C. and D.M. 0O'Malley. 1980. Enzyme variation in natural populatons of
Douglas~fir (Pseudotsuga menziesii var. menziesii (Mirb) Franco) from British
Columbia. i. Genetic patterns in coastal populations. Silvae Genetica 29: 83-92.

Yonezawa K. 1985. A definition of the optimal:allocation of effort in
conservation of plant genetic resources with application to sample size-
determination for field collections. Euphytica 34{(2): 345-354.

Zavarin, E., W. Hathaway, T. Reicheé%} and Y:B. Linhart. 1967. Chemotaxonomic
study of Pinus torreyana Parry turpentine. Phytochemistry 6: 1019-1023.

!




