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Should hybrids be protécted by listing; Betula X sandbergii and
Botrychium minganense in Vermont'
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. BarmiNgton; D, S. (Pringle Herbariuny, Plant Biology Department; University of Vermont, Burlington,
VT 05405). Should hybrids be protected. by listing; Betula. X sandbergii and. Botrychium -minganénse-in
Vermeont: J: Toitey Bot. Soc. 138: 465-471. 2011.—Recent consideration of two taxa, a fern-(Botrychium
mingariense Vict;)and a birch (Betula X sandbergii Biitton), for addition to the list of protected plants by the
Vermont Scientific-Advisory Group on Flora revealed the niced for an assessmient of hybrids in the contextof
“the listing of rare taxa for protection: Though both are.hybrids in. that they are the product of secondary
contact between divergent lineages, the two lie at opposite enids of the hybrid continuum. A consideration of
the known:artay of hybrid biologiesin the context of the conseivatioti literature leads to:the argument that the
fern should be listed, but not the birch, Botrychium minganense is reproductively competent, fully tsolated
frobn its progenitors, and evidences a genetic heritage uniquerelativeto them. However, Betula X sandbergii
does niot have the integrity o1 genetic uniqueness typical of the rare hybrid lineages that have been listed for -
protection; either at the state ornational level. It lacks & unique gene pool vulnerable to extinction. The two- -
candidates for listiig. in- Vermont present contrasting: biologies. that- together inform a_ substantive

understanding of the issues relating to the conservation biology of plant hybrids.
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In some groups of plants-such as in the
ferns, oaks, birches, and willows-hybrids. are
comimon. Taxa within these groups are often
the most difficult to identify and thus create
problems not only for taxonomists but also for
ecologists and conservationists. Specialists in
these groups become preoccupied with the
detection and characterization of hybrids. In
addition, the substantial role of hybridization
in the origin of new species has become clear,
especially in recent years (Mallet 2007). Some
hybrids are extremely rare; conservation biol-
ogists’ and. others. have asked whether these

“hybrids should be protected in the same way
- as other rare plart taxa (i.e., rare species, sub-
species, and varieties), S
Recently, the Vermont Scientific Adyvisory
Group on Flora: considered - the addition ‘of
two taxa, a fern (Botrychium mingarense Vict.)
“-and. a birch (Betula X sandbergii Britton), to
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the list of protected ‘plants for the state. Both:
of these taxa are rare in Vermont; meet the
definition ~of “hybrid, -and  present complex
evolutionary histories; Historically, the plants
pertaining to B. minganense were included ina
broadly defined B. lunaria (L.) Sw.; they were:
already protected in Vermont by the listing
of the latter species name. However, recent
insights. into the species delineation of " these
moonworts have led to the consideration of B.

sninganense for listing as a distinet species. In

this case, the nomenclatural change from B
lunaria to:B. minganense has predicated a new
review of the Vermont plants® status. In con-
tiast; the Vermont plants pertaining to Betuld
X sandbergil passed as Betula pumila L., one
of the progenitot species of the hybrid, The
realization that the Vermont plants are in fact :
hybrids has-led to their consideration for: list-
ing, this time as a hybrid rather than as a
species. In this case, the underlying problem

‘was the misidentification of the plants.

This contribution addresses these taxa in the
context of the biology of plant hybrids with
the goal of informing decisions about the con-
servation status of hybrids in-general and the
two candidates in-particular, Where possible, I
have drawn examples from plants common in
Vermont as a local basis for understanding the
conservation status of the candidate hybrids.
A comiparative. analysis of -the two- hybrids
yields insights-into the comiplex problems relat-
ing to hybrid censervation. k
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What is a Hybrid? Addressing hybrids and
" the endangered speciés act, Haig and ‘Allen-
dorf (2006) defined hybrids as the: result of
“interbreeding of individuals from genetically
distinct populations, regardless of their taxo-
nomic status.” Their use of the term gernetically
distirict populations is. problematic; because
" there is no non-arbitrary criterion for decidinig
what constitutes genetically distinct. Neverthe-

less a useful first approach to the problem of"

defining iybrid is to characterize species as the
- product.of primary divergence and hybrids to
be the product of secondary contact between
divergent lineages. - This approach- is useful
because it allows for the observed diversity
among hybrids-in . 1) levels ‘of divergence
between progenitors, 2) reproductive biologies,
3) vegetative persistence -of individuals and
lineages, and conséquently 4} degree: of evolu-
tionary integration and autonomy of the hy-
brids as a lineage. There is-an outer limit to-the
divergence of hybridizing lincages. Members:of
different plant families never hybridize. Inter-
generic hybrids are rare enough to be striking
- exceptions; they commonly have: highly irreg-
‘ular morphology and present strong evidence
of genetic incompatibility, such as complete

sterility or inability to form reproductive struic--

tures. Most hybrlds are between spe01es in the
same genus.

Proposing and Testing Hypotheses for Hy-
brids. The common morphological criterion
used in proposing a plant as a hybrid is that it
be morphologically. intermediate between two

candidate progenitors: A broad array of classi-

cal work has established the typical patterns of
morphological character intermediacy in hy-
brids (¢.g:, Anderson 1936 & 1949). Characters
of hybrids.can be medial (i.e., quantitatively at
the midpoint) -between those of the progeni-
tors,. but-in a- number of cases individual
characters can approach- one ‘or the other
progenitor;-or: they-can:even be transgressive
(lying outside the range ‘of variation between
the: progenitors). Because of ‘this complexity,
there has been much attention to hybrid indices,
i.e.,; the quantitative scoring of intermediacy in a
set of characters-(e.g., Anderson 1936 & 1949).
- In simple cases, though individual characters: of
hybrids may- be ‘diverse in relation to: their
progenitors, Anderson’s hybrid index reveals
the mean of a.character set to be medial between
the progenitors (Anderson 1949). However, the
mean-of & hybrid’s character set need not be
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medial between those of the progenitors, a -

feature that becomes important in the consid-

eration of hybrid birches later in this article.

A number of genetic and biochemical tools
have been powerfiil'in the testing of candidate:
hybrids first proposed based on morphology.
These tools; including chromosome number:
and : meiotic pairing behavior (Dancik and
Barnes 1972, Barrington 1986, Wagner et al.
1992) flavonoid analysis (Powell et al. 1991);
isozyme analysis: (Wagner et al. 1992), raridom
amplification of polymorphic DNA: (RAPDs;
Padgett et al. 1998), and DNA: :sequences
(Barrier et al,.1999) all use sumination of
characters that are"different in. the proposed
progenitors-as: the test:for hybridity. Analy-
ses of hybrids using these-tools often prove
remarkably complex, as consideration of an
array from the recent literature demonstrates:

Hybrids Vary in Their Fertility. The salient
variable in hybrids is their level of fertility. As
de Queiros (1997) says, “reproductive incom-
patibilities are of central importance to- biol-
ogists who: study hybrid: zones.”” ‘Considering
interspecific hybrids, in some groups, such as
the ferns, hybrids are almost never fertile. The
sterile  hybrids, being all fis, are- morphologi-
cally similar-to each other and distinct  from
their progenitors. So, for instance, Polystichum
X potteri Barrington, the hybrid between P,
acrostichoides (L.) Roth and P, braunii (Spen-
ner) Fée, has an array of ‘character states that

“allow diagnosis of the hybrid as distitict from

gither progenitor (Barrington 1986).
However, a broad array of hybrids is par-
tially fertile. When no other factors intervene,

~“these hybrids breed regularly with éach ‘other -

and their progenitors. A prominent Vermont

~example is the hybrid between Querciis miacro-

carpd Michx. and Q. alba L., which is wide- =
spread in the Champlain Valley of New York;
Québec, and Vermont. This hybrid is so vari-
able that it is difficult to find pure Q. macro-
carpa in the area, and Whittimore and Schaal =

- (1991) found: evidence of ‘introgression (i:e:

transfer of ‘genetic traits bétween the progen-.
itor species) between the hybrid’s progenitors..

A fertile hybrid relevant to consetvation and
listing is Echinocereus X Hoydii Britton .and:
Rose of Texas:and New Mexico. Powell et al-
(1991) demonstrated with an-extensive artifi
cial breeding program that this hybrid was

to its progenitors -E. “coccinens Engelm. and
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E. dasyacanthus Engelim. Summation of flavo-
noid ‘profiles was ‘used "to test hybridity as
predlcted from  morphological intermediacy.
" They summarized ‘the implications of their
work as follows:

“Despite [Echinocereus X lloydii’s] local-

ized persistence; we have found no

demonstrable - evidenice “of “independent -
evolition following its origin. Thus, we

suspect that E; X lloydii merely manifests

unusual. gene recombinations of the

‘common parental species, and is not a

unique gene pool -that could be lost

through extinction,”

So, Echinocereus X lloydii - presents no- evi-

dence of ‘evolutionary integration or autono-.

my. The Powell group’s findings contributed
to the removal of this taxon from the list of
federally endangered species. ;
Fertile hybrids can be sufficiently isolated
and.genetically integrated to'qualify as species.
The reproductive. isolation -of  Helianthus X

paradoxus Heiser, a federally endangered spe-

cies, from its progenitors: (Helianthus drmus
L. and H. petiolaris Nutt.) is ecological ‘as well

- as genetic: Backcrosses to. the progenitors do
show reduced ‘pollen viability and virtually
complete failure of seed set. Unlike the hybrid,
the: ‘progenitors are unable: to occupy salt
marshes characterized by heavy clay soils ‘and
brackish water. In this way, the hybrid is also
ecologically isolated front its progenitois-—and
Lexer et al. (2003) argued that-additive allelic:
effects (for calcium uptake, sodium ion exclu-
sion, and-leaf succulence) were in fact trans-
gressive, lying outside the range of variation in
either progenitor: These' transgressive features
were critical in providing the ecological isola-
tion-that led to ‘the hybrid speciation event
that yielded Helianthus X paradoxiis.

Hybrids Vary in Their Vegetative Persistence.

“Some sterile hybrids are remarkably persistent
through vegetative spread and division, others

are not. A striking example of longevity comes

from Osmunda X ruggii R. M. Tryon' (the

hybrid-of O: regalis L. and O. claytoniana L..).
~At-its* best:documented station in West Vir-
‘ginia this hybrid presents a set 'of ramets over a
contiguous “area of 16,5 by 6.1 m. (Wagner
et al. ' 1978). Based on a typical. Oswmunda
. regalis rhizome- growth' rate of 0.7 cm/yeai
- (Klekowski and  Berger 1976), this colony
appears to'be a-clone at least: 1100 years-old.
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Hybrids in the clubmoss genus Huperzia per-"
sist: vegetatively, ‘but with an éxtra level- of
complexity.- These hybrids, such" as H. X
buttersii - (Abbe)  Karlesz' & Gandhi, (H.
lucidila [Michx.] Trev. X H. seldgo [L..] Bernh:
ex Schrank & Mart.), peruce gemmae that -
detach from-the paient at an abscission zone
and are dispersed. In the case of Huperzia hy-
brids; the persisting: fragnients of ‘the ‘original

“hybrid® are separate - individuals. that: can. be

moved as propagules over long distarices, espe-

: c1ally by water, leading to widespread presence

it a flora w1thout any sexual 1ep10duct10n

Apomixis. Sterile and p‘artially fertile hy-
brids can restore full reproductive competence
through - apomixis (formerly referred. to as
apogamy, ‘especially in the ferns), an alterna- -
tive to sexusl réproduction  (Asker and Jerling

--1993). Ferns and angiosperms are- different in

relation to-apomixis.: In the ferns, which typi-—
cally yield sterile’ hybrids, apomictic lineages
show no “tendency to: sexual reproduction
(Manton 1950). On theother hand, many apo-
mictic lincages among the angiospermis. arise
from partially fertile- hybrids, and there is
a variable frequency of ‘sexual reproduction
along with the apomictic alternative. Apomic-

“tic ferns: of hybrid origin;. as a result, tend to

be- clearly ‘demarcated  morphological - taxa.
In a Vermont context, Phegopteris connectilis
(Michx.) Watt,, is an example. In contrast, the
combination of sexual and apoimictic repro-
duction ‘typical of ‘the angiosperm “lineages
yields - morphological ‘chaos; - The ' infamous
genera Hierdacivum, Rubus; Crataegus, Anten-
naria, and Taraxucum are all rich in-apomictic
lineages. A prominent anomaly in a conserva-
tion  context - is that “apomictic plants, but
not hybrids or polyploids, are suggested for
listing on the. TUCN Red List (IUCN" Stan-
dards and Petitions Subcommittee 2010).

“Polyploidy. Sterile hybrids can resume
sexual reproduction ‘through polyploidy: In
this process; a single cell of a hybrid individual
goes through an event including chromosome
replication’ but no cell division, leaving the
cell’s descendants with two: full sets of ‘chro-
mosomes from each progenitor species. Paii-
ing of the duplicated progenitor chromosoines
during meiosis enables the restoration of fer-

tility; “the: hybrid - individual "can - reproduce
sexually if it can self-fertilize. These plants be-
have much like their stérile progenitor hybrids
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inthat they maintain morphological integrity;

backcrosses to: progenitor species are usually”
‘sterile because of strong reproductive barriers

imposed by failure of chromosoime pairing,
Recent molecular-genetic inquiries have re-
- vealed that the origin of allopolyploids (i.e.,
polyploids: derived from hybrids) is sometimes
accompanied by major alterations in genome
organization and gene expression (Paun et al.
2007), which contributes: :to the ‘evolutionary

- autonomy- of the polyploid.lineage. Thus, fer-.

tile--allopolyploids present: the attributes of
species, - including the ability to: form inter-
breeding populations; to occupy unigue nich-
es, and to spread across-distinet geographic

ranges, SO they‘a‘re generally recognized  as.

species in the biological literature. :

In regions affected by Pleistocene  glacia-
tion, allopolyploids are more cominon than in
known Pleistocene refugia for north-temperate
flora (Brochmann et al. 2004). The rich array
of recently originated polyploids in the flora of
Northeast North- America adds to the species
diversity in the region: Most prominent-in-a
Vermont context is Adiantum viridimontanum
Paris, an allopolyploid derived from the com-
mon eastern maidenhair 4. pedativn L..and
the common. western maidenhair A. aleuticum
Rupr., disjunct on ultramafic soils in Vermont
and other eastern states (Paris ‘and Windham
1988, Paris 1991). This species is currently
protected in Vermiont, as it'is known from a

limited set of sites:in the state and is-found else-

~where only in a few sites. in adjacent Québec
-~ and Maine. Prominent among rare allopoly-
ploids is the fertile tetraploid race of Asplenium
X ebenoides, restricted to: Hale- County, Ala-

“bama (Wagner 1954; Walter et al. 1982). In this

rare ‘instance, both the sterile hybtid and.a
derivative allopolyploid are known; the sterile
hybrid “is*much miore ¢ommon. Named. as
- Asplenium tutwilerae B. R. Keener and L. J.
Davenport, the tetraploid cytotype is listed as
critically “impetiled “by the State of Alabama
-(Alabama Natural Heritage Program, 2007).
Allopolyploids have independent histories and
a significant role to play in diversification. An
“'example from “the charismatic megaflora is
Argyroxiphiun kauense O, Deg. & 1. Deg., a
federally - endangered “species, pait of the
Hawaiian. silversword alliance. The: alliance
comprises a set 6f 30 species in three genera; all
endemic to the Hawaiian archipelago; all are
tetraploid (Barrier et al. 1999). Analysis. of the
component genomes of the Hawaiian species
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reveals that they have a single commion ances-
tor, whicli was an allotetraploid originating by
hybridization between species of southwestern
North ~American. tarweeds (the Madia/Rail-
lardiopsis group, Barrier et al. 1999). Hence;
the hybrid. in the ancestral history of Argyrox-
iphium kauense is geographically, evolution-
arily, and chronologically “remote from the:-
Hawaiian lineage. So, although allopolyploid
lineages are hybrid in origin, they are species,
with all ‘the integrity ‘anid genetic isolation .
expected of species lineapes. They certainly
nierit conservation actionif they are rare.

- The Biologieal - Integrity of Hybrids “and
Conservation. The endangered species act of
1973, as originally enacted, did not. iriclude the
word Aybrid, nor did it aeddress hybrids impli-
citly. As-of 2006, although there-had been a
history of advocacy for protecting species ori-

“ginating-from hybrids (e.g., O’Brien and Mayr:

1991); there remained no language relating to
the protection of hybrids (Haig and Allendorf
2006). As Powell et al. (1991) articulated, the
key variable to consider in deciding whether to
seek - protectiori for lineages with- a- hybrid

“heritage is whether the lineage has a unique

gene po‘ol‘ that could be lost by extinction.. To
be endowed with this unique set of genetic

~attributes a lineage needs: to be reproductively -

competent and-genetically isolated from other
lineages, so- that it has a discréete evolutionary
fate. Some: hybrids have these characteiistics
and some do not. Sterile hybrids clearly do.not
even if individuals persist for millennia. They
may be repeatedly formed from their progen-
itor species, but they do not have the capacity
to develop their own genetic profile or to esta:
blish a lineage. Similatly some fertile hybrids
do not -meet ‘the. criteria to merit -protec-
tion; like: Echinocereus X loydii they have no

‘independerice from their progenitors, because

there is no reproductive isolation from the

~ parents. They lack the genetic isolation to be
-anintegrated lineage with a unique genetic heri-

tage even though they can reproduce sexually.
- However, we have seen in this review: that
there are a number of hybrids that meet-the:
reproductive integrity and autonomy criteria:
allopolyploids; though hybrid-in origin, are
isolated -from their progenitors and. evidence
the capacity to evolve independently - (.8
Barrier et al. 1999). Similarly, some fertile
hybrids, like Helianthus X paradoxus, 8are.
ecologically and genetically autonomous even
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though they are not genetically 1sohted from
since | they - have llmlted‘

their: progenitors,
ability to- interact with their progenitors. It
may be. possible ‘to” include. some apomictic
taxa of hybrid origin on the list of hybrids that
meet this criterion, if they are isolated from
their progenitors, ds is ¢common in the ferns.

Vermont Candidate: Botrychinm minganense.
Common across boreal North Aitierica with a
southern extension id the Western cordilleras,

Botrychium: minganense is a fertile allotetras

ploid with the clear imprint-of two progenitors
in-its genetic profile (Hauk and Haufler 1999).
The species is at the southern: limit of its range
“in Vermiont, where it is known from threé
stations. Recent work reveals that B. Junaria
(L:)" Sw. in the broad: sense was one of the
progenitors. The contribution from- this line~
age is complex. Botrychium lunarid comprises
at least four taxa including & North American
and a circumpolar lineage that have diverged
enough’ to be:recognized as separate species
(Stensvold-2007). ‘Botrychium minganense in-
cludes. genetic markers for both of these two
taxa.  Stensvold’s work ‘revealed what' she
called introgressants, 1.e., B lunaria s.l. plants
that included alleles  fromi both' the North
American-and circumpolar species in spite of
the routine: observation of abortive spores in

hybrids between these two taxa, The B. lunavia

s.l. progenitor of B. minganense may be one of
these introgressed plants. The second progen-
itor is not:so well understood; among species
so far surveyed. it would- be closest to B
pallidion W, "H. Wagner, a diminutive species
of the North American boreal region. In sum,
‘Botrychivm minganense combines the: genetic
heritage of three-different diploids, and. Botry-
chiur hybrids asa rule are sterile (Wagnerand
Wagner 1983). Thus, it meets the criteria of
genetic isolation and unique genetic heritage.
that provide a sound basis for recognizing it as
a- distinct lingage: This-is the sort-of lineage
with a hybrid ancestry that should have species

status and be listed when of consexvahon‘

concern,

Vermont Candidate: Betwla X sandbergii, An
equally ‘complex problem is présented by
Betulg X sandbergii; the hybrid between Betula
“papyrifera Marsh. and B. pumila. This hybrid

is best. known from populations of the pro--

genitors -and the hybrid in North Dakota,
Minnesota, - Wisconsin, ‘and = Michigan, near
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the southern limit of B pumild’s range

“(Clausen 1962), It is known from one histor-

ical “station in  Vermiont, though ‘the more’
northern B pumila- is: not known from the
state. Both of the progenitor species are poly-
ploids (présumably. allopolyploids): B: pumila
is tetraploid, while B. papyrifera can be either
peéntaploid or hexaploid. Ordinarily, the hy-
brids: between species with different ploidies
are “sterile: (unless they become polyploid or
apomictic). However, in an exhaustive mor-
phological analysis, Clausen (1962) found that
mean: pollen viability of 8. X sandbergii was
58%: (range, 28.1 to 94.5%), reduced from
progenitor levels (both with means over-90%)
but still partially fertile. Morphometric work
revealed a strong pattétn of intermiediacy in
the hybrids using several analytic approaches.

- The viability of the pollen and the retrigval of

some individuals® with “subsets of characters
favoring B, papyrifera siiggested  to- Clausen
that there were backcrosses in the ‘sample, and
that introgression had occurred between the
two progenitor species.

Clausen did not inclade any genetic analysis
of his hybrids beyond scoring pollen viability;
his-criterion: for including an individual in his
hybrid class is unclear. Dancik and Barnes
(1972), in addressing the hybrid between the
hexaploid Betula alleghaniensis Britton and B.
pumila, cast doubt on Clausen’s claim that B
X sandbergii presents evidence of introgression:
(and that the Minnesota population he studied
was a hybrid: swarm), Their ‘work included
chromosomal as well s pollen analysis of the
hybrids and progenitors in: their field sample;

“it revealed that though progenitor and hybrid
‘pollen  viabilities “were similar - to- Clausen’s,

in fact all' of the hybrids. were fis. Their
morphological analysis of the chromosomally
documented- plants in their sample demon-
strated - that a subset of ‘the hybrids more
closely resembled B alleghaniensis, the pro-
getitor with the higher ploidy. Their review of
the ‘then-recent - literature - on Befula hybrids
showed that crosses between species of differ-
ent ploidies all” yielded  hybrids tending to

“resemble the higher-ploidy progenitor: Their

conchision was that morphological skew. to-
wards the higher-ploidy progenitor was often
mistaken for - evidence of backcrossing and
even introgression. Dancik and- Barnes’s ‘in-
sights- suggest- that .Betula X sandbergii also

- comprises a system-of 1ndependent1y derived f;

hybrids.
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The possibility remains that this hybrid is
part of a hybrid swarm that is breeding and
perhaps introgressing: with -« its  progenitots,

because of recent work demonstrating exten- .
sive introgression - in: European birches using

an array of modern genetic tools (Thorsson
et-al. 2001, Palmé et -al. 2004). Hybrid swarm
or. a population: system. .comprising solely f;
hybrids, Betula X sdandbergii is not a cohesive
evolutionary lineage with its own genetic heri-
tage independentof and isolated from other
lineages. The hybrid lies in the nebulous ground
between - lacking  reproductive -viability <and
lacking genetic-autonomy from its progenitors.
Nationally and: within: Vermont, hybrids like
B. X sandbergii-are not listed as threatened or
endangered species, hor should they be:

‘Conclusions. The two candidates for listing
in Vermont present contrasting biologies that
together inform. a substantive understanding
of the issues. relating to. the conservation bio-
logy of plant hybrids. Botrychium minganense

lies at-one end of the spectrum: reproductively:

cojnpetent, fiilly “isolated from its progeni-
tors, and evidencing a unique genetic heritage
relative to: them; this allopolyploid of hybrid
origin ‘'meets- the: criteria for species- status
in  the conservation - literature (e.g., O’Brien
and Mayr 1991, Powell et al.- 1991, Haig-and
Allendorf 2006). On the other hand, the work
on hybrid birches, though without a clear
resolution of the status of Betula X sandbergii,
demonstrates- that this' hybrid does not have

the integrity or genetic uniquenéss typical of

“the rare-hybrid lineages that have been listed,
eithér at the: state or-national level. Rather,
like Echinocerens X Iloydii, it presents no evi-

dence of independerit evolution and does not.

evidence a- “unique geie pool- that could - be
lost through: extinction™ (Powell et al. 1991).
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