Taylor & Francis
Taylor & Francis Group

New Zealand Journal of Botany

ISSN: 0028-825X (Print) 1175-8643 (Online) Journal homepage: http://www.tandfonline.com/loi/tnzb20

Natural variation and conservation of Lepidium
sisymbrioides Hook, f. and L. solandri Kirk
(Brassicaceae) in South Island, New Zealand, based
on morphological and DNA sequence data

P. B. Heenan, A. D. Mitchell, P. A. McLenachan, P. ). Lockhart & P. . de Lange

To cite this article: P. B. Heenan , A. D. Mitchell , P. A. McLenachan , P. J. Lockhart & P. J. de
Lange (2007) Natural variation and conservation of Lepidium sisymbrioides Hook, f. and L. solandri
Kirk (Brassicaceae) in South Island, New Zealand, based on morphological and DNA sequence
data, New Zealand Journal of Botany, 45:1, 237-264, DOI: 10.1080/00288250709509712

To link to this article: http://dx.doi.org/10.1080/00288250709509712

ﬁ Published online: 18 Feb 2010.

N
[:J/ Submit your article to this journal &

||I| Article views: 140

A
& View related articles &'

f&] Citing articles: 12 View citing articles (&

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=tnzb20

(Download by: [Dept of Conservation] Date: 29 March 2017, At: 15:08 )



http://www.tandfonline.com/action/journalInformation?journalCode=tnzb20
http://www.tandfonline.com/loi/tnzb20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00288250709509712
http://dx.doi.org/10.1080/00288250709509712
http://www.tandfonline.com/action/authorSubmission?journalCode=tnzb20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tnzb20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/00288250709509712
http://www.tandfonline.com/doi/mlt/10.1080/00288250709509712
http://www.tandfonline.com/doi/citedby/10.1080/00288250709509712#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/00288250709509712#tabModule

New Zealand Journal of Botany, 2007, Vol. 45: 237264

237

0028-825X/07/4501—-0237 © The Royal Society of New Zealand 2007

Natural variation and conservation of Lepidium sisymbrioides Hook.
f. and L. solandri Kirk (Brassicaceae) in South Island, New Zealand,
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Abstract The South Island, New Zealand, endem-
ics Lepidium sisymbrioides and L. solandri are ac-
cepted at species rank. L. solandri Kirk is reinstated
and includes L. matau Petrie in synonymy, and L.
kawarau is reduced to synonymy of L. sisymbrioi-
des. Twenty-nine floral and vegetative morphologi-
cal characters were measured and used for analyses
of character variation and principal components
analysis. Leaf characters proved to be the most use-
ful in distinguishing between L. sisymbrioides and
L. solandri, with 12 of the 15 leaf characters having
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significantly different means. Only 7 of the 14 floral
characters included in the study have significantly
different means. In comparison to L. solandri, L.
sisymbrioides has longer and narrower terminal and
primary pinnae and cauline leaves, more secondary
pinnae and cauline leaf lobes, less hairy sepals and
ovaries, narrower ovaries, and shorter filaments. L.
sisymbrioides occurs on rock outcrops in the upper
Manuherikia, Waitaki, and Kawarau river valleys.
L. solandri grows mainly on alluvium and outwash
gravels in semi-arid parts of inland Canterbury and
Central Otago.

DNA sequence data from ITS, ETS, and #rnL-
trnF markers were used to examine phylogenetic
patterns in L. sisymbrioides and L. solandri, and
the related species L. kirkii, L. naufragorum, and
L. tenuicaule. There is substantial variation in these
markers in L. sisymbrioides and L. solandri, and this
is considered to be due to introgression from other
species of Lepidium, such as L. kirkii and L. tenu-
icaule. Much of the variation in the ETS sequences
occurs in samples of L. sisymbrioides and L. solandri
from the Manuherikia River valley, and this can be
attributed to geneflow with the sympatric L. kirkii.

Lepidium sisymbrioides and L. solandri are con-
sidered to be “Acutely Threatened, Nationally En-
dangered” using the New Zealand threatened plant
classification criteria. In this assessment both species
are considered to be data poor. Further field survey
for new populations is required.

Keywords Brassicaceae; Lepidium; L. sisymbri-
oides; L. solandri; L. kawarau; L. matau; L. si-
symbrioides subsp. matau; L. sisymbrioides subsp.
kawarau;, L. sisymbrioides subsp. sisymbrioides;
ITS; ETS; trulL-trnF; conservation; introgression;
New Zealand flora

INTRODUCTION

Lepidium in New Zealand includes 8 indigenous
species and 13 naturalised species (Webb et al. 1988;
Garnock-Jones & Norton 1995; Al-Shehbaz et al.
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2002; Coronopus didymus, C. squamatus, and Card-
aria draba are placed in Lepidium). One species, the
South Island endemic L. sisymbrioides, is unusual
in the Brassicaceae in being the only species of the
family to be dioecious. Despite the distinct breed-
ing system, the taxonomy of the L. sisymbrioides
complex has proven particularly difficult to resolve;
this is reflected by a number of different taxonomic
classifications and uses of taxonomic rank.

Four of the taxa involved in the L. sisymbrioides
complex were first described at the rank of spe-
cies, these being L. sisymbrioides (Hooker 1864), L.
solandri (Kirk 1882), L. kawarau (Petrie 1885), and
L. matau (Petrie 1887). Kirk (1899) and Cheeseman
(1906) accepted three of these species (L. kawarau,
L. matau, and L. sisymbrioides), with both authors
relegating L. solandri into synonymy of L. sisym-
brioides. Kirk (1899) was the first to use an infra-
specific rank (L. kawarau var. dubium). This was
followed by the complex infraspecific classification
system of Thellung (1906), who accepted only L.
sisymbrioides at species rank but recognised three
subspecies (subspp. solandri, matau, and kawarau).
For each of these subspecies Thellung also published
combinations at the rank of variety: L. sisymbrioides
subsp. matau var. lobulatum, L. sisymbrioides subsp.
kawarau var. dubium, and L. sisymbrioides subsp.
solandri var. typicum and var. ovatum.

Thellung’s (1906) treatment was not accepted by
Cheeseman (1925), who continued to recognise L.
kawarau, L. matau, and L. sisymbrioides. Indeed,
Cheeseman (1925) commented, “I cannot at all
agree with Dr. Thellung in combining the three
into one species.” Cheeseman (1925) continued to
recognise one infraspecific taxon, L. kawarau var.
dubium Kirk. Allan (1961) followed Cheeseman
(1925) in accepting three species, only referring to
the infraspecific taxa and their protologues in the
notes for each species entry. Allan (1961) appears
not to have been convinced that the taxonomy of the
dioecious taxa was adequately resolved as he com-
mented, “Further field and cultural work is necessary
to determine the status of the forms of the dioec.
spp. The occurrence of intermediate forms suggests
hybridism may occur.” Earlier, Cockayne & Allan
(1934) had listed the hybrid combination L. matau x
L. kawarau, observing, “we have seen these species
growing together in one locality, and intermediates
were present.” The most recent taxonomic treatment
has been provided by Garnock-Jones (in Webb et al.
1988) who followed Thellung (1906) in accepting
three subspecies, but did not recognise any taxa at
the rank of variety.
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As part of a study on the ecology of L. sisym-
brioides, Allen (1998) examined variation of several
leaf and floral characters. He commented, “The
taxonomic characters listed by Allan (1961) were
generally adequate to distinguish between plants
of the three subspecies, although there was a closer
similarity between L. s. subsp. sisymbrioides and
L. 5. subsp. matau than between either of these and
L. s. subsp. kawarau.” However, Allen (1998) cast
some doubt on the taxonomy by suggesting, “The
possibility that [L. s. subsp. sisymbrioides and L. s.
subsp. matau] are geographic variants of a single
species should be further explored.” Furthermore,
examination of Allen’s (1998) text and figures (e.g.,
fig. 6, 7) indicates considerable overlap among sub-
species and populations for some characters.

The preceding account of the taxonomic history
of the L. sisymbrioides complex shows that the
taxonomy of the group has been unstable for nearly
150 years, particularly in regard to the number of
taxa recognised and the application of different
taxonomic ranks. It is notable, however, that some
nomenclatural stability was provided for over 60
years by the consecutive flora treatments of Kirk
(1899), Cheeseman (1906, 1925), and Allan (1961),
who all accepted at species rank L. kawarau, L.
matau, and L. sisymbrioides.

A biological feature of the L. sisymbrioides com-
plex is that the different subspecies are uncommon,
as they usually occur naturally as small and disjunct
populations between North Canterbury and Cen-
tral Otago in eastern South Island. This pattern of
abundance and distribution has led to the different
taxa being listed as rare and threatened plants (e.g.,
L. kawarau and L. matau; Given 1976). The most
recent inventory of threatened plants (de Lange
et al. 2004) lists the three currently recognised L.
sisymbrioides subspecies (Webb et al. 1988): L. sis-
ymbrioides subsp. matau (Acutely Threatened, Na-
tionally Critical), L. sisymbrioides subsp. kawarau
(Acutely Threatened, Nationally Endangered), and
L. sisymbrioides subsp. sisymbrioides (Chronically
Threatened, Gradual Decline). Furthermore, such is
the concern for the conservation of the three subspe-
cies of L. sisymbrioides that a recovery and manage-
ment strategy and work plan to halt their decline has
been proposed (Allen 2000).

Due to the variable taxonomic and nomenclatural
history and the significant conservation issues sur-
rounding the L. sisymbrioides complex, the Depart-
ment of Conservation approached PBH in 2003 to
undertake a taxonomic revision of the group. The
purpose of this revision is to assess morphological
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variation throughout the geographic range of L. sis-
ymbrioides using common garden experiments and
to use molecular techniques to provide an independ-
ent data set for comparison with the morphology.
The results of these studies are presented here.

MATERIALS AND METHODS

Plant material

Field studies and collections of the L. sisymbrioides
complex have been made throughout the South
Island by PBH. Plant material was collected from
populations representing the range of L. sisymbrio-
ides sens. lat. (Table 1), with particular emphasis
given to populations from Otago since the major-
ity of the morphological and taxonomic diversity
occurs there. Seeds were obtained from additional
natural populations but these did not germinate, and
some other populations comprised so few plants
that live plants could not be removed or they did
not set seed.

Plants representing 10 populations were suc-
cessfully grown from seed or from whole plant
transplants. Plants were cultivated under similar
conditions in a glasshouse at the experimental nurs-
ery, Landcare Research, Lincoln. This approach
minimises the effect of environmentally induced
variation, and plants were allowed to establish and
mature in an unheated glasshouse for one season
before measurements were taken.

Samples for the DNA study were taken from 21
populations, usually by removing several leaves
from individual plants. Vouchers for the DNA and
morphological studies are deposited in CHR (Tables
1 and 2).

To provide consistency throughout the paper the
names L. solandri and L. sisymbrioides are used in
the experimental, result, and taxonomic sections. Le-
pidium solandri includes plants previously assigned
to L. sisymbrioides subsp. matau (Alexandra area)
and L. sisymbrioides subsp. sisymbrioides (through-
out Canterbury and Otago). Lepidium sisymbrioides
includes L. sisymbrioides subsp. kawarau (Kawarau
Gorge). Populations previously assigned to L. sisym-
brioides subsp. kawarau from Manuherikia Gorge/
Falls Dam, as well as similar plants from populations
in the Waitaki River valley, are referred to as “L.
sisymbrioides subsp. kawarau II”. For the morpho-
logical analyses plants were a priori assigned to the
three subspecies following Webb et al. (1988), and to
“L. sisymbrioides subsp. kawarau I1”. This approach
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enabled the existing taxomony to be critically tested
as well as providing the opportunity for any new
groups to be identified.

Morphological characters and analyses

For each of the cultivated plants of L. sisymbrioides
sens. lat. that were cultivated at Lincoln, 29 vegeta-
tive and floral characters were scored. To obtain the
mean of each of the floral and vegetative characters
for each plant, three measurements were made.
Exploratory data analysis was carried out for all
characters to check for errors, outliers, and normal
distribution; all characters were approximately nor-
mal and no transformations were required. Further-
more, box plots and scatter graphs were also used to
explore patterns of character variation. A principal
components analysis (PCA) was undertaken of these
data. A correlation matrix scaled to have unit vari-
ance was used for the PCA because the variables
are in different units of measurement. For the PCA,
the occurrence of dioecy in the L. sisymbrioides
complex meant that the entire data set could not be
analysed at once since the floral morphology of the
male and female plants differed. Therefore, separate
analyses were undertaken to test for groups or pat-
terns in the data. These analyses included:

a. Leaf characters for all samples. Plants were also
analysed by sex, to assess whether variation in
leaf characters is sex linked.

b. Male plants: analyses of leaf characters only;
floral characters only; leaf and floral characters
combined.

c. Female plants: analyses of leaf characters only;
floral characters only; leaf and floral characters
combined.

d. Leaf and floral characters combined for characters
where the means were different at 95% confi-
dence level in the one-way analysis of variance:
male plants; female plants.

One-way analysis of variance (ANOVA) was
undertaken for each character to test the ability of
the measurement data to discriminate between the
taxonomic groups determined by the PCA. Box
plots were used to examine length to width ratios of
leaf pinnae and cauline leaves for populations in the
Manuherikia River valley that had previously been
referred to L. sisymbrioides subsp. sisymbrioides and
L. sisymbrioides subsp. matau, these characters were
used, for example, by Webb et al. (1988) to distin-
guish these two subspecies. Data for these analyses
were taken from the herbarium specimens of plants
collected in the wild. For each plant measurements
were taken from three cauline leaves from the middle



Table 1 Collection details for Lepidium samples used for the morphological and molecular studies.

NZMS 260 grid
Name Code Population reference Morphology vouchers
L. sisymbrioides  k-MG gorge, upper Manuherikia River, Otago H41/638855 -
k-Fda Falls Dam, upper Manuherikia River, Otago H40/663895 -
k-FDb Falls Dam, upper Manuherikia River, Otago H41/652882 CHR 573547; CHR 573555
k-HT Hakataramea Road, Waitaki River, Otago 140/134035 -
k-GR Gards Road, Waitaki River, Otago 140/948172  CHR 573559; CHR 573548
k-OT Otematata, Waitaki River, Otago H40/85-19- -
k-CR Chards Road, Kawarau River, Otago F41/866694 CHR 573554; CHR 573553
k-NB Nevis Bluff, Kawarau River, Otago F41/946669 CHR 573546, CHR 573550
k-SC Slapjack Creek, Kawarau River, Otago F41/993614 CHR 573551; CHR 573557
k-SC-M Slapjack Creek, Kawarau River, Otago - -
L. kirkii L. kirkii Galloway, near Alexandra, Otago G42/338497 -
L. naufragorum L. nau Open Bay Islands, Westland F37/791970 -
L. naua Cape Foulwind, Westland K29/817370 -
L. naud Seal 1., Punakaiki, Westland K30/748071 -
L. solandri s-CH Castle Hill, Canterbury K34/056756 -
s-SS Sawdon Stream, Tekapo, Canterbury 138/087785  CHR 573560
s-TW Ohau River, Twizel, Canterbury H38/779538 -
s-PF Pisa Flats, Clutha River, Otago G41/159792 CHR 573558; CHR 573583
s-PF-M Pisa Flats, Clutha River, Otago - -
s-LV Little Valley, Alexandra, Otago G42/368439 CHR 573543; CHR 573544
s-Wa, s-Wb, s-Wc¢, s-Wd property of K. & R. Wardle, Alexandra, Otago G42/322489 -
s-GW Galloway, Alexandra, Otago G42/337497 -
s-GW-M Galloway, Alexandra, Otago - -
s-Sa, s-Sb Springvale, Manuherikia River valley, Otago G42/297506 CHR 573552; CHR 573545
s-CC Chatto Creek, Manuherikia River valley, Otago G42/355575 -
s-MP Michael Peak Station, Manuherikia River valley, Otago H41/604777 -
s-P Patearoa, Taieri River, Otago H42/716394 CHR 573549; CHR 573556
s-ES Eden Creek, Taieri River valley, Otago H42/782532 -
L. tenuicaule L. ten Shag Point, Otago J43/398233 -
L tena Watson’s Beach, Otago 145/898455 -
L. tenb Taieri Beach, Otago 145/927513 -
L tenc Waipapa Point, Southland F47/918864 -
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of the inflorescence and three pinnae from the middle
of the leaf. Each box plot depicts the median (central
line in each box), 25% and 75% quartiles (upper and
lower limits of each box), the maximum point within
1.5 times the interquartile range from the quartiles

(indicated by whiskers), and outliers (points greater
than 1.5 times from the quartiles, indicated by lines
outside the whiskers). All analyses were made using
S-Plus (Statistical Sciences 1998).

Table 2 Herbarium vouchers and GenBank accessions for samples included in the DNA study.

trnL-trnF Herbarium voucher
ITS GenBank ETS GenBank GenBank or collection
Species Code number number number number
L. sisymbrioides k-OT DQ997565 DQ989376 DQ997054 CHR 573572
k-HT DQ997570 DQ989377 - CHR 573568
k-GR DQI997560 DQ989378 DQ997064 CHR 569975
k-MG DQ997564 DQI989379 DQ997063 No voucher
k-FDa DQ997559 DQI989380 - No voucher
k-FDb DQI97569 DQ989381 DQY97061 CHR 573579
k-SC DQ997568 DQ989382 DQY97065 CHR 569976
k-SC-M AJ582419; - AY015894; KM 667
AJ582476 AY015978
k-NB DQ997561 DQ989383 DQ997067 CHR 569978
k-CR DQ997562 DQ989384 DQY97068 CHR 569977
L. kirkii L. kirkii EF109738; - - KM 1413
EF109739
L. kirkii - DQ989385 DQ997075 CHR 586002
L. naufragorum nau AJ582422; - AY015872; KM 669
AJ582479 AY015958
nau - DQI89386 - CHR 586005
nau_a - DQI989387 - CHR 586004
nau_b - DQ989388 - CHR 586003
L. solandri s-CH DQ997553 DQI989389 DQ997060 CHR 569936
s-SS DQ997555 DQI989390 DQ997070 CHR 569982
s-TW DQI997566 DQ989391 DQ9Y97056 CHR 573596
s-PF DQ997557 DQ989392 DQ997073 CHR 569979
s-PF-M AJ582420; - AY015896; KM 665
AJ582477 AY015980
s-LV DQ997554 DQ989393 DQ997069 CHR 569980
s-GW - DQ989394 DQ997066 CHR 569972
s-GW-M AJ582418; - AY015895; KM 666
AJ582475 AY015979
s-Sa - DQ989395 DQ997071 CHR 569981
s-Sb - DQI89396 DQY97055 CHR 573573
s-CC - DQI989397 DQ997062 No voucher
s-ES DQ997558 DQ989398 DQ997074 CHR 569974
s-MP DQ997571 DQI989399 - CHR 573584
s-P DQ997563 DQI989400 DQ997053 CHR 573575
s-Wa DQ997556 DQ989401 DQ997072 CHR 569971
s-Wb DQ997567 DQI989402 DQ997059 No voucher
s-Wce - - DQ997057 No voucher
s-Wd - DQY89403 DQ997058 No voucher
L. tenuicaule ten AJ582421; - AY015899; KM 664
AJ582478 AY015982
ten - DQI989404 - CHR 586006
ten_a - DQ989405 - CHR 586008
ten_b - DQI89406 - CHR 586009
ten_c - DQI989407 - CHR 586007
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The 29 characters scored for the study are described

below:

Lamina length (mm). Measured from the lowest pri-
mary pinna to the apex of the terminal pinnae.
Petiole length (mm). Measured from the lowest

primary pinna to the base of the petiole.

Ratio of petiole length to total leaf length. Scored
as a percentage.

Leaf hair type. Linear; linear and dolabriform; do-
labriform; glabrous.

Leaf colour. Green (0); green-brown (1); brown
2).

Leaf terminal pinnae width (mm). Measured at the
widest point.

Leaf terminal pinnae length (mm). Measured from
the distal primary pinna to the apex of the termi-
nal pinna.

Leaf primary pinnae number. Primary pinnae count-
ed.

Leaf primary pinnae length (mm). Three primary
pinnae were selected in the middle third of the
lamina and measured from the central part of the
lamina to the apex of the pinna.

Leaf primary pinnae width (mm). Measured at the
widest point.

Leaf secondary pinnae number. Number of second-
ary pinnae (including lobes and serrations) on
each primary pinna.

Central part of lamina width (mm). Measured at the
middle of the lamina.

Inflorescence diameter (mm). Measured at the base
of the inflorescence.

Inflorescence branch number. Number of lateral
inflorescence branches.

Inflorescence length (mm).Measured from the base
to the apex.

Inflorescence rachis angle. Measured in degrees
from the base.

Cauline leaf length (mm). Three most distal cauline
leaves measured from their base to their apex.
Cauline leaf width (mm). Measured at the widest

point.

Cauline leaf lobe number. Primary pinnae (including
lobes and serrations) counted.

Petal length (mm).

Sepal hair number. Number of hairs on the abaxial
surface.

Sepal width (mm). Measured at the widest point.

Style length (mm).

Ovary length (mm).

Ovary width (mm).

Ovary hair number. Number of hairs on one face
of the ovary.

New Zealand Journal of Botany, 2007, Vol. 45

Nectary colour. Green (0); green and red (1); red
(2).

Filament number.

Filament length (mm).

DNA sequence data

Plant specimens

Plant material used for the molecular study included
specimens of L. sisymbrioides sens. lat. that were
recently collected in the field (Tables 1 and 2). We
also included published sequences of L. sisymbrio-
ides sens. lat. from the studies of Mummenhoff et
al. (2001, 2004). Herbarium vouchers for accessions
are deposited in CHR (Table 2). Vouchers were not
available for some of the collections since the wild
populations comprised too few plants to secure
a suitable herbarium specimen. Sequences of L.
kirkii, L. naufragorum, and L. tenuicaule were also
included, since ITS sequence data have shown they
form a monophyletic group with L. sisymbrioides
sens. lat. (Mitchell & Heenan 2000; Mummenhoff
et al. 2004). In this study we have used the nrDNA
Internal Transcribed Spacer (ITS) and External
Transcribed Spacer (ETS) and the cpDNA #rnL-
trnF markers for phylogenetic reconstruction. These
markers were sequenced for most of the accessions
included in this study (Table 2).

DNA extraction, PCR, and sequencing

Genomic DNA was extracted from the specimens of
Lepidium listed in Table 2 using a modification of
the CTAB method (Doyle & Doyle 1987). The total
amplification reaction volumes were 25 pl. Each
PCR reaction mixture contained 16.6 pl sterile water,
2.5 ul 10x PCR reaction buffer (without MgCl,),2.0
pul MgCl,, 0.65 ul of dNTPs (8 mM), 1.0 ulof each
primer (10 pM), 0.25 ul Tag polymerase (5 U/ul),
and, typically, 1.0 ul template DNA (unquantified).
Oligonucleotide primers were ITS-28CC and ITS-
18d (Wagstaff & Garnock-Jones 1998) and ETS-18S
and ETS-9 (Wright et al. 2001). Temperature and cy-
cling conditions for both ETS and ITS amplifications
were identical as follows: one 94°C denaturation
cycle for 2 min, followed by 10 cycles in which the
annealing temperature was reduced by 1°C in each
cycle, of 94°C denaturation for 30 s, primer anneal-
ingat 65°C—56°C for 30 s, and elongation at 72°C for
1 min, followed by 38 cycles of 94°C for 30 s, 55°C
for 30 s, 72°C for 1 min, and finally an elongation
at 72°C for 5 min; in the trnL-trnF PCR the primer
annealing step (50°C for 1 min) was changed to
55°C for 1 min. PCR products were purified using
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Fig.1 Principal components <
analysis of leaf characters only for
male and female plants. Component
1 explained 29.5% of the variation
and component 2 explained22.5%. O+
A, L. sisymbrioides (£, as subsp.
kawarau; 0, as subsp. kawarauI1);
L. solandri (o, as L. sisymbrioides
subsp. sisymbrioides; V, as L.
sisymbrioides subsp. matau); B,
distribution of male (o) and female
(A)plants for L. sisymbrioides and o
L. solandri.

L.solandri

L sisymbrioides

Component 2

Perfectprep PCR cleanup kits (Eppendorf). Each
sample was sequenced in the sense and antisense
direction. Sequencing reactions were performed
with the same primers as the PCR amplifications
using the 3.1 ABI Prism™ Big Dye Terminator
Sequencing Kit (Applied Biosystems, Scoresby,
Vic.) by the Allan Wilson Centre Genome Service,
Massey University, Albany. Sequences obtained in
this study have been assigned GenBank accession
numbers (Table 2).

Component 1

Data analysis

Sequence alignment was initially performed using
ClustalX vers. 1.81 (Thompson et al. 1997). Multiple
alignment parameters were set to 12 for gap opening
penalty and 6.0 for gap extension penalty. Sequence
alignments were subsequently improved manually
using BioEdit (Hall 1999). Splits Tree 4, V 4.2 (Hu-
son & Bryant 2006; http://www-ab.informatik.uni-
tuebingen.de/software/jsplits/welcome.html) was
used, retaining all characters, to convert sequence
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Component 2

B L_sisymbricides
o
o

o™ = ™~
§ §o
c <
a g
E E
8 o 8 o

<+ L_solandri

-2 0 2 4 4 -2 0 2

Component 2

Component 1 Component 1

Fig.2 Principal components analysis for L. sisymbrioides (/\, as subsp. kawarau; o, as subsp. kawarau II) and
L. solandri (o, as L. sisymbrioides subsp. sisymbrioides; V , as L. sisymbrioides subsp. matau). A, Male flowers only
(component 1 explained 30.8% of the variation and component 2 explained 21.5%); B, male leaves only (component
1, 35.9%; component 2, 19.9%); C, male leaves and flowers combined (component 1, 27.6%; component 2, 16.9%);
D, female flowers only (component 1, 24.6%; component 2, 20.6%); E, female leaves only (component 1, 28.8%;
component 2, 21.7%); F, female leaves and flowers combined (component 1, 35.9%; component 2, 19.9%).
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data to uncorrected-P distances and construct net-
works using NeighborNet. A total of 5000 bootstrap
iterations were performed.

RESULTS AND DISCUSSION

Morphological characters

The PCA of all leaf characters distinguished two
discrete groups (Fig. 1A). One group included all
samples a priori assigned to L. sisymbrioides subsp.
matau and L. sisymbrioides subsp. sisymbrioides
(hereafter referred to as L. solandri group). The
second group comprised all samples a priori as-
signed to L. sisymbrioides subsp. kawarau and L.
sisymbrioides subsp. kawarau II (hereafter referred
to as L. sisymbrioides group). Within the L. sisym-
brioides and L. solandri groups, the two taxonomic
subgroups overlapped, implying that variation in leaf
characters is continuous. The outliers in L. solandri
(Fig. 1A) are conspicuous and considered to be the
result of inadequate sampling of a threatened species
that is known from few populations with a small
number of variable individuals; they do not warrant
recognition as additional taxonomic groups. Male
and female plants were scattered across the L. sis-
ymbrioides and L. solandri groups and did not show
any pattern or bias in leaf morphological characters
that could be sex linked (Fig. 1B).

The PCA of male plants only did not retrieve
any groups when male flower characters only were
used (Fig. 2A). However, in the analyses of leaf
characters only (Fig. 2B) and leaf and flower char-
acters combined (Fig. 2C) two discrete groups were
distinguished. These two groups correspond to the
L. sisymbrioides and L. solandri groups obtained
in the analysis of all leaf characters (Fig. 1A). The
three PCAs of only female plants did not retrieve
any discrete groups (Fig. 2D-F), although in the
leaf characters only (Fig. 2E) and leaf and flower
characters combined (Fig. 2F) two groups with a
small amount of overlap were recognised; these two
groups correspond to the L. sisymbrioides and L.
solandri groups of the other PCAs (Fig. 1, 2A-C).
The PCA of the leaf and floral characters with sig-
nificantly different means in the ANOVA (Table 3)
continued to distinguish two groups (L. sisymbrio-
ides and L. solandri) in the male plants (result not
presented, similar to Fig. 2C); for the female plants
two groups (L. sisymbrioides and L. solandri) were
retrieved with only a slight overlap, which improved
resolution in comparison to the analyses of all of the

245

characters for the female plants (result not presented,
similar to Fig. 2F).

Leaf characters proved to be the most useful in
distinguishing between the L. sisymbrioides and
L. solandri groups, with 12 of the 15 leaf charac-
ters having significantly different means (Table 3).
Variation in leaf characters between L. sisymbrioides
and L. solandri is illustrated in Fig. 3-5. The most
obvious differences include L. sisymbrioides having
longer and narrower terminal and primary pinnae
and cauline leaves, and more secondary pinnae and
cauline leaf lobes.

Of the 15 floral characters included in the study
8 have significantly different means (Table 3). Im-
portant flower characters include L. sisymbrioides
typically having less hairy sepals and ovaries, nar-
rower ovaries, and shorter filaments. There is often
variation within these characters with, for example,
some plants having wider and more hairy ovaries
(Fig. 4). L. sisymbrioides shows variation in the
presence and absence of petals, with all plants ex-
amined from the Waitaki River valley having petals
(Fig. 6). Plants from Falls Dam and the Kawarau
River usually lacked petals, although one plant from
Chards Road (Kawarau River) had two petals per
flower. L. solandri also usually lacks petals, although
one plant from Springvale had 1-2 small petals per
flower.

Plants from the Manuherikia and Taieri river val-
leys previously assigned to L. sisymbrioides subsp.
sisymbrioides and L. sisymbrioides subsp. matau
(herein treated as L. solandri) show variation in
the length-to-width ratio of the cauline leaves and
leaflet pinnae (Fig. 7). A clinal pattern of variation
is particularly striking for the cauline leaf length-
to-width ratio. For example, plants from the lower
Manuherikia River valley (e.g., Alexandra, Gallo-
way, and Springvale) that have previously been as-
signed to L. sisymbrioides subsp. matau have broad
cauline leaves relative to their length, which gives
a low length-to-width ratio. In contrast, plants from
the central Manuherikia River valley (e.g., Michael
Peak Station) and upper Taieri River valley (e.g.,
Eden Creek, Eweburn, and Gimmerburn) that have
previously been assigned to L. sisymbrioides subsp.
sisymbrioides have narrower cauline leaves relative
to their length and this gives a high length-to-width
ratio. These two characters cannot, therefore, reli-
ably distinguish L. sisymbrioides subsp. matau from
L. sisymbrioides subsp. sisymbrioides (cf. Webb
et al. 1988). Box plot analyses of characters by
geographic area or population and scatter graphs of
different combinations of characters did not identify
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Fig.3 LeavesofL. solandri(A—F)and L. sisymbrioides (G-J). A, Sawdon Stream, Tekapo; B, Springvale, Manuherikia
River valley; C, Little Valley, Alexandra; D, Pisa Flats, Clutha River valley; E, Patearoa, upper Taieri River; F, Castle
Hill; G, Nevis Bluff, Kawarau River; H, Slapjack Creek, Kawarau River; I, Falls Dam, upper Manuherikia River; J,

Gards Road, Waitaki River valley.

any other geographic or clinal patterns of variation
(results not presented).

DNA sequence data

tenL-trnF
The aligned trnL-trnF data set contained 28 samples

and 902 characters; 15 of the characters were vari-
able, and 9 were potentially parsimony-informative.

L. naufragorum and L. tenuicaule share similar
sequences, differing only at positions 790 and 866
(Table 4). One sample of L. sisymbrioides from Falls
Dam (upper Manuherikia River valley; Fig. 8, 9) has
an identical sequence type to L. tenuicaule. L. kirkii
and most of the samples of L. sisymbrioides and L.
solandri have the same basic sequence type (Table
4), although 10 samples do differ. One sample of L.
sisymbrioides (Gards Road) and three of L. solandri
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(Galloway, Twizel, and Sawdon) share bases with L.
naufragorum and L. tenuicaule. Six other samples
of L. solandri and one of L. sisymbrioides also have
a single transition (Table 4).

The Splitstree graph of the trnL-trnF sequence
data illustrates the patterns of sequence variation de-
scribed above (Fig. 9). Notably, the L. sisymbrioides
sample from Falls Dam groups with L. tenuicaule,
and there is a strong network linking samples of L.
sisymbrioides from Gards Road and L. solandri from
Twizel and Sawdon to both L. tenuicaule and the
core group of samples representing L. sisymbrioides
and L. solandri.

ITS

The aligned ITS data set contained 31 samples and
648 characters; 15 of the characters were variable
and five were potentially parsimony-informative.
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Of the 15 variable characters 13 occurred in the L.
sisymbrioides complex (Table 4). L. naufragorum,
L. tenuicaule, and L. kirkii all share the same ITS
sequence (Table 4). In contrast, L. sisymbrioides and
L. solandri show considerable variation with three
main sequence types: mixed, ctttc-gttgeaa (type I),
and ctcc--gttgetg (type II) (Table 4). Six samples
comprised mixed sequences and these occur only
in L. solandri from near Alexandra (Fig. 10); these
were excluded from the Splitstree analysis. Type I
is relatively uniform and occurs in samples assigned
to both L. sisymbrioides and L. solandri; one sample
from Hakataramea does show variation in two base
positions (Table 4). Type I is the most widespread
sequence type and occurs near Alexandra and at
localities outside of the Manuherikia River valley
(Fig. 10). Type II includes samples of L. sisymbrio-
ides and L. solandri, is most similar to the L. kirkii

Table 3 Leaf and flower measurement data from the cultivated plants included in morphometric study. One-way
ANOVA significant at 95% (*) and 99% (**) confidence limits.

L. solandri L. sisymbrioides ANOVA
Character Range Mean Range Mean F  Pr(F)
Lamina length (mm) 27.00-89.66  69.73 £15.14 72.66-169.33 99.88+£23.45 27.61 0.0**
Petiole length (mm) 9.66-33.00 20.38+6.14 8.3344.66 27.67+10.45 856 0.0**
Petiole length/leaf length ratio 12.0047.33  22.79+7.95 6.33-35.33 21.60+8.52 025 0.61
Leaf hair type 0.00-1.00 0.27+044  0.00-3.00 126 £1.04 1799 0.0%*
Leaf colour 0.00-2.00 0.82 +0.65 0.00-1.00 0.38+0.49 723 0.0%*
Leaf terminal pinnae width (mm)  1.06-3.86 2.39£0.73 1.03-2.60 1.73£0.37 1633 0.0%*
Leaf terminal pinnae length (mm)  3.20-13.60  5.45+2.11 9.43-24.33 14.35+4.20 84.14 0.0**
Leaf primary pinnae number 14.66-30.33 22.76+3.84 12.66-42.33 2429+814 0.67 041
Leaf primary pinnae length (mm)  3.40-10.26  6.84£1.88 8.53-24.33 1540+4.18 81.28 0.0**
Leaf primary pinnae width (mm)  0.80-3.53 1.87£0.57  0.96-2.40 1.57+£031 561 0.02*
Leaf secondary pinnae number 0.33-4.00 194+ 090  2.00-4.66 3.00£0.83 18.09 0.0%*
Central lamina width (mm) 0.83-4.76 2.32+0.82 1.10-2.93 2.12+£0.42 1.16 0.28
Cauline leaf length (mm) 530-18.60 10.22+2.82  9.96-22.06 14.97£3.23 29.55 0.0**
Cauline leaf width (mm) 1.46-8.70 3.97+1.46 1.93-5.16 3.30+£090 3.79 0.05%
Cauline leaf pinnae number 0.00-1.00 0.05+0.21 0.00-6.33 1.58+1.78 16.59 0.0%*
Inflorescence diameter (mm) 0.88-3.70 2.03+£0.69 1.80-4.65 276+0.63 1440 0.0**
Inflorescence branch number 0.00-12.00 6.44+2.82 4.00-10.50 7.69+1.83 3.44 0.06
Inflorescence length (mm) 7.46-160.00 93.15+46.94 9.60-130.00 35.41+39.88 21.67 0.0**
Inflorescence angle 7.50-90.00 57.02+26.79 40.00-90.00 67.94+14.87 320 0.08
Petal length: males (mm) 1.3-1.5 1.4+0.10 1.5-22 1.85+£0.21 11.92 0.0**
Petal length: females (mm) 0.8-1.1 0.96 £ 0.15 1.2-1.5 136 £0.10 32.55 0.0%*
Sepal hair number 2.00-33.00 14.56+9.42 1.00-19.00  7.97+539 9.16 0.0**
Sepal width (mm) 0.73-1.43 1.06£0.19  0.70-1.53 1.09+£020 044 051
Nectary colour 0.00-1.66 0.62+0.64  0.00-1.00 041049 164 02
Style length (mm); female only 0.10-0.43 0.26 +0.08 0.10-1.10 0.24+£0.14 037 0.54
Ovary length (mm); female only 0.90-2.40 1.70 £ 0.40 1.00-2.70 1.69+£0.33  0.001 0.99
Ovary width (mm); female only 1.10-1.80 1.44+0.22 0.80-1.90 1.24+024 1176 0.0%*
Ovary hair number; female only 0.0-61.00 24.84+2238 0.00-53.00 14.16+14.85 593 0.01**
Filament number; male only 4.00-6.00 475£0.84  4.00-6.00 512+£092  3.04 0.08
Filament length (mm); male only =~ 1.50-2.80 2.07+£0.29 1.60-3.00 224+£032 55 0.02*
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Table4 Alignment and sequence differences for species included in the study. Shaded caps in L. sisymbrioides and
L. solandri are either a substitution from a putative parent (L. kirkii, L. naufragorum, or L. tenuicaule) or a mixed
sequence representative of both putative parent sequences. Unshaded caps are a substitution or a mixed sequence that
is not representative of both putative parent sequences. W =a/t; Y =c/t; K = g/t; R=g/a; S =g/c; M=a/c.

ITS ETS trnl- troF
0011122223446 0011131234444445 1255677788
B912436TE8091 45123894T0244551 8336599968
7037796137348 A34TEI0OTE4928632 2319505666
L. naufragorum ctCC-CoattgcTG acaSgocctghlagggg AaRcachGrg
L. naufragorum a acaggectgACggygy
L. naufragorum b acaggeoctgACgggag
L. tenuicaule ctCC=-CgtgeT@ acaggocigAlggggg RaAcgRAGCy
L. tenuicaule a acaggcoctgAloggag
L. tenuicaule b acaggcectgACogggg
L. tenuicaule ¢ aSaggectgACggggy
L. kirkii crfC-CogregeTs acaggectgcCAghgg caccgecaty
L. solandri
Twizel s-TW ctttc-gttgcaa acaggechgotgggadg RaRcgecath
Sawdon s-55 ctttc-gttgoaa acaggocWgotgggog RaRcgccath
Castle Hill s-CH crrtEc-gtograa AacaggecWgetggogg eCocgocatyg
Pisa Flats s-PF CLLECc-gttgraa acaggoctgotggggyg caccgocatyg
Piza Flatas s-PF-M cttto-gttgoaa caccgocatyg
Little vValley s~LV cttbec-gttgecaa acaggectXoCAghgs caccgecatg
wWardles s-Wa cttto-gttgoaa acaggcoctgc¥ggggg caccTecatyg
Wardles s-Wb crree-grogoaa  AcCAggeCtgortoogydy caccTecaty
Wardles s-Wc mixed mixed caccgccatg
Wardles s-wWd mixed acaggccrgo¥YRRRgG CACCGOCALY
Galloway s-Gil mixed acaggcctgctggggg CAacCcgocarg
Springvale s-Sa mixed acaggectgc¥RgRag caccgecatyg
Springvale s8-Sb mixed acagacctgo¥RgRag caccgooatyg
Chatto Creek s-CC mixed acKSgYctgoCAghgg cacTgcoaty
Michael Peak s-MP ctll-CgttgcP8 aSagic¥egMlogggg
Galloway s-GW-M ctCC--gttgcTC caccgecltyg
Eden Creck s-ES ct8C--gttgeTE acaggcctgcCAgAgy cacegecaty
Patearca s-P et@C=-gttgeTe acaggcctycCAgAgy CACCgCCALy
L. sisymbricides
Manuherikia k-MG ctfC-CRttgecTG acaggeTigoCAgRag cacTgoccatg
Falls Dam k-FDa SKOC=CREKERcTE acaggeTigACgggeg
Falls Dam k-FDb ctCC=CAtrgeTE acaggeYegACggySy AaRcghAGCy
Otematata k-0OT ctOl=-gtogePTE acaggectgcCAghag caccgocacy
Gards Road k-GR ct@C-CAttgeTG acaggccAgotgggag AalAcgooatA
Hakataramea k-HT ctttc-gttRYaa acaggochgotggggg
Slapjack k=-5C cttee-gttgecaa Tecaggeoctgotggggg caccgcocatyg
Slapjack k-5C-M cttre-gtegoaa caccgecaty
Nevis Bluff k-NB cttto-grrtgoaa AcaggectgeLggaay cAccgocaty
Chards Road k-CR cttbc-gttgraa ACAggCCEgetogggg CACCYCCALY

sequence type, is particularly variable, and includes
samples only from the Manuherikia River valley or
the Waitaki River valley (Fig. 10).

The Splitstree graph of the ITS sequence data
shows two distinct groups (Fig. 11). One of these
groups comprises L. naufragorum, L. tenuicaule,
and L. kirkii, and samples of L. sisymbrioides and L.

solandri from the type II group. The L. sisymbrioides
samples came from Falls Dam, Manuherikia River

gorge, Otematata, and Gards Road, and those of L.

solandri came from Patearoa, Michael Peak Sta-
tion, Galloway, and Eden Creek. The second group
includes samples of L. sisymbrioides and L. solandri
with ITS type L. The sample of L. sisymbrioides from



Heenan et al.—Lepidium sisymbrioides and L. solandri

249

Fig. 4 Lepidium sisymbrioides cauline leaves (A—E) and ovaries (F-J). A, F, Slapjack Creek, Kawarau River; B, G,
Chards Road, Kawarau River; C, H, Gards Road, Waitaki River valley; D, E, 1, Falls Dam, upper Manuherikia River;
J, Nevis Bluff, Kawarau River. Scale bars: A—E = 10 mm; F-J =1 mm.

Slapjack Creek included from GenBank (k-SC-M)
differs from the other L. sisymbrioides samples
(including another from Slapjack Creek) by six
substitution and three insertion/deletion events; this
maybe due to sequencing or editing error.

ETS

The aligned ETS data set contained 28 samples
and 565 characters; 8 of the characters were vari-
able, and 6 were potentially parsimony-informative.
One sample included mixed sequences and it was
therefore excluded from the Splitstree analysis. L.
tenuicaule and L. naufragorum share the same se-
quence type with the only variation being a single
heteroplasmy in one sample of each species (Table
4). L. kirkii differs from L. naufragorum and L.
tenuicaule at three nucleotide positions (Table 4). L.
sisymbrioides and L. solandri are very variable and
comprise three main sequence types (X, Y, and Z).
Type X occurs in L. sisymbrioides and L. solandri,
is relatively uniform, and is the most widespread,
occurring near Alexandra and at localities outside
of the Manuherikia River valley (Fig. 12). Some
samples of type X have one base substitution, but

this has no obvious affinity to either the L. kirkii or
L. naufragorum/L. tenuicaule sequence types. Type
Y represents the signature of L. kirkii and occurs in
10 of the L. sisymbrioides and L. solandri samples,
with 7 of these from the Manuherikia River valley,
2 from the upper Taieri River valley, and 1 from the
Waitaki River valley (Otematata) (Fig. 12; Table
4). In L. sisymbrioides and L. solandri the L. kivkii
signature is particularly well shown by the direct
substitution or mixed sequences of bases 430, 443,
and 457 (Table 4). Type Z represents the signature
of L. tenuicaule/L. naufragorum and this occurs in
one sample of L. solandri from Michael Peak Station
and two of L. sisymbrioides from Falls Dam, both
sites in the upper Manuherikia River valley (Fig. 12).
Nucleotide position 404 shows this signature in
L. sisymbrioides and L. kawarau by either direct
substitution or a mixed sequence. One sample from
near Alexandra (Wardles 5) has a mixed sequence
at position 430 and this could represent L. kirkii, L.
tenuicaule, or L. naufragorum.

The Splitstree graph of the ETS sequence data
shows L. solandri from Michael Peak Station and
the two L. sisymbrioides samples from Falls Dam
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Fig.5 Lepidium solandri cauline leaves (A—C) and ovaries(D-H). A, E, Little Valley, Alexandra; B, F, Springvale,
Manuherikia River valley; C, G, Patearoa, upper Taieri River; D, Pisa Flats, Clutha River valley; H, Sawdon Stream,

Tekapo. Scale bars: A—C = 10 mm; D-H =1 mm.

associated with L. tenuicaulel/L. naufragorum by a
strong network (Fig. 13). The nine samples of L.
sisymbrioides and L. solandri that show the L. kirkii
signature (type Y) all associate with L. kirkii and
have a well-developed network linking them to the
more typical L. sisymbrioides/L. solandri sequence

type.

Synthesis of DNA sequence data

DNA sequence data presented here for L. sisymbrio-
ides and L. solandri is particularly variable in the
Manuherikia River valley, with virtually all of the
samples from that area showing mixed sequences,
substitutions, or heteroplasmic sites (Table 4). A
lesser number of specimens sampled from the Wai-
taki River valley (e.g., Gards Road and Otematata)
show a similar pattern. In most of the samples of L.
sisymbrioides and L. solandriwith variable ITS and
ETS sequences, the substitutions and heteroplasmic
sites are considered to be the result of introgres-
sion from L. kirkii and L. tenuicaule. One specimen
of L. sisymbrioides from the upper Manuherikia
River valley (Falls Dam 2) shows this pattern for
all three molecular markers, as it has the ITS and

ETS sequence type of either L. naufragorum or L.
tenuicaule and the trnL-trnF sequence type of L.
tenuicaule. Two other samples of L. sisymbrioides
and L. solandri from the upper Manuherikia River
valley (Falls Dam and Michael Peak Station) also
have the L. tenuicaule or L. naufragorum ETS sig-
nature (Fig. 12).

Neither L. tenuicaule nor L. naufragorum is known
to occur in the vicinity of the upper Manuherikia
River valley. L. naufragorum occurs in coastal sites
in Westland (Garnock-Jones & Norton 1995), and
is unlikely to have occurred inland in the upper
Manuherikia River valley. L. tenuicaule occurs in
coastal habitats in Wellington, Otago, and Southland,
and is currently found on the Otago coast south
of Oamaru (Webb et al. 1988). A number of other
plants from the Otago coast (e.g., Selliera radicans
and Apium prostratum) occur at inland sites in the
upper Taieri River, and it is therefore possible that
L. tenuicaule once occurred, and perhaps still does
occur, in the area.

In regard to L. kirkii, nine samples of L. sis-
ymbrioides and L. solandri from the Manuherikia
River valley have ETS substitutions that are strongly
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Fig. 6 Lepidium sisymbrioides
female flowers. A, flower without
petals (Chards Road, Kawarau
River valley); B, flower with pet-
als (Gards Road, Waitaki River
valley). Scale bar = 2 mm, for
both flowers.

indicative of introgression from L. kirkii (Table 4;
Fig. 13). L. kirkii is a Central Otago endemic occur-
ring on saline patches, and although now a threatened
species it is likely to have once been more com-
mon on saline habitats that occurred throughout the
Manubherikia River valley. Therefore, the widespread
occurrence of the L. kirkii sequence type in samples
of both L. sisymbrioides and L. solandri should not
be surprising. The latter two species are dioecious
and often occur in small and sparsely distributed
populations, and female plants could therefore be
likely to cross with other species of Lepidium that
occur in close geographic proximity. Indeed, many
of the extant populations of L. sisymbrioides occur in
close proximity to saline patches. One sample of L.
sisymbrioides from Otematata also showed evidence
of introgression from L. kirkii in the ETS sequence
data. The Otematata population of L. sisymbrioides
is adjacent to a saline patch, and although L. kirkii
is not currently known from the area, we infer from
these data that it once grew there.

The majority of the other samples of L. sisym-
brioides and L. solandri that occur at localities other
than the Manuherikia River and Waitaki River val-
leys are relatively uniform and exhibit little, if any,
nucleotide variation for the three DNA markers
studied here. These more uniform ITS, ETS, and
traL-trnF sequence types are considered to represent
the typical sequence type for L. sisymbrioides and L.
solandri. For example, the ITS, ETS, and trnL-trnF
sequences of L. sisymbrioides from Chards Road and
L. solandri from Pisa Flats are considered typical of
both these species.
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Conclusions

In this study we used the vegetative and floral mor-
phology of plants of known wild origin to identify
taxonomic groups in the L. sisymbrioides complex;
as aresult of these studies we distinguished two spe-
cies (L. sisymbrioides and L. solandri). These two
species are closely related as is indicated by the DNA
sequence data and their general morphological simi-
larity and breeding system (e.g., both are dioecious).
The phenetic analyses presented here highlight the
difficulty of retrieving taxonomic groups from a
species complex that comprises few, small, and dis-
junct populations that are naturally variable. These
individual phenetic analyses do not unequivocally
support the recognition of two species. Nevertheless,
when all of the data presented are integrated and col-
lectively considered, two species can be recognised.
In particular, the character dimensions given in Table
3 are suitable for the identification of the two species
from wild and cultivated plants; statistical support
for many of these floral and vegetative characters
is significant at 95% and 99% confidence limits.
The range of leaf dimensions and variation in floral
characters for cultivated plants is very similar to the
range of variation found on naturally occurring wild-
collected plants and were generally found to be reli-
able in distinguishing the two species. Care needs to
be taken in identifying small plants of wild-collected
specimens of L. sisymbrioides and L. solandri since
the leaf characters have become contracted in size
and are therefore difficult to discern. For both culti-
vated and wild-collected plants, their ultimate size
and vigour is variable and determined by features
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Fig. 7 Lepidium solandri varia-
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at the site at which the plant grows. Soil moisture
and soil fertility are considered the most important
determinants of plant size and vigour.

As indicated in the Methods (Morphological
characters and analyses), in the experimental parts
of this paper we tested the most recently accepted
taxonomic classification (sensu Webb et al. 1988) by
a priori assigning collections used in this study to
one of the three named L. sisymbrioides subspecies
or “L. sisymbrioides subsp. kawarau I1” (see Fig. 1,
2). In addition to testing the subspecies classifica-

tion used by Webb et al. (1988), the PCA and other
analyses were critically examined for other groups.
The identification of groups in, for example, the
PCA analyses is a subjective process and it is pos-
sible that other discrete groups could be defined by
arbitrarily drawing circles around any number of
individuals (e.g., L. solandri outliers, see Results and
Discussion). This is a similistic approach, and while
attempting to be objective it does not consider other
biological attributes such as distribution patterns and
the occurrence of small and disjunct populations.
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Fig. 8 Distribution map (central
SouthIsland) of #rnL-trnF sequence
types for L. sisymbrioides and L.
solandri. +, common sequence
type shared by L. sisymbrioides
and L. solandri; R, L. tenuicaule
signature; 4, L. naufragorumor L.
tenuicaule signature. Base substi-
tutions shown for some samples.
See Table 1 for definitions of
abbreviations.
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Fig.9 Splitstree graph for frnL-trmF sequence data. See Table 1 for definitions of abbreviations.

Furthermore, it does not allow weighting of par-
ticular characters that may be of greater or lesser
taxonomic significance.

The decision to recognise two species is a sub-
jective decision that is based on amalgamation and
consensus of a number of different attributes. These
include patterns of variation of morphological char-
acters (Fig. 1-6), the taxonomic usefulness of in-
dividual characters (Fig. 7; Table 3), geographic
distribution patterns (Fig. 8, 10, 12, 14), and pre-
vious taxonomic classifications. The analyses of
morphological variation presented in Table 3, for

example, highlight those characters that are sig-
nificant at 95% and 99% confidence levels whereas
other characters may vary naturally and be of limited
taxonomic value (e.g., Fig. 3, 7). Geographic distri-
bution is considered important when populations of
similar plants cluster together irrespective of whether
the populations are in close geographic proximity or
distant from each other (e.g., Fig. 14). Consideration
of previous classifications is necessary as these also
reflect patterns of character variation and subsequent
taxonomic interpretation; previously recognised taxa
may be shown to be indistinguishable from each
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Fig.10 Distributionmap (central
+ s-cH SouthIsland) of ITS sequence types
for L. sisymbrioides and L. solandri.
+, common sequence type shared
by L. sisymbrioides and L. solandyri;
@, L. kirkii, L. naufragorum, or L.
tenuicaule signature; O], mixed se-
quences. Base substitutions shown
for some samples. See Table 1 for
definitions of abbreviations.
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Fig. 11 Splitstree graph for ITS sequence data. See Table 1 for definitions of abbreviations.
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Fig. 12 Distributionmap (central
South Island) of ETS sequence
types for L. sisymbrioides and L.
solandri. +, common sequence
type shared by L. sisymbrioides
and L. solandri, ®, L. kirkii or L.
tenuicaule signature; o, L. kirkii
signature; O, L. tenuicaule sig-
nature. Base substitutions shown
for some samples. See Table 1 for
definitions of abbreviations.

Fig. 13 Splitstree graph for ETS
sequence data. See Table 1 for
definitions of abbreviations.

other and/or more similar to each other than to other
taxa (e.g., subsp. matau and subsp. sisymbrioides
clustering together; Fig. 1, 2).

Species concept

As outlined in the above discussion the species
concept adopted here emphasises discontinuities
in quantitative vegetative and floral morphological
characters; these morphological discontinuities also
have a geographic distribution pattern in that they
comprise discrete and disjunct populations. The

S-CH
45°S
+——10.0010 l':g;fl
s-TW
+5-CC

*s-LV

intention of this study, therefore, is to recognise
populations at species rank that constitute shared
morphological characters. The rank of species rather
than subspecies is appropriate since L. sisymbrioides
and L. solandri comprise populations that are mor-
phologically distinct in a number of vegetative and
floral characters and they are sympatric (although at
a finer scale the populations of the two species are
disjunct and do not overlap; Fig. 14). Morphological
and distributional differences are taken as evidence
that refutes a hypothesis of conspecificity.
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170°S

Fig. 14 Distribution. m, L. sisym-
brioides; x, L. solandri.

North
Island

45°S —

Nomenclature

In the morphological studies presented here two
species are recognised in the L. sisymbrioides com-
plex. As aresult of the typification undertaken of the
names published in the L. sisymbrioides complex
it is necessary to correct the application of these
names. Therefore, L. sisymbrioides is applied to
plants treated by Webb et al. (1988) as L. sisym-
brioides subsp. kawarau (including L. sisymbrioides
subsp. kawarau 11 of this study), and L. solandri is
reinstated for plants previously known as L. sisym-
brioides subsp. sisymbrioides and L. sisymbrioides
subsp. matau. A formal taxonomic and nomenclatu-
ral treatment for these is provided below.

TAXONOMY

Lepidium solandri Kirk, Trans. & Proc. New Zea-
land Inst. 14, 380-381 (1882)

= Lepidium sisymbrioides subsp. solandri (Kirk)
Thell., Die Gatt. Lepidium, 313 (1906).
TYPE COLLECTION: “South Island: limestone rocks,

Broken River Basin, Canterbury—J. D. Enys and
T Kirk”

LECTOTYPE (here designated): Limestone rocks, Cas-
tle Hill basin, Canterbury, 2300 feet, 7. Kirk, 18 Jan
1876, WELT 28575.

~NoTEs: There are several sheets in the Kirk Her-
barium from the Castle Hill/Broken River area but
not one of these gives the collector as J. D. Enys,
and no sheet is labelled as being from the “Broken
River Basin”. Only two sheets are dated (18 January
1876) prior to the publication of L. solandri. One of
these sheets (WELT 28575) has the specific locality
of “Limestone rocks, Castle Hill Basin”, and this is
chosen as the lectotype since the label information
and plant specimens best represent the protologue.

= Lepidium matau Petrie, Trans. & Proc. New Zea-
land Inst. 19, 323-324 (1887).

= Lepidium sisymbrioides subsp. matau (Petrie)
Thell., Die Gatt. Lepidium, 312-313 (1906).

TYPE COLLECTION: “Alexandra South.”

LECTOTYPE (here designated): Alexandra S., Central
Otago, D. Petrie, WELT 28621.

~NoTEs: The lectotype is selected from the Petrie
Herbarium and is consistent with the protologue,
but it is undated. Another specimen in the Cockayne
Herbarium is labelled “L. matau n. sp. Alexandra
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Fig, 15 Cultivatedplants of L. solandri(A—C)
and L. sisymbrioides (D-F). A, Springvale,
Manuherikia River valley; B, Patearoa, upper
Taieri River; C, Sawdon Stream, Tekapo; D,
Falls Dam, upper Manuherikia River; E, Chards
Road, Kawarau River; F, Gards Road, Waitaki
River valley.
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S. Coll. D. Petrie 4 Dec 1885”. The 10 plants on
this sheet are probably syntype collections and,
notably, were collected prior to the publication of
the name in 1887.

= Lepidium sisymbrioides subsp. matau var. lobula-
tum Thell., Die Gatt. Lepidium, 314 (1906).

TYPE coLLECTION: “Neuseeland: South Isl.: Otago,
Maniototo Plain, 1500, Petrie (“L. Matau var.”)
— Univ. Ziirich.”

HOLOTYPE: Maniototo Plain, 1500 ft, Herb. D. Petrie,
Z.

DESCRIPTION (Fig. 15): Perennial dioecious herb,
with up to 24 compact, leafy rosettes. Rootstock
deep rooted, up to 28 mm diam. near crown; stems
spreading to erect, up to 60 mm long, 10.0 mm wide.
Basal and lower stem leaves persistent, pinnatifid,
pinnate, to bipinnatifid, narrow-oblong to oblong,
up to 100 mm long, green, green-brown, or brown,
central part of lamina 0.7-6.2 mm wide; pinnae in
14-32 pairs, linear, obovate or broadly oblong, with
up to 5 secondary pinnae, terminal pinnae 3.0-16.0 x
1.04.9 mm, lateral pinnae 2.6—11.3 x 0.8-3.9 mm.
Middle stem leaves similar, often becoming shal-
lowly pinnatifid, serrate, or entire. Cauline leaves
2.5-19.8 x 1.2-9.8 mm, with up to 3 serrations
or small lobes, or entire. Inflorescences terminal,
1.5-16.0 cm long, 0.8-3.7 mm diam. at base, usu-
ally spreading to ascending, with up to 12 lateral
branches, glabrous to sparsely hairy; pedicels 2.5—
6.5 mm long, 0.2—0.35 mm wide, slightly recurved,
adaxial surface glabrous to moderately hairy, abaxial
surface glabrous to rarely sparsely hairy. Flowers up
to 4 mm wide. Sepals 0.7-1.3 x 0.7-1.6 mm, green
to maroon, sparsely to moderately hairy, rarely gla-
brous, margins scarious, apex obtuse. Petals usually
absent, rarely present and then clawed, white, limb
obovate, apex emarginate; males: 1.3—1.5 mm long;
females: 0.8—1.1 mm long. Female flowers: ovary
1.0-2.4 x 1.1-1.8 mm, usually orbicular to thom-
boid, sometimes ovate, sparsely to moderately hairy,
rarely glabrous; style up to 0.1-0.4 mm long; stigma
0.3-0.4 mm wide; 3—7 staminodes, 0.8—1.4 mm
long, rarely with malformed anthers to 0.3 mm long.
Male flowers: 46 stamens, 1.5-2.8 mm long, white;
anthers 0.3—0.6 mm long, white or maroon; ova-
ry rudimentary, 0.2—1.1 x 0.3—1.3 mm. Nectaries
0.25-0.5 mm long, green, green-red, to red, oblong.
Siliques 3.1-5.0 x 2.3-3.8 mm, usually orbicular
to rhomboid, sometimes ovate, suture usually ma-
roon, apex emarginate to retuse, style base often
persistent. Seed usually obovate, rarely obovate-
oblong, straighter along one margin, compressed but
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with broad rounded margins, 1.7-2.5 mm long, not
winged; both surfaces with a distinct groove from
hilum at base towards apex, and the seed folded
around it; apex broad and rounded; base cuneate or
slightly rounded. Testa dull, orange or orange-brown
to dark henna, with a fine reticulum of very thick-
walled cells. FL Sep—Dec; FR Sep—Mar.

REPRESENTATIVE SPECIMENS: CANTERBURY: Waipara
Gorge, W. B. B[rockie], 18 Oct 1938, CHR 222224,
Porter’s River, L. M. Cranwell & L. B. Moore, 4
Jan 1931, AK 100097; Broken River, D. Petrie,
Jan 1893, WELT 28605; Castle Hill Basin, T. Kirk,
18 Jan 1876, WELT 28576, Castle Hill, P. J. de
Lange 3484 & G. M. Crowcroft, 23 Dec 1994,
AK 235163; Lake Tekapo, T. F. Clheeseman], Jan
1883, AK 4494, Castle Hill, M. J. A. Simpson, 8
Feb 1956, CHR 92966, Lake Tekapo, H. H. Allan,
Jan 1936, CHR 17538; Burkes Pass, 4. J. Healy
64/512, 18 Dec 1965, CHR 152231; Black For-
est flats, H. H. Allan, 20 Oct 1943, CHR 59487,
Twizel, P. B. Heenan, 11 Nov 2004, CHR 572565;
Twizel, P. B. Heenan, 22 Dec 2004, CHR 572828;
Ohau River, B. H. Macmillan, P. C. Douglas &
D. L. Beetham, 14 Dec 1976, CHR 384111; Edwards
Stream, Tekapo, P. B. Heenan, 20 Jan 2004, CHR
569982. OTAGO: Pisa Flat, G. Rogers, 20 Mar 1999,
CHR 541370; Wanaka, J. Buchanan, WELT 28579;
Cromwell, J. E. Holloway, OTA 1528; Eweburn,
B. C. A[ston], Jan 1898, WELT 28620; Maniototo
Plain, H. J. Matthews, 1 Nov 1897, WELT 28617,
Ranfurly, D. Petrie, 18 Dec 1910, CHR 5399; Alex-
andra, D. Petrie, 4 Dec 1885, CHR 329233; Alexan-
dra, D. Petrie, Dec 1893, WELT 28612; Galloway,
A.J. Healy 73/170, 13 Nov 1973, CHR 234750;
Gimmerburn, D. Petrie, 20 Dec 1910, CHR 5397;
Taieri Lake, Maniototo, J. Barkla, 6 Nov 2000,
CHR 573232; Halls Bridge, Taieri River, Maniototo,
J. Barkla, 6 Nov 2000, CHR 573231; Duffy’s Lane,
Taieri River, Maniototo, J. Barkla, 6 Nov 2000,
CHR 573248; Michael Peak Station, Manuherikia
River valley, B. P. J. Molloy, 15 Jan 2003, CHR
573584; Galloway, J. E. Holloway, OTA 1527, Gal-
loway, P. B. Heenan, M. Thorsen, T. Murdoch &
A. Temple, 11 Nov 2004, CHR 573561; Eden Creek,
Maniototo, J. Barkla, 6 Nov 2000, CHR 573233;
Eden Creek, Ranfurly, P. B. Heenan, M. Thorsen
& T. Murdoch, 10 Nov 2004, CHR 573566, Chatto
Creek, Manuherikia River valley, P. B. Heenan,
M. Thorsen, T. Murdoch & A. Temple, 11 Nov 2004,
CHR 573573, Patearoa, T. Partridge & J. Child, 19
Dec 1976, OTA 36566, Patearoa, B. P. J. Molloy, 15
Jan 2003, CHR 573582.
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DISTRIBUTION AND HABITATS: Lepidium solandri occurs
in dry and semi-arid inland parts of Canterbury and
Otago (Fig. 14). Its northern limit is the Waipara
Gorge (North Canterbury), scattered populations
occur in the Mackenzie Basin (particularly in the
vicinity of lakes Tekapo and Ohau), and in Central
Otago it is found in the catchments of the upper
Clutha, Manuherikia, and upper Taieri rivers.
Lepidium solandri occurs in a variety of mainly
dry and stony habitats. These include limestone
talus and debris (e.g., Castle Hill), greywacke (e.g.,
Mackenzie Basin) and schist (e.g., Pisa Flats) allu-
vial river terraces and floodplains, and schist ridges
and hill slopes (e.g., Patearoa). At one site near
Springvale (lower Manuherikia River valley), L.
solandri occurs on severely eroded silts and clays.
Allen (1998, 2000) provides further discussion of
the habitats of L. solandri (as L. sisymbrioides).

Invalid name

Lepidium sisymbrioides subsp. solandri var. typicum
Thell., Die Gatt. Lepidium, 312 (1906).

TYPE COLLECTION: ‘“Neuseeland: South Isl.: Canter-
bury, Limestone debris, Irelissick Basin, Southern
Alps, 2500’, 1893, L. Cockayne — Herb. Berlin,
Petersbg.; ibidem, Broken River, Jatle Land, 2400,
1893, Cockayne — Univ. Ziirich.”

~NoTES: Infraspecific names with final epithets such as
typicum purporting to indicate the taxon containing
the type of the name of the next higher taxon are
not validly published (Greuter et al. 2000; Article
24.3). Specimens have not been located in Ziirich
and Petersburg, and those at Berlin were probably
destroyed in the fire at the Botanical Museum in
1943 (R. Vogt pers. comm., 2006).

Lepidium sisymbrioides Hook f., Handb. N. Zeal.
., 14 (1864)

TYPE COLLECTION: “Middle Island: Dry Grass flats,
Lake Ohau, alt. 2000 ft., Haast; Otago, grassy plains,
Waitaki valley, Hector & Buchanan”.

LECTOTYPE (here designated; Fig. 16): on dry grassy
flats, 2000’, Alps, Lake Ohau, Haast, 1863, K.

= Nasturtium sisymbrioides (Hook.f.) Kuntze, Revi-
sio Generum Plantarum I, 937 (1891).

~NoTES: Both the Haast and Hector & Buchanan col-
lections have flowers with petals, which is in agree-
ment with Hooker’s (1864) description. The Haast
specimens are selected as lectotype since they are
consistent with the protologue, also include imma-
ture fruit, and are in good condition.
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= Lepidium kawarau Petrie, Trans. & Proc. New
Zealand Inst. 17,270 (1885).

TYPE COLLECTION: “Kawarau River, near Victoria
Bridge, Cromwell; “Earthquakes,” near Dun-
troon.”

LECTOTYPE: Victoria Bridge, Kawarau, Otago,
D. Petrie, WELT 28587.

= Lepidium sisymbrioides subsp. kawarau (Petrie)
Thell., Die Gatt. Lepidium, 314 (1906).

= Lepidium kawarau var. dubium Kirk, Stud. fl. New
Zealand, 36 (1899).

= Lepidium sisymbrioides subsp. kawarau var. dubi-
um (Kirk) Thell., Die Gatt. Lepidium, 314 (1906).
TYPE COLLECTION: “Otago: Earthquakes near Dun-
troon, Petrie!”

LecToTYPE: The Earthquakes, near Duntroon, Waitaki
R., D. Petrie, WELT 28589.

= Lepidium sisymbrioides subsp. solandri var. ova-
tum Thell., Die Gatt. Lepidium, 313 (1906).

TYPE COLLECTION: “Neuseeland: South Island: East
Coast of Otago & Kurm Otago, Petric — Univ.
Ziirich.”

LEcTOTYPE: East Coast of Otago, Herbarium D. Petrie,
Z.

DESCRIPTION (Fig. 15): Perennial dioecious herb, with
up to 15 compact, leafy rosettes. Rootstock deep
rooted, up to 20 mm diam. near crown, stems spread-
ing to erect, up to 25 mm long and 6.0 mm wide.
Basal and lower stem leaves persistent, pinnatifid,
pinnate, to bipinnatifid, narrow-oblong to oblong, up
to 120(-190) mm long, green or green-brown, cen-
tral part of lamina 1.0-3.4 mm wide; pinnae in 6-25
pairs, linear to lanceolate, usually recurved, with
1-6 secondary pinnae, terminal pinnae 7.8-30.0 x
0.9-2.9 mm, lateral pinnae 8.0-28.9 x 0.8-2.7 mm.
Middle stem leaves similar, often becoming shal-
lowly pinnatifid, serrate, or entire. Cauline leaves
8.3-25.6 X 1.6-6.2 mm, with up to 8 narrow or small
lobes, or entire. Inflorescences terminal, 2—40 cm
long, 1.0-5.6 mm diam. at base, usually ascending
or erect, sometimes spreading, with up to 12 lateral
branches, glabrous to sparsely hairy; pedicels 2.7—
6.4 mm long, 0.25-0.35 mm wide, slightly recurved,
adaxial surface glabrous to moderately hairy, abaxial
surface glabrous. Flowers up to 4 mm wide. Sepals
0.7-1.0 x 0.6—1.6 mm, green to maroon, glabrous to
sparsely hairy, sometimes moderately hairy, margins
scarious, apex obtuse. Petals present or absent, when
present spreading and clawed, white, limb obovate,
apex obtuse to emarginate; males: 1.5-2.2 mm long;



260

females 1.2—1.5 mm long. Female flowers: ovary
1.0-2.7 x 0.8-1.9 mm, ovate, orbicular, to rhomboid,
glabrous to sparsely hairy, sometimes moderately
hairy; style 0.1-1.1 mm long; stigma 0.2-0.4 mm
wide; 4-7 staminodes, 0.6—1.4 mm long. Male flow-
ers: 4-6 stamens, 1.6-3.0 mm long, white; anthers
0.3-0.4 mm long, white or maroon; ovary rudimen-
tary, 0.2-0.9 x 0.3-0.9 mm. Nectaries 0.2-0.6 mm
long, oblong, green to green-red. Siliques 3.5-5.0 x
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Fig. 16 Lepidium sisymbrioides
lectotype. The top two specimens
collected by Haast are designated
as the lectotype.

1.9-4.6 mm, usually ovate to rhomboid, sometimes
orbicular, suture usually maroon, apex emarginate
to retuse, style base often persistent. Seed usually
obovate, rarely obovate-oblong, straighter along
one margin, compressed but with broad rounded
margins, 1.5-2.5 mm long, not winged; both sur-
faces with a distinct groove from hilum at base
towards apex, and the seed folded around it; apex
broad and rounded; base cuneate or slightly rounded.
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Testa dull, orange or orange-brown to dark henna,
with a fine reticulum of very thick walled cells. FL
Nov—Jan; FR Dec—Jan.

REPRESENTATIVE SPECIMENS: OTAGO: Waitaki R.,
L. Cockayne, 25 Nov 1919, AK 100098; Kurow,
Waitaki River, 4. Wall, Jan 1931, CHR 329232;
Kurow village, Herb L. Cockayne, WELT 28570;
near Kurow, B. Patrick, 18 Nov 1988, CHR 461172;
Kurow, W. G. Rutherford, Mar 1897, WELT 28622;
Kurow, Herb. L. Cockayne, WELT 28570; Kurow,
J. E. Holloway, OTA 1529; Duntroon, Otago,
D. Petrie, AK 4487; Gards Road, Kurow, P. J. de
Lange, 10 Apr 1995, AK 222322; Gards Road,
Waitaki River valley, P. B. Heenan & M. Thorsen,
10 Nov 2004, CHR 573577, Otematata, P 4. Wil-
liams, Nov 1976, CHR 284621; Otematata, Waitaki
River valley, P. B. Heenan & M. Thorsen, 10 Nov
2004, CHR 573567; Hakataramea, Waitaki River
valley, P. B. Heenan & M. Thorsen, 10 Nov 2004,
CHR 573568; Earthquakes, Waitaki R., D. Petrie,
WELT 28590, Falls Dam, upper Manuherikia Riv-
er, G. Rogers, 18 Nov 2004, CHR 573580; Falls
Dam, J. Barkla, 7 Nov 2001, CHR 573270; Falls
Dam, upper Manuherikia River, P. B. Heenan,
M. Thorsen & T. Murdoch, 10 Nov 2004, CHR
573574, Kawarau River, D. Petrie, Nov 1890, AK
4486; Nevis Bluff, Petrie, 24 Nov, WELT 28596;
Nevis Bluff, Kawarau River valley, P. B. Heenan
& A. Temple, 11 Nov 2004, CHR 573571; Gibb-
ston, Kawarau R., D. Petrie, WELT 28591; near
Gibbston, Kawarau River, D. Petrie, WELT 28593;
near Gibbston, Kawarau River, D. Petrie, WELT
28592; Victoria Bridge, Kawarau River, D. Petrie,
WELT 28588; Chard Rd, Kawarau gorge,
P. N. Johnson, 6 Dec 1983, CHR 415715; Chard
Road, Kawarau River valley, P. B. Heenan &
A. Temple, 11 Nov 2004, CHR 573569, Slapjack
Creek, Kawarau valley, 4. Robertson, 1 Dec 1983,
CHR 415716.

DISTRIBUTION AND HABITATS: Lepidium sisymbrioides
occurs in three distinct geographic areas in semi-arid
or low rainfall parts of Central Otago, North Otago,
and South Canterbury (Fig. 14). These three arcas
are the Kawarau River, upper Manuherikia River,
and Waitaki River valley.

Lepidium sisymbrioides occurs in a range of
mainly dry and rock outcrop habitats. These in-
clude outcrops of limestone (e.g., Gards Road, Wai-
taki River valley), greywacke (Falls Dam, upper
Manubherikia River), and schist (Kawarau River).
In the Waitaki River valley L. sisymbrioides also
occurs on alluvial river terraces and floodplains.
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Allen (1998, 2000) provides further discussion of
the habitats of L. sisymbrioides.

CONSERVATION

With the recognition of L. sisymbrioides and L.
solandri at species rank, and their altered circum-
scriptions, their conservation status needs revision.
Although it is now difficult to be sure of the exact
distribution and abundance of L. sisymbrioides and
L. solandri prior to human-induced disturbance to
their habitat, it is likely that L. sisymbrioides and L.
solandri were once more common and widespread,
and the implication of this is that these two species
are now greatly reduced in distribution, number of
populations, and abundance of plants. Currently,
L. sisymbrioides and L. solandri are known from
sparse and fragmented populations, with L. solandri
occupying a wide geographic area and L. sisym-
brioides being more restricted (Fig. 14). In both
species, populations now normally comprise small
(< 30 individuals) to moderate (c. 100 individuals)
numbers of plants, and these usually occupy only
a few square metres of habitat. There are very few
large (> 100 individuals) populations known for ei-
ther species, and of these none is considered secure.
All the populations that we have seen are at serious
risk due to degradation of habitat from agricultural
practices, invasion by weeds (e.g., Echium vulgare,
Hieracium spp., and Thymus vulgaris), browsing
animals (especially rabbits, hares, and sheep), and
stochastic events.

L. sisymbrioides

Lepidium sisymbrioides occurs in three main ge-
ographic areas: the Kawarau River valley, upper
Manuherikia River valley, and Waitaki River val-
ley (Fig. 14). In the Kawarau, there are five known
populations. The first of these, Nevis Bluff, was
formerly the largest population known and was long
regarded as a “safe” stronghold for the species. It
now has five known plants, the rest having been
destroyed following a major collapse of the unstable
schist rock forming the bluff. At the other Kawarau
River sites there are 38 plants known from Chards
Road, 10 from Slapjack Creek, 4 from Mt Rosa,
and 1 from the Swift Burn. At Chards Road there is
some field evidence to suggest that plants are being
displaced by wild thyme (Thymus vulgaris). This
is an issue that urgently needs further research. In
the upper Manuherikia River, L. sisymbrioides is
known from only about 110 plants at 6 sites in the
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immediate vicinity of Falls Dam. L. sisymbrioides
is most common in the Waitaki River valley, and the
populations from there sampled in this study have
about 20 (Hakataramea), 200 (Gards Road), and
probably over 300 (Otematata) plants.

It is highly likely that L. sisymbrioides will be
found at other sites in the Kawarau, Waitaki, and
upper Manuherikia river valleys, and it is important
that further survey for the species is undertaken.
Herbarium specimens from the Waitaki River valley
indicate it was once more widespread and common
there, occurring on outwash gravels and alluvium.

Based on these data L. sisymbrioides qualifies
under the New Zealand Threat Classification System
(Molloy et al. 2002) as “Acutely Threatened/Nation-
ally Endangered” (Assessment Nationally Endan-
gered A) because there are ¢. 700 individuals known.
While these are scattered over several populations,
only one of these has c. 300 mature plants. Overall
the trend for this species has been toward extinction,
and we estimate that over 30% of the species’ popu-
lations have been lost over the last 100 years and that
the potential for loss exceeding 30% in the next 10
years is extremely high. None of the Waitaki Valley
populations occurs on protected land and they are
all vulnerable to changes in land-use management.
For example, the limestone bluff population at Gards
Road remains vulnerable to possible future mining
for limestone for agricultural purposes. We assign
L. sisymbrioides the qualifier “DP” (Data Poor) be-
cause field observations suggest recruitment failure
at most sites, but at this stage we have insufficient
data to confirm any particular trend.

Beyond the species’ threat assessment it is clear
that all three geographic areas (Kawarau, Waitaki,
and Manuherikia) in which L. sisymbrioides occurs
require urgent protection. This study has shown
that plants from the three areas have distinctive
molecular and morphological characters that need to
be preserved to maintain intact what remains of the
full diversity of this species. For example, the Ka-
warau River populations are characterised by green
leaves (brown or green-brown in other populations)
and their ITS, ETS, and trnL-trnF data show no
evidence of introgression or gene flow with L. kirkii,
L. naufragorum, or L. tenuicaule. The few plants
in the Kawarau River populations are, therefore,
morphologically distinct and genetically important
for conservation. The Falls Dam populations com-
prise few plants and although their DNA sequences
indicate introgression from L. tenuicaule they are
geographically distinct and, therefore, important
populations. The Waitaki River valley populations
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are the largest known and are morphologically dis-
tinct in the flowers consistently having petals. Thus,
they too are very significant for conservation.

Although the conservation assessment criteria can
be applied only to plants that have a formal taxo-
nomic rank (see Molloy et al. 2002), it is clear that
the Kawarau River populations with only 58 plants
qualify as “Acutely Threatened/National Critical”;
the same conservation assessment applies to the
Falls Dam populations. Therefore, it is imperative
that urgent steps are taken to prevent the further loss
of these populations.

L. solandri

Lepidium solandri, although more widespread
than L. sisymbrioides, is also under severe threat.
As circumscribed here this species occurs in three
main geographic areas: the Manuherikia River/upper
Taieri River, Clutha River (Pisa Flat), and Macken-
zie Basin/central Canterbury. Seven populations
from the Manuherikia River valley and upper Taieri
River show DNA evidence of extensive introgres-
sion with L. kirkii and L. tenuicaule/L. naufrago-
rum. Morphological variation in the Manuherikia
and upper Taieri river valleys is considerable and
some of these populations comprise the most robust
plants of L. solandri; the cauline and rosette leaves
are particularly broad and stout. Populations sizes
range from as few as 3—4 plants (e.g., Chatto Creek)
to about 100 plants (e.g., Springvale).

Only one population of about 200 plants is known
from the upper Clutha River (Pisa Flat); this is a
geographically isolated population of L. solandri
and also shows no evidence of introgression with L.
kirkii or L. tenuicaule. Part of the Pisa Flat popula-
tion occurs in the Mahaka Katia Scientific Reserve.
The populations of L. solandri from the Mackenzie
Basin and Castle Hill have unique ETS and #rnL-
trnF sequences, and they also represent the central
and northern geographic range of L. solandri.

Threats to L. solandri are myriad. As a species
of lowland to montane distribution, predominantly
occurring in short-tussock grassland communities,
generally overlying fertile substrates, populations
have been lost to conversion of these habitats for
agricultural purposes (e.g., sheep and mixed animal
grazing). Where this has not happened, the species
remains at risk through the spread of weeds, par-
ticularly the hawkweeds (Hieracium spp.), which
can smother and kill plants and prevent recruitment.
Many of the Otago populations are uniquely at risk
from the conversion of land from sheep farming to
viticulture, as further land is found suitable for the
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production of high-yielding grapes. L. solandri is
also extremely vulnerable to browsing from rab-
bits, which not only browse the foliage but will on
occasion dig out entire plants. In many sites only
scattered individuals are known, and in a dioecious
species this presents unique reproductive prob-
lems. At some sites only single plants have been
recorded, while at others we suspect that all of the
plants present may have originated from a single
past seeding event. The largest population known
at Castle Hill is also probably the most secure be-
cause it is partially within a Nature Reserve, and
the portion of the population outside of the reserve
is likely to remain intact because of local land-use
practices. However, here the spread of Hieracium
pilosella and H. lepidulum is of major concern and
anecdotal reports suggest that L. solandri has been
declining from key areas over the last 15-20 years
(D. A. Norton pers. comm.).

We have no exact figures on the number of ma-
ture plants left in the wild, but observations made
for this study in Otago and Canterbury suggest it
is likely to be less than 1000 individuals scattered
over about 12—15 populations from Castle Hill in
the north to the Manuherikia River Valley and Pisa
Flats in the south. Herbarium specimens indicate a
considerable range contraction that equates to an
effective loss of this species from over 60% of its
former range in the last 100 years. As noted, threats
are myriad and continue at most sites unabated. We
suggest that L. solandri might be better assessed as
“Acutely Threatened/Nationally Endangered” (Mol-
loy et al. 2002). This assessment needs qualification
with the qualifier “DP” (Data Poor) because an exact
assessment of the numbers of mature wild plants is
unknown.

Conclusions

The molecular, morphological, and distributional
information presented here highlights the urgent
need for conservation management of L. sisym-
brioides and L. solandri. All of the populations
sampled for this study have a unique combina-
tion of attributes, including their geographic loca-
tion, number of plants, habitat disturbance, DNA
sequence variation, and morphological variation.
Therefore, as noted by Allen (2000), all popula-
tions of L. sisymbrioides and L. solandri are highly
significant for conservation purposes.

Allen (2000) provided a recovery plan for the
conservation management of the three L. sisym-
brioides subspecies, treated here as L. sisymbrioides
and L. solandri. He concluded that management in
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the wild is the only feasible option for their long-
term survival, and that this should be supplemented
with some management in cultivation. The recov-
ery plan proposed by Allen (2000) is detailed and
should be consulted for further information, but
he emphasised four recovery strategy objectives.
These are increased public awareness; precise in-
formation on distribution, abundance, and threats;
research; and in situ conservation management. To
ensure the long-term survival of L. sisymbrioides
and L. solandri it is essential that the recovery plan
proposed by Allen (2000) continues to be actively
implemented.

A successful translocation of L. solandri has been
undertaken by the Department of Conservation in
Central Otago (J. Barkla pers. comm.). Plants grown
from seed sourced from Patearoa, upper Taieri Riv-
er, were planted at Aldinga Creek, Alexandra, on 12
Nov 2003. In Jan 2006, at least 66 plants were still
alive. Other translocations of L. sisymbrioides and
L. solandri should be undertaken to establish new
populations in secure and unmodified habitats.
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