
Abstract Genebanks complement other conser-

vation programs because they preserve genetic

diversity needed for future breeding and resto-

ration. We evaluated efficiency of capturing

genetic diversity, using endangered Zizania

texana (Texas wild rice) as a model for plants with

recalcitrant seeds. This perennial aquatic grass is

restricted to 4 km of the San Marcos River in

Texas. An early conservation collection included

plants from stands throughout the river, based on

the assumption stands would be unique geno-

types. Using microsatellite markers, we found

that genetic diversity was concentrated in five of

15 large, demographically stable stands; 96 stands

smaller than 2 m2 contributed no unique alleles.

High heterozygosity and few duplicate genotypes

suggested that sexual reproduction occurs more

often than presumed. Simulations of stratified

sampling of large stands captured all alleles in

only 45 individuals, while random sampling along

the river captured much less diversity. The early

conservation collection captured as much diver-

sity as expected from random sampling. Texas

wild rice stands resemble a mainland-island

metapopulation; our analyses suggest that strati-

fied sampling maximizes genetic diversity for this

population dynamic. Demographic and genetic

information is important for validating the design

of efficient ex situ collections and guiding in situ

conservation.
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Introduction

Assembling ex situ collections from wild popula-

tions is an important component of wider con-

servation goals (Schoen and Brown 2001).

Conservation collections in botanical gardens,

zoos, or genebanks are designed to safeguard

genetic diversity, enhance current population size,

keep useful traits accessible, and re-establish

populations in restoration projects. As such, col-

lection strategies must efficiently capture a high

percentage of the extant genetic diversity, as

measured directly by variation in molecular or

quantitative traits (Brown and Hardner 2000) or
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indirectly through a geographically stratified

sampling scheme (Shands 1991). Without direct

measurements of genetic variation of phenotypic

traits or molecular markers, indirect methods

often provide excellent first approximations of

genetic variation when they take into account the

target species’ life history characteristics, repro-

ductive system, and long-term population changes

(Brown and Briggs 1991; Schoen and Brown

1991). For instance, if populations are abundant

but are comprised mainly of a few genotypes that

arise by asexual reproduction, total genetic

diversity could be found in relatively small

samples collected from each population.

Efficiency in collecting is important not just

because risk of eminent extinction, but also

because maintaining large, redundant collections

may divert resources from other conservation

priorities such as habitat protection. Seedbanks

can provide an important conservation tool

because the viability of hundreds or thousands of

individuals can be maintained for decades with-

out regeneration (Walters 2004). However,

recalcitrant seeds, which cannot be stored under

the standard cold and dry conditions used for

most seeds, require specialized protocols to

ensure their viability in genebanks. Recalcitrant

seeds are common in many of the riparian and

tropical species (Hong et al. 1998) that are

currently under threat because of harvesting or

habitat loss. Developing cryogenic methods for

storage of recalcitrant seeds requires significant

investment of time and resources. It is thus critical

to design efficient collections that optimize the

capture of genetic diversity from wild.

Population genetic analysis of the aquatic

Texas wild rice (Zizania texana Hitchcock) pro-

vides a case study for targeted sampling for a

species with a narrow geographic range: four km

of the San Marcos River in south central Texas.

Texas wild rice seeds are recalcitrant and do not

survive in conventional storage. Monitoring of

stands since the 1960s has revealed little or no

flowering in the river and implied that the pri-

mary mode of reproduction of this perennial grass

is asexual (Emery 1977; Power 1996). These

observations suggested one approach for ex situ

conservation was to dig plants from the river and

grow them in pots in an artificial aquatic habitat.

A conservation collection of 48 Texas wild rice

plants from different locations throughout its

range was established from 1986 to 1999 at a fish

hatchery in San Marcos, Texas in raceways with a

continuous flow-through of water from the river.

However, this collection of plants was both costly

to maintain and fraught with inherent risks: by

1999, mortality reduced the conservation collec-

tion to 35 plants (for which we have DNA sam-

ples and genotypes), and the collection continues

to decline.

It is possible to establish genebanks using seeds

of Z. texana. We have developed cryogenic

methods to preserve Texas wild rice seeds and

demonstrated that these methods do not reduce

genetic diversity in stored samples for a set of

variable microsatellite loci (Walters et al. 2002;

Richards et al. 2004). Further, growth conditions

that induce flowering and seed production in

controlled environments are known (Power and

Fonteyn 1995; C. Walters unpublished data). Al-

though cryogenic storage protocols for Texas wild

rice are time consuming and costly, developing an

ex situ collection seems particularly useful as a

complementary tool for other conservation pro-

jects for Texas wild rice because human induced

pressures on this species’ habitat, especially by

increased diversions of water, has accelerated in

the last few decades (Vaughan 1986).

In this study we examined genetic diversity and

population structure of stands of Texas wild rice

along its entire range in the San Marcos River,

using six highly variable microsatellite markers.

Sampling over three years was designed to sample

among and within stands, test whether reproduction

within the river is primarily asexual, and evaluate

temporal changes in genetic variation and struc-

ture. We follow this analysis with a sampling

simulation to identify collecting strategies that

most efficiently capture the genetic diversity of

Texas wild rice for ex-situ genebanks.

Natural history of Z. texana

Texas wild rice is an aquatic perennial grass

endemic to a four km stretch of the San Marcos

River in Hays CO, TX (Emery 1977) (Fig. 1). The

river’s clear, spring-fed headwaters emerge from
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the Edwards Aquifer through the permeable karst

in the Balcones Fault of Texas at an average flow

rate of 157 cu ft/s, and the river flows south to the

confluence of the Blanco River (Terrell et al.

1978). Below this confluence, where the water be-

comes heavily silted, no Z. texana have been re-

corded. The habitat requirements of Z. texana

appear to be confined to the upper reaches of the

river, which varies from 10 to 25 m wide and is up

to four m deep in some channels. Texas wild rice

grows mostly in large vegetative stands that are

submerged in mid-river in relatively swift and

shallow water (less than one m) and rooted in

sandy or gravely bottoms (Poole and Bowles 1999).

The spatial distribution of stands has been

mapped annually for 15 years by the Texas Parks

and Wildlife Department to monitor the abun-

dance of this species and to describe its habitat

requirements (Poole unpublished data). Occupied

reaches of the river were designated as segments

(Emery, Southwest Texas State University

unpublished data 1978) that correspond to phys-

ical features of the river such as bridges, dams and

other structures (Fig. 1). Stands, which are de-

fined as continuous masses of Z. texana plants,

were delineated by polygons that enclosed the

irregularly-shaped stands, mapped using survey-

ing equipment, and recorded in GIS for yearly

comparisons. Estimates of the percent coverage

within polygons (m2) were used as relative mea-

sures of stand size. Two prominent features

emerge from this long term study. First, while

sizes of stands varied from 0.01 to 335 m2 (see

Table 3 below), most stands were small (mean

size is 8.5 m2). Second, the distribution and local

abundance of this species was highly dynamic

(Poole unpublished data 2003). Over the years,

the number of stands fluctuated markedly along

the river (mean = 206, SD = 45). Small stands

experienced higher rates of turnover (extinction

and colonization) than larger stands, with several

of the largest stands being stable throughout the

survey period (Poole unpublished data 2004). In

addition, the census revealed that the spatial

arrangement of stands was more clumped in the

upper reaches of the river, in segments A and B,

and progressively became more dispersed down-

stream of segment F.

Texas wild rice rarely flowers in the river

(Emery 1977; Power 1996) but it is capable of

flowering when grown in fish-rearing raceways

located at the National Fish Hatchery and Tech-

nology Center in San Marcos, TX, in an old fish

hatchery on the campus of Texas State University-

San Marcos (Power 1996), and in greenhouses at

Colorado State University (Walters unpublished

Fig. 1 Map of stands of
Z. texana in the San
Marcos River in Texas,
showing river sections in
annual surveys (left)
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data 2004). In artificial conditions, plants display

bi-modal phenology with early flowering starting

in April and later flowering starting in July. Plants

reproduce sexually by culms and panicles that

emerge above the water and bear seed. Sub-

merged plants can reproduce asexually by pro-

ducing stolons that arise from the plant’s base and

form adventitious roots. These can be seen trailing

downstream and may provide a means of

increasing stand size by producing ramets (asexual

shoots) from the mother plant. Pollen dispersal is

by wind, which typical of grasses.

Materials and methods

Sample collection

We collected leaf tissues for DNA fingerprinting

from plants within the river over three separate

years. The collection strategy at first aimed to

estimate overall genetic diversity within the river

in 1998 and 1999. Individuals collected within

stands were taken one m apart except when

mapping clonal spread (see below). While the

collection of multiple individuals per stand was a

priority, single individuals from small stands

(generally less than two m2) were also collected in

1999 to capture more broadly the diversity in

these ephemeral stands. Individual (singleton)

samples were collected from all parts of the river

from segments A through K (Fig. 1). This was

followed in 2002 with more intensive sampling of

three large stands (Fig. 2) to estimate the extent

of asexual reproduction by obtaining leaf tissues

from plants spaced less than one m from each

other along defined transects. In addition, we

genotyped all individuals growing in the early

conservation collection housed at the National

Fish Hatchery and Technology Center. All leaf

tissues were stored on ice until shipment to Fort

Collins, CO. Upon arrival, they were rinsed in de-

ionized water, split into 100 mg aliquots and

placed in storage at –18�C until DNA extraction.

Genotyping

Extraction of DNA from leaf tissues used an

anionic exchange column protocol in Qiagen

DNeasy kits (Qiagen, Valencia, CA). Genetic

Identification Services (Chatsworth, CA)

developed microsatellite-enriched libraries from

Z. texana genomic DNA and sequenced several

clones that contained microsatellite markers.

Primer sequences and repeat motifs for the

markers are in Table 1. Microsatellites were

amplified in a total volume of 10 ll containing 1.5

units Promega Taq DNA Polymerase and 1X

Reaction Buffer (Promega US, Madison, WI),

2.5 mM MgCl2, 200 lM of each dNTP, 0.1 pM of

each primer (forward primers labeled with IR-

DyeTM 700 or IRDyeTM 800, MWG Biotech, Inc.,

High Point, NC), 0.5 ng of unlabelled reverse

primers (Qiagen Operon, Alameda, CA), and

2.5 ng of template DNA. Conditions used to

amplify these loci are the same as those used

previously (Richards et al. 2004), products were

resolved in a 6.5% KBPlus acrylamide Gel Matrix

(LI-COR) on a LI-COR 4200 sequencer follow-

ing manufacturer’s recommendations (LI-COR

Biosciences, Lincoln, NE). Scanned TIFF images

of each gel were imported into SAGA GTTM

software (LI-COR Biosciences, Lincoln, NE) for

fragment sizing and allele scoring.

Data analysis

Putative ramets within the data set were identi-

fied as exact genotypic matches at all six markers

(or five if markers had missing values). The

expected probability of identity was calculated

within each stand as the probability of obtaining

duplicate multilocus genotypes from the same

stand, given the total probability of sampling any

possible genotype twice (Hedrick 2004). Signifi-

cance was assessed at an error rate of P < 0.05

with critical values adjusted for multiple tests

by the Bonferroni correction (Sokal and Rohlf

1995) for the eight stands (or pairs of stands)

from which duplicate genotypes were collected.

Ramets within the 2002 collection data were

mapped to specific transect sites in population

A1, B1a and C5. Ramets of a single clone iden-

tified in this way were reduced to one represen-

tative genotype within a stand for population

genetic analyses. Ramets identified among stands

or among years within a stand were reduced to

one genotype in each stand or in each year.
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Descriptive statistics, including variation

between stands (Fst) and inbreeding within stands

(f), were estimated from genotypic data using

GDA (Lewis and Zaykin 2001) and FSTAT

(Goudet 1995). Tests of linkage disequilibrium

using GDA (Fisher’s exact test) failed to identify

markers in linkage disequilibrium.

Sampling simulation

We evaluated sampling strategies that capture

genetic diversity (measured by our microsatellite

markers) in the river by simulating collections of

individuals. The algorithm was first outlined by

Schoen and Brown (1995) and was implemented

in the program MSTRAT (Gouesnard et al. 2001)

which was designed to assemble core collections

maximally diverse for allelic richness and validate

their diversity. MSTRAT uses an iterative maxi-

mization algorithm to assemble a sample group of

size r maximized for genotypes containing dif-

ferent alleles from a collection of size N. Briefly,

the algorithm accomplishes this by selecting r

individual genotypes at random from a pool of N.

Fig. 2 Detailed maps of
genotypes within three
stands (right) collected
from the river (left). Each
stand map (detailed
schematic on right) is
oriented with respect to
flow direction as the river
map (on left). The boxes
enclosing each stand map
represents the polygon
that defines the stand
area. Numbered squares
represent unique
multilocus genotypes,
lettered squares represent
duplicate genotypes
presumed to be ramets of
the same individual
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All (r–1) sets are assessed for allelic richness and

the (r–1) combination with the greatest number

alleles across all loci is retained. To this set, a new

individual is drawn at random from the (N–r)

remaining individuals in the collection and the

last two steps are iterated until a convergence

criterion is met (where no change in allelic rich-

ness is achieved after 30 iterations. Optimization

is achieved by initiating multiple runs for each

value of r. The relationship r and allelic richness

can be examined by using a plotting feature of

MSTRAT. Sampling efficiency measured in this

way can be interpreted as a saturation curve that

identifies the minimum number of individuals

necessary to capture all of the alleles in collection

of genotypes. As the value of r reaches N, the

fraction of allelic richness necessarily goes to 1

but the form of the curve can vary depending on

the diversity of the collection, N. In principle, if

each individual contributes a novel allele, then

the gain in allelic richness would increase linearly.

In practice, however, most collections contain

some inherent redundancy (due to skewed allelic

frequencies) and therefore allelic richness in-

creases asymptotically with increasing r values.

This implies that at some value of r (1 < r < N)

there is no additional gain in allelic diversity. The

inflection point near the asymptote, therefore,

represents the smallest value of r for which

maximal allelic richness is achieved.

We use this sampling approach not as a way of

assembling a core subset for conservation per se,

but as a way to examine the pattern of sampling

for maximal allelic diversity, i.e.: what stands in

the river are preferentially sampled when assem-

bling a maximally diverse subset? In order to

evaluate this, we contrasted two sampling strate-

gies of the data set for comparison: (1) random

sampling and (2) maximized sampling (M strat-

egy) that selected only individuals that increased

the number of alleles in the sample.

The first step of the analysis determined the

value of r needed to capture a desired proportion

of genetic diversity using the M strategy. Under

both maximized and random sampling, we ran 5

separate simulations for a range of values of r from

10 to N/2. We tested differences between the two

sampling strategies by a Kolmogorov–Smirnov

goodness of fit procedure, under the null hypoth-

esis that the distributions differed at one point or

more (Sokal and Rohlf 1995).

The second step selected r individual geno-

types, determined from step one, for a maximally

diverse sample (M samples). We assembled ten

equally diverse M samples and ranked individual

genotypes by the number of times they were se-

lected among the ten replicates. We identified the

location and characteristics of stands contributing

to these M samples.

Results

We genotyped 471 plants collected from the river,

plus another 35 from the conservation collection

at the fish hatchery. Of the river samples, 375

were in nested in 23 population samples from

stands and 96 were collected as individual sam-

ples from small stands less than two m2 in size.

Table 1 Primer sequences used in this study

Marker Name Primer sequence 5¢–>3¢ Marker size range (bp) Repeat motif

Zt1* GCAAATCTCCTGTCTTTTTCT 259–267 TAGA
GTTTAGCCAGCTCCCAATGTA

Zt13 ACGTCGTCGTCTTCCTCC 206–250 TC
GCATATAATTCCGCGTGAAC

Zt18* CACCATGTCCTGCAATTC 98–114 TC
TGCACTAGCTCCCTGAAA

Zt21* CTAGCTTGTTCAGACAAATGTT 170–198 TC
GACTCTGCTGCATCATATCA

Zt22 CAACCCCAGAAAAACTAAATC 200–230 AG
TCCAATCTCTCCACCTACAA

Zt23 GGACGTTGACATTTTCACA 250–284 AG
GGATCAGTAAATCCAAATCTGT

* Markers described in Richards et al. (2004)
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Within the stands, we found identical multilocus

genotypes in 17 groups (mainly pairs) of plants.

Probability of identity within stands ranged from

8.24 · 10–6 to 4.42 · 10–3, when calculated using

allele frequencies of the stands where the dupli-

cates were found. These probabilities of identity

fall below the Bonferroni-corrected critical

probability of P < 0.05. Because of the low prob-

ability that identical genotypes could result from

sexual reproduction, we interpreted the dupli-

cates to be ramets of asexually propagating indi-

viduals The ramets were all within six of the

stands (A1, B1a, B2, C5, C6, F12), and none of

the 96 singleton samples collected from small

stands matched any other genotypes in the river.

One pair of identical genotypes was found in 1999

and 2002 in stand C5; another pair of identical

genotypes was collected from two adjacent stands

in section B in 1999. Some genotypes were found

up to four times during the intensive sampling

within stands in 2002. A map of genotypes col-

lected at a fine scale within stands A1, B1a, and

C5 in 2002 is shown in Fig. 2. While we found

duplicate multilocus genotypes within each stand,

duplicates were not the majority of the genotypes

within the stands. Duplicate genotypes within a

stand were close to each other, but not always

adjacent (e.g., genotype E in population C5).

Often, ramets were along the axis of water flow in

the river (e.g., genotype D in stand B1a).

To estimate measures of diversity and popula-

tion structure of the 23 samples, we removed

duplicate genotypes from the data set, and reduced

total sample size by 27 to 348 individuals. The

genetic variation revealed by these six loci was high

(Table 2), with an average gene diversity (Nei

1987) of 0.662 and a total of 70 different alleles

sampled. Estimates of Fst for individual markers

among the 23 samples ranged from 0.093 to 0.288,

with standard errors of 0.04 or less. Within sam-

pling years, average genetic differentiation among

stands was high (average Fst> 0.102), but was not

significantly different among sampling years (all

95% confidence intervals overlap). The correlation

between pairwise physical distances between

stands and genetic distance (Fst/ [1-Fst]) was only

0.17 and was not significant using a standard

Mantel test. In addition, the pattern of allelic

richness and differentiation between populations

upstream vs. downstream showed no significant

differences.

Within stands, average gene diversity was 0.507

and observed heterozygosity was 0.551 (Table 3).

Sample size was correlated with stand size

(r = 0.615), the number of alleles (r = 0.771),

and gene diversity within the stand (r = 0.598)

(Table 3, Fig. 3A). There was no evidence of

inbreeding within stands, as none of the

inbreeding coefficients ( f ) differed from zero

(permutation tests in FSTAT, Goudet 1995). If

anything, we detected a tendency toward an

excess of heterozygotes in 17 of 23 samples, even

after duplicate genotypes were removed (average

f = –0.091). About 90% of the genetic diversity

was found in stands where we collected more than

15 individuals; median area of these stands was

99 m2 (Table 3). A greater contribution of the

larger stands to allelic diversity is consistent with

the observation that the 96 singleton samples did

not increase overall allelic diversity. All unique

alleles were found in samples from large stands

(F12, C5 B7, B2).

Sampling simulation

Simulations of sampling showed that capture of

allelic diversity depended on sample size and

whether sampling was random or maximized

(Fig. 3B). At first, we only included the 348

genotypes identified from the large stands (i.e.,

not the 96 singleton genotypes collected from

small stands). Random sampling did not capture

all the alleles, even if samples were half the size of

the total data set (N = 174) (Fig. 3B, open circles).

By contrast, sampling using the maximization

algorithm in MSTRAT captured all 70 alleles

within a sample of only 45 individuals (Fig. 3B,

solid circles). Using a Kolmogorov–Smirnov test,

we found that the curves generated by random

and maximized sampling differed (KS = 0.693,

P = 0.0029). In a second simulation, we included

the 96 singleton samples to test whether they in-

creased the minimum number of individuals

needed in a collection. The 96 additional geno-

types did not change the saturation curves given

in Fig. 3B because the small stands did not harbor

unique alleles and most of the allelic richness of

Z. texana resided in the larger stands.
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We compared our sampling simulations to the

fish hatchery conservation collection. Allelic

diversity of the 35 plants taken from the river is

marked as a black square (Fig. 3B) and falls

within a region consistent with random sampling

of genotypes. The 35 individuals making up this

collection captured only as much allelic diversity

at these loci as a random sample of similar size.

Finally, sampling was simulated to generate an

M sample of 45 individuals that maximized allelic

diversity. The 45 individuals chosen for each of

ten replicates consistently had rare alleles. Stands

contributing individuals to the M samples are

indicated by solid circles (five or more individu-

als) and half-filled circles (between one and four

individuals); stands not contributing to the M

samples are represented by open circles

(Fig. 3A). Five stands contributed 5 or more

individuals to M samples are represented by solid

circles (Fig. 3A). These populations contributed

35 of the 45 individuals in the M sample and all

were larger than 52 m2 (median stand size was

149 m2, Table 3).

Discussion

The genetic diversity measured in Z. texana by

this set of microsatellite markers is greater than

one would predict in a species that appears to be

entirely asexual in its native habitat. Stands were

comprised of multiple genotypes that most likely

arose from seed (Table 3), and because relatively

few duplicate genotypes were detected, the pre-

sumption that stands arose predominantly from

asexual reproduction must be rejected. Further-

more, the data in Tables 2 and 3 portray a pop-

ulation with high heterozygosity and allelic

richness. Estimates of the within-stand inbreeding

coefficient ( f £ 0, Table 3) suggest random mat-

ing or perhaps outcrossing, as has been reported

in the closely related Z. palustris (Hayes et al.

1989). The spatial distribution of genotypes

within stands implies that Texas wild rice under-

goes rounds of sexual reproduction, with some

spread within stands by asexual reproduction via

rooted stolons. In this way heterozygosity can

persist in this population even though sexual

reproduction is episodic. Specific biological cuesT
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required for flowering in the river are not fully

known, but early findings indicate that water

depth or flow rate is important (Power 1997;

Walters unpublished data).

Stands in the river were genetically differenti-

ated (Table 2), and genetic structure did not sig-

nificantly change in the three yearly samples in

1998, 1999, and 2002. The extent of differentiation

among stands did not correlate with geographic

distance. Apparently, idiosyncratic movement of

seeds, rooted stolons, or pollen creates admix-

tures of genotypes in the river that cannot be

explained by distance alone.

Much of the allelic diversity of Z. texana in

these six SSR loci is concentrated in samples from

large demographically stable stands (Fig. 3);

samples from small stands, which are often

ephemeral and do not contain unique SSR alleles.

Consolidation of allelic diversity in the larger

stands is consistent with unidirectional gene

flow perhaps even a mainland-island structure

(Hastings and Harrison 1994), with several large

subpopulations acting as the source for colonizing

seed or rooted stolons. This type of population

structure is also consistent with the highly skewed

distribution of stand areas: most of the stands

were small (i.e., the 96 individual samples from

unique stands from 1999) and even the largest

stands show a skewed size distribution (Table 3).

Sampling models that assume random mating

but no prior knowledge of population structure

have been designed with the goal of capturing al-

leles with frequencies above 5% across as many

populations and environments as possible (re-

viewed by Lockwood et al. in press Horticultural

Reviews). These models recommend distributed

sampling across multiple locations and populations

of different size, especially when populations are

Table 3 Diversity measured within 23 samples of stands in 1998, 1999, and 2002

Location Year Stand
area (m2)

Average
number
of plants
genotyped

Number
of alleles

Gene
diversity
(He)

Observed
hetero-
zygosity
(Ho)

Inbreeding/
Outcrossing ( f)

Number
in core
collection

A1 1998 20.5 9.3 22 0.507 0.556 –0.103 1
1999 33.5 5.2 12 0.428 0.45 –0.059
2002 41 18.2 14 0.383 0.413 –0.082

A3 1998 5.1 4.8 19 0.519 0.542 –0.049 1
1999 3 4 16 0.542 0.625 –0.184

B1a 1999 4.8 4.3 16 0.456 0.542 –0.226
2002 10.2 15.2 12 0.421 0.6 –0.449

B1f 1999 27.7 3.8 10 0.292 0.333 –0.171
B1h 1999 99.8 4 13 0.464 0.625 –0.429
B2 1998 52.4 22.8 45 0.668 0.61 0.089 10

1999 43.1 5.8 14 0.461 0.489 –0.069
B4b 1999 10.8 4 14 0.536 0.75 –0.5 1
B7 1999 99.3 21.8 36 0.675 0.546 0.194 10
C2 1999 83.3 14.5 25 0.533 0.629 –0.19
C5 1998 284.5 28.2 26 0.586 0.639 –0.092

1999 335.6 36.8 25 0.518 0.639 –0.239 5
2002 333.4 9 14 0.467 0.718 –0.589

C6 1999 24.5 4 12 0.435 0.292 0.364 1
F11 1999 38.6 4 15 0.393 0.25 0.4 1
F12 1998 154.5 34.7 42 0.656 0.646 0.015 5

1999 149.3 37.7 39 0.627 0.564 0.102 5
F6 1999 84.1 11 25 0.593 0.651 –0.103 4
H2 1999 3.0 9.7 20 0.511 0.554 –0.09 1

Average 84.4 13.6 21.1 0.507 0.551 –0.091

Conservation collection 35 41 0.582 0.519

The early conservation collection is included for comparisons only. Column on far right shows collecting locations of plants
in the early conservation collection
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genetically differentiated (Neel and Cummings

2003; Jin et al. 2003). On the other hand, it is often

possible to identify populations that constitute

sampling foci for maximizing allelic richness. Pre-

vious work has purposed that molecular surveys

are useful in identifying genetic hot spots for

diversity and that these initial surveys may be

helpful in prioritizing collection efforts (Schoen

and Brown 1991; Schoen and Brown 1993). With

sufficient knowledge of how genetic diversity is

distributed across populations or habitats, effec-

tive collections can be quite small (Ceska et al.

1997; Jin et al. 2003; Caujape-Castells and Pedro-

la-Monfort 2004; McKhann et al. 2004). While the

MSTRAT sampling pattern suggest focusing on

large populations, it is critical that cross validation

of this diversity is undertaken with quantitative

trait variation using an approach which controls for

genotype by environment interactions by planting

in a common environment. Allelic diversity at

microsatellite loci is not indicative of adaptive

differentiation per se, but the differentiation and

diversity at these marker loci are indicative of

dispersal. Therefore, basing conservation collec-

tion on microsatellite diversity may not be appro-

priate. In this species, with its unusually small and

uniform spring-fed habitat, understanding the

patterns of gene dispersal may be particularly

useful when obvious selection for ecotypic varia-

tion among stands appears to be minimal.

It is generally agreed that all available eco-

logical and molecular marker data should be used

when identifying populations of particular con-

servation importance (Schemske et al. 1994; Petit

et al. 1998; Crandall et al. 2000; Moritz 2002).

Neutral variation is useful in estimating differ-

entiation and diversity, but it is only one of sev-

eral approaches that help to define adaptive

markers do not define adaptive differentiation

differences in ecologically important traits. A

combination of reproductive, genetic and demo-

graphic information provides a clearer guide for

maximizing diversity within conservation collec-

tions (e.g. Young et al. 2002; Cavers et al. 2004).

Given the restricted and homogeneous aquatic

habitat of Z. texana, knowledge of the history of

stands in the San Marcos River combined with

our population genetic analysis was a key to

identifying optimum sampling of genetic diversity

for ex situ preservation.
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