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ABSTRACT

The taxonomy of the Leptosiphon androsaceus Benth. complex has been troublesome because of re-
markable morphological similarity among species. During the past 160 years, members of this complex
have been classified in 4 different genera, and numerous specific and infraspecific names have been
applied. Despite numerous treatments written by early taxonomists, analytical studies were not performed
on these species until recently. We examined morphometric relationships among 1264 individuals from
51 populations, from the Central and South Coast Ranges. We focused on populations from San Francisco
to Santa Barbara County because much of the variability in flower color occurs in this region, and color
has been used by previous authors to distinguish species and subspecies. We investigated morphological
variation using an array of multivariate analyses, including cluster analysis, principal components analysis,
and discriminant analysis. Our analyses show six species of the L. androsaceuns complex occur in this
region of California: L. acicularis (Greene) Jeps., L. androsaceus, L. bicolor Nutt., L. croceus (Eastw.)
J. M. Porter & L. A. Johnson, L. parviflorus Benth., and L. rosaceus. Leptosiphon croceus and L. rosaceus
were described nearly 100 years ago, but have not been included in recent treatments. Our results offer

strong support for recognition of L. croceus and L. rosaceus at the species level.

The Leptosiphon (=Linanthus; see below) an-
drosaceus group is a monophyletic lineage of Po-
lemoniaceae (Bell and Patterson 2000) character-
ized morphologically within the genus by sessile
flowers borne in terminal, bracteate heads, salver-
form corollas with long filiform tubes, and calyces
with narrow intercostal hyaline membranes con-
necting the lobes. Although visited and presumably
pollinated primarily by long-tongued flies, the spe-
cies within the L. androsaceus complex exhibit a
variety of breeding systems (Goodwillie 1997,
1999a, b).

Within the salverform-tubed leptosiphons, rela-
tive breadth of calyx membranes and lobes distin-
guishes two well marked groups (Table 1): the L.
androsaceus group, characterized by membranes
clearly narrower than the lobes, and the L. ciliatus
group with membranes broader than the lobes. This
distinction is also supported by molecular data (Bell
and Patterson 2000). All are small, spring-blooming
annuals occurring in grassland and woodland areas
from the Sierra Nevada foothills to the Pacific
Coast in western North America.

The remarkable morphological similarity among
these species has hampered resolution of species
limits and relationships. Furthermore, the nomen-
clature is extensive (Jepson 1943; Mason 1951;
Munz 1959) and the task of sorting and assigning
names is challenging. Hooker (1870) referred to
Linanthus as “‘one of the most variable genera of
hardy annuals, the limits between the species of
which are as difficult to draw from living speci-
mens as from herbarium ones.”” There are few mor-
phological characters available to distinguish these
similar species, and compounding the taxonomic

confusion is the fact that these characters often ex-
hibit a high degree of variability within a species.
Leptosiphon parviflorus, for example, is an es-!
pecially variable species with regard to corolla tube
length and corolla color, two characteristics tradi- |
tionally used to identify species. :

Taxonomic background. In his monograph of Po- |
lemoniaceae, Grant (1959) recognized 6 sections of
Linanthus based on several morphological features. |
Among these was his sect. Leptosiphon. The ear- |
liest recognized species in this section were de-
scribed originally by Bentham (1833) as members
of the genus Leptosiphon. Greene (1889-1892).
combined several genera into a single genus, Lin-
anthus, based largely on the presence of opposite, .
palmately lobed leaves. Grant’s (1959) sections
largely represent the genera that were combined
into Linanthus by Greene. Porter and Johnson
(2000) presented a revision of the entire family
with the goal of recognizing only monophyletic
groups. Their revision, supported by morphological
and molecular data (Johnson et al. 1996; Porter
1996; Bell et al. 1999; Bell and Patterson 2000)
divides Linanthus sensu Greene into two distinct,
non-sister genera, Linanthus and Leptosiphon; the
latter genus includes, but is not limited to, all of
the L. androsaceus group. We follow Porter and
Johnson’s taxonomy in this paper (Table 1).

Although many treatments involving the L. an-
drosaceus group have been provided by earlier tax-
onomists (Bentham 1833, 1845, 1849; Endlicher
1836-1840; Nuttall 1848; Bentham and Hooker
1876; Gray 1870, 1886; Greene 1889-1892; Jepson
1901, 1925, 1943; Danforth 1945; Mason 1951), no



[TABLE 1. TaxoNoMY OF LONG-TUBED LEPTOSIPHON.
i

IL. ciliatus group—calyx membranes wider than calyx
lobes

L. breviculus (A. Gray) J. M. Porter & L. A. Johnson
L. ciliatus (Benth.) Jeps.
L. montanus (Greene) J. M. Porter & L. A. Johnson
L. nudatus (Greene) J. M. Porter & L. A. Johnson
L. oblanceolatus (Brand) J. M. Porter & L. A. Johnson

L. androsaceus group—calyx membranes narrower than
calyx lobes

acicularis (Greene) Jeps.

androsaceus Benth.

. bicolor Nutt.

croceus (Eastw.) J. M. Porter & L. A. Johnson

. jepsonii (Schemske and Goodwillie) J. M. Porter &
L. A. Johnson

. latisectus (E. G. Buxton) J. M. Porter & L. A. John-
son

L. minimus (H. Mason) R. Battaglia

L. parviflorus Benth.

L. rosaceus (Greene) R. Battaglia

L. serrulatus (Greene) J. M. Porter & L. A. Johnson

unidentified populations

MRM  Morgan Meadow, Santa Cruz Co.

PIN  Pinnacles National Monument, San Benito Co.

B
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analytical studies have been performed. The first
explicit analyses include two recent morphometric
studies that sampled populations in northern Cali-
fornia where the distribution ranges of these taxa
overlap (Buxton 1993; Schemske and Goodwille
1996). Each of these studies revealed the presence
of previously unrecognized taxa and provided sta-
tistical support for the recognition of the other
members of this complex. Nevertheless, these stud-
ies sampled only a fragment of the variation present
in the entire complex.

Only through quantitative data analyses can spe-
cies limits within the complex be resolved. Deter-
mination of species limits is a prerequisite for un-
derstanding phylogenetic relationships among
members of this group. Our study continues to clar-
ify taxonomic relationships in the L. androsaceus
complex by sampling from populations in the
southern portions of its range. In order to determine
which taxa occur in this geographic area, we used
a number of multivariate analyses (PCA, Cluster,
DA) to group specimens based on morphological
similarities. We were specifically interested in de-
termining whether any of the various L. parviflorus
color morphs merited taxonomic recognition. Once
the taxonomic groups were identified, we used PCA
and DA analyses to identify the morphological
characteristics most responsible for distinguishing
the taxa.

METHODS

Sampling. Quantitative morphological data for
this study were gathered from fresh specimens col-
lected during spring of 1997 and 1998. We collect-
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ed 1264 samples (individual plants) from 51 pop-
ulations from San Francisco to Santa Barbara
County (Table 2; Fig. 1). This is the region in which
L. parviflorus, a particularly troublesome taxon, ex-
hibits the greatest variation in color and color pat-
tern.

In addition, plants were grown in the greenhouse
from field-collected seed to estimate whether ob-
served character differences were influenced by en-
vironmental conditions. Cotyledon measurements
were also made on these plants.

Characters. We obtained a range of leaf and flo-
ral measurements and observations to represent the
overall form of the plant (Table 3). A total of 44
measurements was taken on each specimen. Many
of these characters have been used to distinguish
among species in this complex. To ensure that mea-
surements were comparable, specimens for mea-
surements were prepared as follows: From each
plant, one leaf and one flower were mounted on an
overhead transparency using clear packing tape.
The first leaf below the inflorescence was chosen
to represent the leaves of the plant. The calyx and
corolla were dissected prior to being examined. The
calyx was cut between the lobes to flatten it and
obtain a clear image. The corolla was dissected by
peeling three or four of the limb lobes, including
the throat, from the tube and mounting them inde-
pendently. The stigmas and style were removed and
mounted.

Measurement. Qualitative characters, counts, and
two length measurements were scored by hand pri-
or to mounting specimens. Schemske and Good-
willie (1996) showed patterns of calyx pubescence
in this group fall into two categories; fewer than
100 or greater than 100 trichomes per lobe. We
counted the number of trichomes per calyx lobe if
they numbered fewer than 100.

The remaining continuous characters were mea-
sured by digitizing the contours of the mounted
specimens using a computerized image capturing
system. We used the software program MorphoSys
ver. 1.26 (Meacham and Duncan 1989), which al-
lows the contour of a specimen to be drawn, land-
marks selected, and data saved. This allowed for a
relatively rapid and accurate means of collecting
the large amount of data necessary for a morpho-
metric analysis. Width measurements for the corol-
la and leaf lobes were spaced proportionally
throughout the proximal region of the lobe, at 0.5,
0.7, 0.8, and 0.9 of the total length of the lobe,
because this region appeared to be the most vari-
able.

Analytical techniques. We used several multivar-
iate methods per Pimentel’s (1993) recommenda-
tion. If the results of several different analyses
agree, then violations of assumptions such as non-
linearity and heteroscedacity are minimized and the
results of the analyses are robust. The multivariate
statistical methods we used included: Cluster Anal-
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TaABLE 2. COLLECTION LOCALITIES OF LEPTOSIPHON SAMPLES. All collections were made in 1998 except EDG, MPT,
MTH, PIN, RSA, and WSK, which were made in 1997. See Table 4 for color code translation.

Number
sampled Color
Acronym Location N) code
L. acicularis
BFX Bolinas Fairfax Rd., Marin Co. 14 9
PLR Pleasanton Ridge Regional Park, Alameda Co. 25 9
SNB Sinbad Canyon, Pleasanton Ridge Regional Park, Alameda Co. 25 9
L. androsaceus
AQS Almaden Quicksilver County Park, Santa Clara Co. 25 10
BFR Bolinas Fairfax Rd., Marin Co. 25 10
BNK Bunker Hill, Highway 280, San Mateo Co. 25 10
DUN East Dunne Rd., Santa Clara Co. 25 10
JPR Jasper Ridge Biological Preserve, San Mateo Co. 25 10
LMP Reynolds Rd., Stanton Ranch, Santa Clara Co. 25 10
MHM Eastern side of Mount Hamilton, Santa Clara Co. 25 10
MIN Mines Rd., Alameda Co. 25 10
MTD Mount Diablo State Park, Contra Costa Co. 25 10
MTH Mt. Hamilton, Santa Clara Co. 24 10
RSA Rancho San Antonio County Park, Santa Clara Co. 15 10
RSN Rancho San Antonio County Park, Santa Clara Co. 25 10
UVA Uvas Rd., Santa Clara Co. 25 10
L. bicolor
ADL Paso Robles, San Luis Obispo Co. 25 11
CHI Red Hill Rd., Chinese Camp, Tuolumne Co. 25 3
COL Coalinga Road, Monterey Co. 25 11
DPC Del Puerto Canyon Rd., Santa Clara Co. 25 3
PRB Parkfield, Monterey Co. 25 11
RDH Red Hill Rd., Chinese Camp, Tuolumne Co. 25 11
STR Reynolds Rd., Stanton Ranch, Santa Clara Co. 25 11
VNY Vineyard Canyon Rd., Monterey Co. 25 3
WSK Whiskey Falls, Madera Co. 22 11
L. croceus
MSB Moss Beach, San Mateo Co. 25 8
L. latisectus
CuUT Potter Valley, Mendocino Co. 25 11
EEL Potter Valley, Mendocino Co. 25 11
P. parviflorus
ALQ Almaden Quicksilver County Park, Santa Clara Co. 25 1
CAC Cachagua Rd., Monterey Co. 25 1
CLG Coalinga Rd., Monterey Co. 25 3
CRZ Highway 58, San Luis Obispo Co. 25 2
CVR Carmel Valley Road, Monterey Co. 25 2
DLP Del Puerto Canyon Rd., Santa Clara Co. 25 3
DNN East Dunne Rd., Santa Clara Co. 25 1
EDG Edgewood County Park, San Mateo Co. 24 1
EGW Edgewood County Park, San Mateo Co. 25 1
EHT Carmel Valley Road, Monterey Co. 25 2
FGM Figueroa Mountain Rd., Santa Barbara Co. 25 2
FGS Happy Canyon Rd., Santa Barbara Co. 25 2
FIG Figueroa Mountain Rd., Santa Barbara Co. 25 2
FTO Impossible Canyon, Fort Ord, Monterey Co. 25 6
HST Hastings Natural History Reservation, Monterey Co. 25 4
JSP Jasper Ridge Biological Preserve, San Mateo Co. 25 1
JSR Jasper Ridge Biological Preserve, San Mateo Co. 25 5
LPD Los Padres National Forest, San Luis Obispo Co. 25 6
LCU Lucile’s Court, Boulder Creek, Santa Cruz Co. 25 8
PKS Parkfield, Monterey Co. 25 2
PNC Pinnacles National Monument, San Benito Co. 25 3
PRK Parkfield, Monterey Co. 25 6
QHL Quail Hollow Ranch County Park, Santa Cruz Co. 25 7
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TABLE 2. CONTINUED

Number
sampled Color
Acronym Location (N) code
SAZ Near Sierra Azul County Park, Santa Clara Co. 25 1
SND Sandhill Rd., Santa Cruz Co. 25 2
TRK Turkey Flat Campground, San Luis Obispo Co. 25 6
L. rosaceus
MPT Mori Point, San Mateo Co. 24 3
MRI Mori Point, San Mateo Co. 25 3
unidentified
MRM Morgan Meadow, Santa Cruz Co. 25 10
PIN Pinnacles National Monument, San Benito Co. 9 2
PNN Pinnacles National Monument, San Benito Co. 25 2

ysis of a dissimilarity matrix (UPGMA), Principal
Components Analysis (PCA) using a correlation
matrix of the standardized data sets, and Discrimi-
nant Analysis (DA) on a variance-covariance ma-
trix.

Several data matrices were used in our analyses.
A summary of each data matrix with regard to iden-
tity, number of groups, number of specimens, and
number of variables is shown in Table 4. Matrices
1, 2, and 2a were used to determine how many taxa
(species) occured in the study region. Matrix 1 con-
tains all data collected from field specimens during
spring and summer 1998, and was used for screen-

AQS, ALQ
SAZ,STR, LMP /[

FiG. 1.
study.

Location of Leptosiphon samples included in this

ing variables to be included in the final analyses.
Matrix 2 is a subset of Matrix 1 resulting from data
evaluation, and containing representative samples
from all species in the L. androsaceus complex ex-
cept for L. jepsonii, L. minimus and L. serrulatus
(Greene) J. M. Porter & L. A. Johnson comb. nov.
These species do not occur in the geographical
range covered by this study.

Matrices 3 and 4 were used to evaluate whether
L. parviflorus color morphs merited infraspecific
recognition. Matrix 3 is a subset of Matrix 1, con-
taining representative samples from only popula-
tions identified as L. parviflorus and the L. croceus
population from Moss Beach (MSB). Leptosiphon
croceus was included in this data set to assess its
relationship to L. parviflorus. It is the final data set
for L. parviflorus resulting from data evaluation.
Matrix 4 contains only populations identified as L.
parviflorus, and was used to determine whether any
of the various color morphs deserved taxonomic
recognition.

Data evaluation. Multivariate techniques require
a rigorous examination of data, because the effects
of an ill-conditioned data set can be compounded
across several variables and have quite substantial
effects (Tabachnick and Fidell 1996). To minimize
these risks, data from Matrix 1 were screened for
accuracy, precision, missing data, and co-linearity.
Several qualitative variables were excluded due to
either difficulty in consistent interpretation of char-
acter ranks or a high degree of variability observed
within a single population. These include calyx tri-
chome length, corolla tube pubescence and glan-
dularity, corolla throat pubescence, leaf pubescence
and glandularity, degree of branching, conivent ver-
sus spreading stamens, number of bracts, number
of internodes, and number of open flowers.

Because corolla color and color pattern were
consistent within populations, the variables for
tube, abaxial lobe, adaxial lobe, and throat ring col-
or were summarized into one variable describing
the 11 different color morphs (Table 5) observed in
this study. These data were used only in the anal-
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TABLE 3. MORPHOLOGICAL CHARACTERS ANALYZED. All distance measurements are in mm.
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Qualita-
tive

MorphoSys

Hand-
scored

Us

ed in

multivariate
analysis

Calyx:

Length of lobes

Total length of calyx

Width of calyx lobe:
at 0.5 length of lobe
at base of lobe

Location of calyx pubescence
(absent/ciliate/throughout)

Degree of calyx pubescence
(# trichomes/lobe)

Length of calyx trichomes
(short/medium/long)

Glandular/not glandular

Corolla:

Length of corolla lobe
Width of corolla lobe:
at base
at 1/10 from lobe base
at 5/10 from lobe base
at 7/10 from lobe base
at 8/10 from lobe base
at 9/10 from lobe base
Length of throat
Length of tube
Width of tube
Tube color
Tube pubescence
(absent/sparse/dense)
Tube trichomes glandular/not glandular
Throat trichomes present/absent
Lobe color:
Abaxial surface
Adaxial surface
Throat ring color

Androecium and gynoecium:
Length of filament
Length of stigma
Length of style
Leaf:
Length of palm
Width of palm
Length of middle lobe
Width of middle lobe:
at base of lobe
at %2 from lobe base
at % from lobe base
at ¥ from lobe base
Number of lobes per leaf
Pubescence (absent/ciliate/throughout)
Glandularity (present/absent)

General:

Number of internodes on longest stem
Number of open flowers per inflorescence
Number of bracts subtending inflorescence
Branching (none/above/below/throughout)
Stamens connivent/spreading

Total height of plant

XXX XXX X

bl

XX

XXX

KRR A XXX X X

XX XM XXX

XXX X

KX XXX X

XXX

XXX

XX XX XX

XK XX

Matrix 2

e

Ela g

Matrix 2

Matri

3&4

DU XX

I~
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| TABLE 4. DATA MATRICES USED IN ANALYSES. The number of groups refers to the number of groups used for multi-
| variate analyses. Matrices 5-8 were not used in the multivariate analyses.

Popula-
tions Number Number
Data Groups in repre-  of speci- of vari-
matrix Description analysis sented mens ables
Matrix 1 All 1998 field data 53 53 1314 44
Matrix 2 Results of data analysis, all species included 51 (DA2-1) 51 1264 21
9(DA2-2)
Matrix 2a Variable means for each population in Matrix 2 1 51 51 21
Matrix 3 Results of data analysis, only L. croceus and L. par- 26 26 650 20
viflorus populations included
Matrix 3a Variable means for each population in Matrix 3 1 26 26 20
Matrix 4 Results of data analysis, only L. parviflorus popula- 25 (DA4-1) 25 625 20
tions included 7 (DA4-2)
Matrix 5 All field data from 1997 N/A 6 118 29
Matrix 6 1997 Greenhouse data N/A 3 72 26
Matrix 7 1998 Greenhouse data N/A 19 276 26
Matrix 8 Cotyledon data from 1998 greenhouse plants N/A 19 447 2

ysis involving populations of L. parviflorus. Most
species in the L. androsaceus complex have two
color morphs: white, and either pink, lavender, or
yellow. Leptosiphon parviflorus is unique in that all
the above color morphs occur. In addition, throat
color varies, and markings on the limb lobes may
be present (Fig. 2). Eight different color morphs of
L. parviflorus were observed in this study.

Measurements taken using MorphoSys were first
checked for precision (repeatability) by randomly
choosing one population and remeasuring for each
variable. Measurements that showed significant dif-
ferences (P > 0.05) between measurement sessions
were eliminated from our analysis.

The remaining 27 variables (23 metric continu-
ous, two metric counts, one multistate, and one bi-
nary) were then checked for near-perfect correla-
tion to reduce the risk of co-linearity. Multi-co-lin-
earity problems occur when r > 0.9 (Tabachnick
and Fidell 1996); therefore we eliminated selected
variables from pairs with Pearson’s correlation
scores of r > 0.9.

Calyx pubescence and glandularity posed prob-
lems with data scoring. Degree of calyx pubescence
could be measured as number of trichomes per
lobe, but the trichome location and glandularity had
to be coded (multistate and binary respectively).
However, all three characters were highly correlat-
ed (all r values > 0.92), thus the two coded vari-
ables were omitted.

Style exsertion has been used in the past (Ben-
tham 1833; Greene 1889-1892; Mason 1951; Munz
1959; Buxton 1993) to aid in characterizing mem-
bers of this complex. We observed that style length,
and therefore style exsertion, increased with age of
the flower in L. parviflorus. In addition, tube length
and style length were highly correlated, r = 0.944.
Despite its previous taxonomic use, we excluded
style length from our analysis.

Statistics. Cluster analysis was used to suggest
similarity among populations. Results from the
cluster analyses allowed us to define groups in later
analyses that require group identity. Population

TABLE 5. COROLLA COLOR PATTERNS RECORDED IN THE LEPTOSIPHON ANDROSACEUS COMPLEX.

Color

code Lobe color Throat color Additional markings
1 white yellow 2 red spots at base of lobes (“‘two-spot’)
2 white and/or lavender-pink  violet or yellow striations on lobes (“‘candystripe’)
3 white yellow
4 white violet
5 pink yellow 2 red spots at base of lobes (““two-spot™)
6 white orange 1 red bar at base of lobes (“*bullseye™)
7 deep yellow-orange orange
8 deep yellow-orange orange 2 red spots at base of lobes (*“two-spot™)
9 light buttery yellow light yellow

10 white or lavender-blue violet at base, yellow

distally
11 pink

ring distally

yellow with white





































