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Abstract Although molecular methods are a major
advance over phenological or root connectivity studies
in the identification of clonal plants, there is still a level of
ambiguity associated with two types of error: misidenti-
fication of genetically similar seedlings as clones and
misidentification of dissimilar fingerprints from clones as
genetically distinct individuals. We have addressed the
second of these error types by determining the level of
variation for AFLP fingerprints in Salix exigua, and then
by developing a threshold value of Jaccard’s similarity
index for assigning individuals to clones or to siblings.
Variation in AFLP banding patterns among clones was
partitioned into three potential sources; clones, stems
within-clones and foliage within-stems. Most of the
variation was attributable to clones and then to stems
within-clones. To provide an objective means of identi-
fying clones, we developed a method for establishing a
threshold similarity index to assign individuals to the
same clone. Our method yielded a Jaccard similarity
threshold of 0.983 that resulted in a potential pairwise
error rate of 8.1% putative clone assigned to siblings and
1.5% sibling assigned to clones. The method was tested
on independent clonal and sibling individuals resulting in
the same threshold value and similar error rates. We
applied our method to assign individuals to clones in a
population of S. exigua along the Cosumnes River,
California. A total of 11 clones were identified, with
one clone including 43% of the individuals sampled. Our
results show that this approach can be useful in the
accurate identification of clones.
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Introduction

It is tacitly assumed in many ecological theories that
woody plants are non-clonal (KlimeÐ et al. 1997), with the
result that each stem is considered a genetically and
physically distinct unit. However, it has become increas-
ingly apparent that clonal growth plays an important role
in the ecology of many woody plant populations (Van
Groenendael et al. 1996; Price and Marshall 1999).
KlimeÐ et al. (1997) found that of 2,760 central European
plant species studied 65.5% could be described as clonal,
and Peterson and Jones (1997) compiled a partial list of
representative clonal woody plants that included 86
species from 29 families of both gymnosperms and
angiosperms. Therefore, in order to improve our under-
standing of woody plant ecology in areas such as
demography, genetic diversity, gene flow, colonization,
recruitment and evolutionary potential, the quantification
of clonal structure in natural populations is becoming an
important field of ecological investigation, necessitating
an accurate means of identifying clones.

Until the recent development of molecular methods,
ecologists were limited to identifying clones by root
connectivity and by similarities in plant phenology and
morphology. However, excavation, to expose roots, is not
effective over large areas due to the high cost, root
fragmentation and root grafting. Whereas root fragmen-
tation removes the physical evidence of clonality, root
grafting may connect non-clonal genets. In the dioecious
genus Salix, it is not unusual to find genets of the opposite
sex connected by root structures resulting from natural
grafting. Phenological and morphological similarities are
difficult to test for accuracy, are unreliable due to
plasticity and require many hours of on-site observations
over an extended period of time. Molecular genetic
methods, on the other hand, allow for the identification of
clones independent of environmental variation, can be
easily tested for accuracy and reproducibility, and can
give results after a single collection of vegetative material
from the field.
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Increasingly, studies are using Amplified Fragment
Length Polymorphisms (AFLPs) for the identification of
plant clones (Arens et al. 1998; Escaravage et al. 1998;
Winfield et al. 1998; Pornon et al. 2000; Suyama et al.
2000; van der Hulst et al. 2000; Cabrita et al. 2001).
AFLPs can reveal large numbers of markers with a high
degree of reproducibility, overcoming problems inherent
with isoenzyme and RAPD methods, and so are partic-
ularly suitable for surveys of fingerprint data.

However, as with all genetic fingerprinting methods,
two potential sources of error exist. The first is the risk of
classifying genetically similar siblings as clones. This
problem has received some attention, particularly in the
forensic literature, and probabilities of identity (PID)
based on multilocus fingerprints have been developed for
animal species, but these are rarely used with plants
(Mills et al. 2000; Waits et al. 2001). Waits et al. (2001)
warn that the use of such probabilities may be risky,
because theoretical estimates of PID are consistently lower
than observed values, and recommend computing PID
between sibs to serve as a conservative upper bound for
the probability of observing identical genotypes. If
multilocus markers are not adequately polymorphic,
siblings could have identical fingerprints. Therefore, a
cluster of siblings might be misidentified as a clone.

The second source of error is the risk of assuming that
individuals with non-identical fingerprints are genetically
distinct individuals, when in fact they are clones. AFLP
fingerprints are commonly not 100% identical for two
samples from the same plant or genet (Tohme et al. 1996;
Arens et al. 1998; Winfield et al. 1998; van der Hulst et
al. 2000; Cabrita et al. 2001). This becomes particularly
important when highly polymorphic AFLP fragments are
used to maximize the sensitivity of the analysis for
separation of sibs and clones. Differences between any
two AFLP fingerprints can be considered to lie on a
continuum where clones have few differences, and
genetically distant individuals have many. The problem
is to determine where along this continuum one can draw
the threshold between non-identical clonal fingerprints
and nearly identical sibling fingerprints. Thresholds have
been used in animal systems to distinguish between half-
and full-sib families (Lehmann et al. 1992; Gompper et al.
1997).

In the context of our broader work on the population
ecology of riparian zones, we are interested in the
dynamics and evolution of populations of narrow-leaved
willow (Salix exigua) under varying levels of disturbance.
This requires knowledge of the extent and spatial pattern
of clonal groups. Narrow-leaved willow is a riparian plant
of shrub to tree form, common to western North America
from California to Alaska. It can grow in dense aggre-
gations of hundreds of stems and readily forms clonal
patches from root suckers. Single stems can exceed 8 m in
height and 15 cm in diameter. From preliminary work, we
found evidence that clones of S. exigua commonly have
non-identical AFLP fingerprints, necessitating the devel-
opment of an objective means of setting a threshold for
pair-wise similarities of multilocus genotypes to distin-

guish putative clones from non-clonal individuals. To
address this problem, we first determined the level of
variation in AFLP fingerprints among and within clones
of this species. We also set out to determine whether
differences in fingerprints between members of the same
clone were due to errors associated with the AFLP
procedure, or whether part of the variation was inherent
within the clones. We then developed a method to
determine a similarity threshold for separating clones
from non-clones, by equating the overlapping tails of the
two distributions of pair-wise similarities for clones and
for sibling plants raised from seed. The usefulness of this
threshold was then tested with an independent set of
clones and greenhouse-grown seedlings. Finally we
applied the method to a field site on the Cosumnes River
in California in which clonal structure was unknown.

Materials and methods

Plant material

Study sites and populations

Within-clone samples 1. We selected 11 well-separated, small
putative clone clusters of stems along a 700 m stretch of the
Cosumnes River in California. A portion of the roots of each cluster
was excavated and inspected, to infer whether the stems that were
selected were part of a single clone. Excavated samples were
meticulously studied for any signs of root grafting. Even though
root grafting cannot be excluded as a source of their physical
connection, we believe the possibility of this was minimized. We
were unable to verify the full extent of any single clone and as a
result it is possible that some of our clone clusters were part of a
larger clonal group. Within each cluster, three clonal stems were
selected for sampling. Fresh foliage, with no evidence of infections,
was collected from single branches of the upper stems of 33
individuals across 11 putative clones for DNA extraction and AFLP
analysis. We sampled foliage from each stem three times to provide
replication of our laboratory procedures.

Family population 1. For the sibling samples, we collected open-
pollinated aments from female plants along the same riparian zone
of the Cosumnes river as the within-clone samples 1, and a second
set was collected from the adjacent Mokelumne river watershed.
We sampled along two rivers to capture potential differences in
population genetic structure. Seeds were extracted directly from
these aments and allowed to germinate in a greenhouse. The
resulting seedlings, identified by family (mother tree), were grown
in the greenhouse until large enough to be sampled. Leaves were
collected from 36 seedlings from five families for AFLP analysis.
Although the family type is unknown from this sampling procedure,
our collection methodology should capture proportionate samples
of full sibs present in the collection areas.

Family population 2 and clonal group 2. In order to test the ability
of the threshold to distinguish clones from siblings with limited
error, we repeated the above analysis on an independent set of
clones and sibs. Clones included 20 samples taken from five clonal
clusters located directly upstream of the within-clone samples 1,
and were again identified by root connections. The sibs included 20
seedlings from two families collected along the Cosumnes and
Mokelumne rivers.

Application population. Finally, our method was used to evaluate
clonal structure in a field site on a point bar along the Cosumnes
River. We collected samples from 49 stems in 12 adjacent clusters.
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Samples were collected when aments were available, allowing for
the identification of each stem’s sex. Due to the size of the site it
was not possible to identify clones by digging up the root systems,
and as a result it was impossible to establish “known” clones for
testing purposes.

DNA isolation and AFLP analyses

DNA extraction

DNA was extracted according to the Cullings (1992) modification
of Doyle and Doyle (1987). DNA concentrations were established
by electrophoresis on agarose gels and comparisons with DNA
lambda standards of known concentration.

AFLP analysis

The amplified fragment length polymorphism (AFLP) method
developed by Vos et al. (1995) was performed with the following
modifications: restriction digestion and ligation were performed
simultaneously in a 50 ml solution containing 250 ng of genomic
DNA, 5 U of EcoRI, 5 U of MseI, 5 ml of 10 � restriction–ligation
buffer (100 mM of Tris-Acetate, 100 mM of Mg-acetate, 500 mM
of K-acetate, 50 mM of DTT), 1 U of T4 DNA ligase, 0.2 mM of
ATP, 1.0 mM of MseI adapter and 0.1 mM of EcoRI adapter. The
restriction-ligation reaction was incubated for 4 h at 37 �C, then
diluted to 200 ml with 1 � TE. Preamplification was performed in a
25-ml solution containing 2.5 ml of diluted restriction–ligation
product, 0.2 mM of dNTPs, 0.3 mM of each primary amplification
primer, 2.5 ml of 10 � PCR buffer (100 mM of Tris–HCl, 500 mM
of KCl, 20 mM of MgCl2, 13 mg/ml of BSA), and 0.5 U of Taq
polymerase. For the primary amplification primers, the EcoRI
primer was identical to the adapter sequence, whereas the MseI
primer had an extra “C” as a selective nucleotide. The PCR reaction
was performed on a Techne Genius thermocycler for 28 cycles
using the following cycling parameters: 30 s at 94 �C, 60 s at 60 �C
and 60 s at 72 �C. The primary amplification product was then
diluted to 250 ml with 1 � TE. Selective amplification was
performed in a 25-ml solution containing 6.25 ml of diluted primary
amplification product, 0.2 mM of dNTPs, 0.06 mM of EcoRI
fluoresced selective primer, 0.3 mM of MseI selective primer, 2.5 ml
of 10 � buffer and 0.5 U of Taq polymerase. We pre-screened 32
selective primer pairs and chose three pairs that were reliable and
highly polymorphic for this study (MseI-CCAA/EcoRI-GTA, MseI-
CTC/EcoRI-TAC and MseI-CGTG/EcoRI-GTA). The selective
PCR reaction had two cycle sets: 13 cycles of 30 s at 94 �C, 30 s
at 65 �C (annealing temperature was lowered 0.7 �C at each cycle)
and 60 s at 72 �C, followed by 18 cycles of 30 s at 94 �C, 30 s at
56 �C and 60 s at 72 �C. Fingerprint data were obtained by running
the amplified samples on an ABI Prism 377 DNA Sequencing
System using PE Applied Biosystems protocols. Band scoring was
completed with the Genescan and Genotyper software (PE Applied
Biosystems, Foster City, Calif., USA).

Statistical analyses

Clonal population

The distribution of genetic variance among clones, among stems-
within-clones and among foliage samples-within-stems was inves-
tigated by hierarchical AMOVA using WINAMOVA version 1.55
software (Excoffier et al. 1992). Input files of dominant AFLP
markers were prepared using AMOVA-PREP (Miller 1998). As the
Jaccard coefficient is not available as a metric in AMOVA-PREP,
we used the simple matching coefficient, which is the proportion of
matching phenotypes between two samples and includes presence
and absence of bands, and was used as the similarity metric.
Significances of the covariance components associated with each
level in the AMOVA hierarchy were estimated by distributions

generated from 1,000 random permutations. We also ran a principal
components analysis on the full data set and tested the first ten
vectors for significance attributable to the three sources of variation
by analysis of variance. The procedure GLM in SAS (SAS Inc.)
was used to estimate significance of F-ratios associated with the
three levels (variance among clones, variance among stems-within-
clones and variance among foliage samples-within-stems) in a
nested analysis of variance. Variance components associated with
these three levels were then estimated using the Type 1 method in
the VARCOMP procedure in SAS. This method equates mean
squares of the random effects with their expected values and is
appropriate here, as all levels are treated as random effects.

Determining the similarity threshold from the clonal population
and family population 1

To determine an appropriate threshold that can distinguish between
non-identical clones and very similar siblings, the clonal population
and siblings from family population 1 were compared. Jaccard
similarity values were calculated between pairs of individuals
within each clonal group and between pairs of siblings within
families, but from the same river system (Sneath and Sokel 1973).
We selected the Jaccard coefficient because it does not consider
absence of a band in two samples as a match.

The frequency distributions of the pair-wise similarity values
for clones and for seedlings were tested for normality using the
Kolmogorov-Smirnoff test for goodness of fit of the UNIVARIATE
procedure in SAS. Following this test, the two distributions did not
depart from normality, so they were treated in further analyses as
two normally distributed overlapping curves. The threshold for
identifying clones from seedlings was therefore determined by
equating the lower tail of the clonal distribution with the upper tail
of the seedling distribution in the following way:

T � ms

ss
¼ mc � T

sc
ð1Þ

and

T ¼ scms þ @mc

ss þ sc
ð2Þ

where T is the threshold, ms, mc and ss, sc are the means and
standard deviations of the sibling and clonal distributions of pair-
wise similarities respectively.

Family population 2 and clonal group 2

In a replication of the method, the threshold for distinguishing
between siblings and clones was determined for an independent
group of siblings and clones in the same way as above.

Application population

Samples were assigned to the same clone if their pair-wise
similarities were greater than the threshold determined from the
clonal population and family population 1 above. Several tests were
performed to evaluate the likely success of our method in
identifying clones. First, we performed a UPGMA cluster analysis
on a matrix of Jaccard similarities and compared these clusters with
those obtained using the threshold approach. Then we compared the
clonal structure based on our threshold approach with the spatial
pattern of samples at the field site by means of Mantel tests. The
Euclidean distance matrix computed from the point coordinates for
all individuals was tested first, with a matrix of Jaccard similarities,
and second, with a binary matrix in which pairs of individuals
assigned to the same clone by our method were assigned the value 1
and all non-clone pairs were assigned the value 0. Significance of
the correlations was tested by 1,000 random permutations. Genetic
clusters were also checked for consistency with sex.
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Results

We selected 177 polymorphic amplified fragments out of
a total of 1,144. These were chosen in an initial screening
across siblings, open-pollinated families and stems. Only
well-defined fragments were selected, among which the
most polymorphic fragments were chosen to maximize
possible variation within clones. In this screening set
fragments selected had a mean frequency of 0.560 and a
variance of 0.083.

Variation within clones

No two samples were found to have identical fingerprints.
Mean Jaccard similarity for foliage samples within stems
was 0.990 with a minimum of 0.984. Pair-wise similar-
ities for stems-within-clones were slightly lower with a
mean of 0.980 and a minimum of 0.972. Hierarchical
AMOVA showed most of the variance to be attributable
to clones (76.5%) with the balance partitioned into stems-
within-clone (14.5%) and foliage samples-within-stems
(9.0%) (Table 1). Variance components for the three
sources of variation were significant at the 0.001 prob-
ability level. The first ten principal components vectors
explained 67% of the variance in the data set, but only the
first six showed significance attributable to one of the
three sources of variation (Table 1). Results from the
GLM procedure of SAS revealed clonal variation to be
significant for all six principal components vectors,
stems-within-clones was significant for the first three
vectors and foliage samples-within-stems was non-signif-
icant in all cases. The first principal components vector
explained 25% of the variance, of which 89% was
attributable to clones, 9% was attributable to stems-
within-clones and 1.4% to foliage samples-within-stems
following the VARCOMP procedure of SAS.

Similarity threshold

Within the sibling families a total of 331 pairwise
similarity values were generated, ranging from 0.931 to
0.984 with a mean of 0.971 and a standard deviation of
0.009. Within the clonal groups a total of 99 pairwise
similarity values were generated, ranging from 0.981 to
0.995 with a mean of 0.988 and a standard deviation of
0.004. These two distributions overlapped so that some
pair-wise similarities among seedlings were greater than
pair-wise similarities among some of the clones. We
established our boundary between the two groups at the
point at which the tails of the standardized distributions
were equal. This yielded a similarity threshold of 0.983.
Based on this threshold, eight (8.1%) clonal pairwise
similarity values were lower than this threshold and five
sibling pairwise similarity values (1.5%) were above the
threshold (Fig. 1).

Application of the threshold to an independent set
of siblings and clones

In the independent test set, within-family comparisons
generated a total of 90 pairwise similarity values, ranging
from 0.948 to 0.986 with a mean of 0.971 and a standard
deviation of 0.008. Within the clonal groups 64 pairwise
comparisons were generated, ranging from 0.981 to 0.994
with a mean of 0.989 and a standard deviation of 0.004.
The calculation of T once again resulted in a similarity
threshold of 0.983. Applying the threshold of 0.983, four
clonal pairwise similarity values were below the threshold
(6.2%), and three sibling pairwise similarity values were
above the threshold (3.3%).

Application of the threshold on a field site

Out of the 49 samples tested, we detected 11 unique
clones ranging in size from one to 17 stems, using our

Table 1 Partition of variation of AFLP fingerprints among clones,
stems-within-clones and foliage samples-within-stems in S. exigua
from hierarchical AMOVA and from ANOVA of principal
components vectors extracted from the full AFLP data set. The

first seven principal components vectors are denoted as PC1–PC7.
Variance components for ANOVA estimated using the Type 1
method in the VARCOMP procedure in SAS

Test Variance components % of total Probability

Clones Stems (clones) Fol (stems) Clones Stems (clones) Fol (stems)

AMOVA 76.5 14.5 9.0 0.001 0.001 0.001
ANOVA

Eigenvalue
% of total

PC1 0.25 89.4 9.2 1.4 0.0001 0.0001 0.83
PC2 0.09 0.7 57.4 41.9 0.0001 0.0001 0.28
PC3 0.08 94.2 5.8 0 0.0001 0.0003 0.23
PC4 0.06 81.7 18.3 0 0.0001 0.06 0.62
PC5 0.05 85.7 14.3 0 0.0001 0.07 0.37
PC6 0.04 78.7 15.8 5.5 0.0001 0.07 0.19
PC7 0.03 22.5 0 77.5 0.002 0.56 0.37
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similarity threshold criterion (Fig. 2). In almost every case
similarity values were mutually supportive in the assign-
ment of clones and siblings (e.g. each sample in clone B
had pairwise similarity values above the threshold when
compared to every other sample in clone B, but had no
pairwise similarity values above the threshold with any
samples outside the clone). When all similarity values are
mutually supportive in this way, it affords great confi-
dence in clonal assignments. Out of the 1,225 pairwise
similarity values generated, there were only four cases in

Fig. 2 UPGMA cluster analysis based on Jaccard similarities of
177 AFLP molecular markers among 49 individuals of S. exigua
from a riparian zone along the Cosumnes River, California.
Individuals were arbitrarily coded 1 to 49 and were identified as
male (M), or female (F). Assignments to clones were based on a
threshold level for the Jaccard similarity between pairs of
individuals (see text for details)

Fig. 1a, b Frequency histograms of pairwise Jaccard similarities
for open-pollinated siblings (grey bars) and for putative clones
(solid bars) of S. exigua. The vertical bar shows the estimated
similarity threshold for distinguishing siblings and clones. a) Clone
samples 1 from the Cosumnes River, California, and sibling
families 1 from the Cosumnes and Mokelumne rivers (combined),
California. b) Independent test clone samples 2 from the Cosumnes
River and sibling families 2 from the Cosumnes and Mokelumne
rivers (combined)

Fig. 3 Mapped distribution of
S. exigua on a site along the
Cosumnes River, California.
Sampled areas are shown in
dark grey representing 11 dif-
ferent putative clones identified
using a threshold level for the
Jaccard similarity between pairs
of individuals based on 177
AFLP molecular markers (see
text for details). Bounded areas
in light grey are mapped indi-
viduals that were not sampled
for molecular typing. Letters for
clones as in Fig. 2
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which intra-clonal similarities were not fully consistent.
In three clones, all but one of the pairwise similarity
values were mutually supportive above the threshold. In a
fourth clone a single sample was found to have only one
similarity value above the threshold. In these cases, we
used the mean similarity values for each questionable
sample in relation to all the other samples in the clone to
determine if it should be included. This resulted in the
former three pairs being included in the respective clones
and with the latter sample being excluded. For example
the similarity value for samples 18F and 22F was 0.982,
slightly lower than our threshold for clonal assignment.
But when these same samples were compared to all other
samples in clone E, the similarity values were consistently
above the threshold, averaging 0.986 and placing it within
the clone.

The sex of each sample was compared within identi-
fied clones. In every clone, there was sexual consistency.
In other words, no male samples were mismatched with a
female sample in a clonal cluster. Clones A, B, C, H and I
were identified as male, and clones D, E, F, G, J and K
were identified as female.

The Mantel test revealed a significant negative corre-
lation of 0.52 (p < 0.002) between the Jaccard similarities
matrix (genetic data) and the Euclidean distances matrix
(spatial data). When the Jaccard similarity matrix was
replaced by a binary matrix corresponding to clonal pairs
and non-clonal pairs, the Mantel correlation with geo-
graphic distance was 0.50 (p < 0.001). Assignment of
individuals to clones from the genetic data was generally
concordant with a spatial map (Fig. 3), but it is
noteworthy that the clones may be irregular in form,
fragmented, and several genetically distinct individuals
may appear within a single cluster.

The frequency distribution of pairwise Jaccard simi-
larities for individuals from the application site was
compared to that of the within-clones sample 1 (Fig. 4).
Individuals from the latter site were sampled from a
greater geographic area and might capture more clonal
variation. Whereas the frequency distribution of the
application site was bimodal with modes at 0.988 and
0.970 similarity, the within-clones sample 1 site was tri-
modal, with two modes very close to those of the previous
site (0.988 and 0.972) and a third mode at 0.938.

Discussion

When identifying clones, it is essential to verify an
adequate amount of AFLP resolution for the species
studied. If the number and polymorphism of AFLP
markers is not high enough, genetically distinct but
closely related individuals such as siblings could have
similarity values as high as 1.000, and thus may be
misidentified as clones. Therefore, selected primers must
be able to consistently distinguish among siblings, and we
recommend the use of known siblings in the screening of
primers for clone identification. Once it was established
that our primers were polymorphic enough to distinguish
among siblings, concerns arose about excess variability
and establishing a similarity threshold.

Variation within clones

Our results clearly show that in S. exigua clonal
fingerprints are less than 100% identical, and that the
source of this non-identity lies both in differences
between ramets and in replicate runs of the same DNA
template. By being highly selective in our choice of AFLP
markers, we were able to minimize the experimental
error, while at the same time maximizing the detection of
variation. None of our AFLP fingerprints among all tested
samples were identical. The Jaccard similarity coefficient
among members of a clone averaged 0.988 (SE 0.0002).
These values are well within the range of repeatability for
AFLP studies (Becker et al. 1995; Huys et al. 1996;
Tohme et al. 1996; Arens et al. 1998; Winfield et al.
1998; Cabrita et al. 2001). In fact, the Jaccard coefficient
tends to give lower levels of similarity than the simple
matching coefficient that was used in most of these
studies, so the accuracy of our AFLP profiles compare
very favorably with other reports.

From our replicated study of clonal variation, we
estimated that more than 75% of the variance in AFLP
fingerprints was attributable to differences among clones.
Of the balance of this variance, stems-within-clones
explained a greater proportion than did experimental
error. From AMOVA 14.5% was attributable to stems-
within-clones and 9.0% to error. Whereas analysis of
variance revealed that stems-within-clones was signifi-
cant for three of the principal components vectors

Fig. 4 Histograms of pairwise similarity values for the a) variation
within clones data set and b) the field site data set. The peaks
greater than the threshold represent similarities within clones. Peak
X most likely represents similarity values between unrelated
individuals while the intermediate peak Y represents values
between related individuals. This suggests that all the genets on
the field site b) are related
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extracted from the AFLP data set, experimental error was
not significant for any vectors.

In most studies in which lack of identity in AFLP
profiles among clones is reported, replicate runs of the
same sample have been used to quantify the acceptable
degree of mismatch and to provide a lower limit of
fingerprint similarities for the identification of clones.
Arens et al. (1998) set their threshold of similarity for the
identification of clones at 0.98 based on separate DNA
extractions of the same clone. Winfield et al. (1998)
found similarities between duplicate leaf samples to range
from 0.96 to 1.00 and predicted that close neighbor trees
having similarities of about 0.95 were within the range of
scoring errors. We believe that basing the threshold of
similarity only on duplicate runs of the same material, or
on duplicate sets of leaves, will set a similarity limit that
is too high and will exclude clonal members because it
has failed to account for possible variation among ramets
(Tuskan et al. 1996). In our study, genetic variation
among stems of a clone of S. exigua was more important
than variation due to the AFLP procedure. Silander
(1978), Tuskan et al. (1996) and Winfield et al. (1998)
allude to the possibility of somatic mutations occurring
among clonal members. This deserves more detailed
investigation, particularly with regard to its importance in
long-lived woody plants. It has been acknowledged for
some time in the horticultural literature that genetic
variations exist among organisms produced from somatic
embryogenesis (Larkin and Scowcroft 1981; Fourre et al.
1997; Hashmi et al. 1997; Vendrame et al. 1999; Hornero
et al. 2001) and it has been suggested that this process
may promote somatic mutations or somaclonal variation
(Larkin and Scowcroft 1981). Another possible source of
variation might be leaf sample contamination by fungi
and other microorganisms in the field. AFLP analysis is
non-specific and as a result has the potential to amplify
any DNA present. Dyer and Leonard (2000) found
significant variation in Aphanomyces cochloides AFLP
products due to prokaryote contamination. Unfortunately,
in a field study it is impossible to completely eliminate
either type of variability, and as a result all possible
variation should be accounted for in the calibration of a
similarity threshold.

Similarity threshold

To establish the threshold, we used the logic that the
maximum seedling pair-wise similarity should provide an
upper bound for non-clonal individuals, and that the
minimum clone pair-wise similarity should provide the
lower bound for clonal individuals. By equating the tails
of these two standardized distributions, we were able to
derive a similarity with equal probabilities of being
incorrectly assigned to the clonal or to the seedling group.
The threshold similarity that we obtained for S. exigua
under our experimental conditions was 0.983, which
resulted in 8.1% of pair-wise similarities between true
clones being misidentified and 1.5% of similarities

between seedlings being misidentified. The inequality in
proportions of seedlings assigned to clones and clones
assigned to seedlings is due to deviations from normality
of the two distributions of pair-wise similarities. This
threshold is unique to this study of S. exigua, and would
need to be derived for each experimental condition.
Ideally, to obtain a maximum similarity among seedlings
that can be used as a lower limit for clones, full-sib
families should be used. However, to simplify the
procedure for other researchers and natural resource
managers we chose open-pollinated seedlings for our
families. As a result the distribution of seedling pair-wise
similarities is likely to have a smaller mean and larger
variance than would be the case for full-sib families.
Depending on the relative changes of these two param-
eters, our threshold could be higher with half sibs than
with full sibs.

Our threshold held up well in a subsequent application
to clonal and seedling samples taken from the same two
watersheds in California. The independent data set and
the initial threshold data set had very similar similarity
value distributions and both resulted in threshold values
(T) of 0.983. Once again, the proportion of clonal
similarities that were incorrectly assigned was slightly
greater than the number of seedling similarities incor-
rectly assigned.

In the field-site application, only four cases of
questionable identity, due to inconsistent similarity val-
ues, arose. These were cases where a sample had
similarity values among other members of the clone that
were both below and above the threshold. This was easily
resolved by using the average of the sample’s within-
clone similarity values. The error rate is reduced as the
number of clonal members increases because of the
mutual support provided by the increasing number of
pair-wise similarities. In our field site, only six of the 49
samples were identified as not being part of a larger clone
(e.g. more than two members) and as a result our error
rate over the entire field data set was very low.

Our assignment of samples to clones was fully
consistent with gender, there being no mismatches of
males with females. The Mantel test suggested a tendency
for spatial pattern in which shorter geographic distances
were associated with greater genetic similarities, which is
fully consistent with close proximity of clonal members.
Nevertheless, our results show that a clone can be
represented by a single aggregation of stems, or several
aggregations of stems. In some cases a single aggregation
can be made up of several smaller clones. This highlights
the fact that aggregations alone are not a good substitute
for genetic data in identifying clones.

In a comparison of 27 studies, Ellstrand and Roose
(1987) calculated the proportion distinguishable (PD),
which they defined as the number of genets detected
divided by the sample size. They found a mean value of
0.17 for all 21 species. In other studies Pornon et al.
(2000) found a PD of 0.16 to 0.18 in Rhododendron,
while Suyama et al. (2000) found 0.43 for dwarf bamboo
and Parks and Werth (1993) calculated a value of 0.51 for

1313



bracken fern. In this study we calculated a PD value of
0.22. While this value is very similar to the average
calculated by Ellstrand and Roose it is important to point
out that comparisons between studies are almost impos-
sible unless sampling schemes can be standardized for
stem density and sample spacing.

The contrasting frequency distributions for Jaccard
similarities in the application population and in the
within-clone sample 1 population suggests that pairwise
Jaccard similarities below the threshold for clone identi-
fication, may be identifiable into two groups; different
clones that are closely related, perhaps of sibling origin
and different clones that are unrelated, or only distantly
related to one another. It is probable that all the non-
clonal samples from the application site are closely
related and that only at greater distances do we start to
sample individuals that are unrelated.

In this preliminary study of a single field site it is clear
that clonal growth is a very substantial component of
willow site occupation. Clone E was found to represent as
much as 43% of the stems sampled and spread over a
distance of approximately 30 m. Only six stems sampled
(12%) were not detected as part of a larger clone. In fact,
assuming only sexual reproduction, and therefore that
each stem represents a unique genet, the number of genets
would be overestimated by approximately 500%. This
extensive clonal habit may explain how willows can so
readily colonize sites despite the fact that their seeds are
so transient in the environment (McBride and Strahan
1984).

Conclusions

Several authors have found AFLPs to have less than
100% similarity values between members of the same
clone. In this work, we were able to identify the largest
part of that variation as between stem variation and not
lab error. As a result we propose a quantitative approach
to identify a pairwise similarity threshold for clone
identification. Through the use of greenhouse grown
siblings and excavated clones, we were able to verify an
adequate level of AFLP resolution and calibrate the
pairwise similarity threshold between genetically distinct
individuals and members of the same clone. In a
replication of the method, and several tests on the field
site data, we found the quantitatively derived threshold to
be very accurate in identifying clones.
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