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ABSTRACT . Spiders of the genus Lutica from 19 populations in southern California and Baja California,
including all the California Channel Islands except Anacapa, were compared electrophoretically on the basis o f
variability at 15 gene loci . Fixed allelic differences clearly define two species : new species A [Santa Barbara an d
Ventura Counties, northern Channel Islands (San Miguel, Santa Rosa, Santa Cruz), southern Channel Island s
(San Nicolas, Santa Barbara, Santa Catalina)] and new species C [Guerrero Negro, central Baja California], whil e
morphological features define two others: new species B [Los Angeles, Orange and San Diego Counties, northern
Baja California] and clementea [San Clemente Island] . Phylogenetic analysis of the electrophoretic data using a
variety of methods revealed that evolutionary rates among the populations sampled have been very unequal .
The phylogenetic relationships among populations consistently supported by the electrophoretic cladogram s
generally correspond with the geological history of the Channel Islands and adjacent mainland and suggest certain
likely colonization events involving some of the islands .

Genetic similarities and differences among
populations can be used to assess specific hy-
potheses about biogeography and evolution .
Populations on islands are especially useful be-
cause they frequently are discrete entities with
little gene flow among islands ; for some island s
the geologic history also is known . This type of
analysis is especially powerful for sedentary spe-
cies in which chances for dispersal among pop-
ulations are minimal (Carlquist 1981) .

The California Channel Islands are an excel -
lent system for addressing questions of evolu-
tionary and biogeographic history . These eigh t
islands vary in size, topography and physical iso-
lation (Fig. 1) . While the geologic history of th e
islands and their surroundings is complex, it ha s
clearly involved the northward transport of thes e
island landmasses on crustal blocks (terranes)
caught in the tectonics of the Pacific/Nort h
American plate margin (Hornafius et al . 1986) .
It has also involved extensive changes in sea leve l
which have repeatedly submerged some islands
while possibly leaving the highest areas of others
continuously above water since the Oligocen e
(Vedder & Howell 1980 ; Haq et al . 1987) . Bio-
geographic studies of biologically old taxa on th e
Channel Islands need to consider both vicariance

and dispersal as factors in producing contem-
porary distributional patterns.

The spider family Zodariidae and many of it s
genera have existed since at least the Oligocene
(Petrunkevitch 1942, 1952) and they have been
exposed to the geological and climatic changes
of the last 30 million years . Worldwide, 47 gen-
era have been described, mainly from the trop-
ical and temperate regions of the Old World (Joc-
que 1991) . Spiders of the genus Lutica are the
only native representatives of the Zodariidae i n
the continental United States and they live i n
restricted insular and coastal dune communitie s
in southern California and Baja California, in-
cluding all the California Channel Islands excep t
Anacapa (Ramirez 1995) . Their preferred habi-
tat is a sand dune covered by native beach veg-
etation located well behind the high tide line an d
the influence of sea water (Gertsch 1961 ; Ra-
mirez 1995) . On Santa Barbara Island, typical
coastal dunes do not exist and these spiders liv e
in the sandy soil and debris below vegetatio n
growing on a sea cliff (Ramirez 1995) . They live
in silk-lined burrows they construct in the sand ,
emerging only at night to feed and, during Au-
gust-October, to mate (Gertsch 1961 ; Ramire z
1995) . When dislodged from their burrows, thes e
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Figure 1 .-Map of southern California and Baja Cal -
ifornia, including Channel Islands, showing Lutica
sample sites . Population abbreviations follow Table 1 .

spiders actively burrow into the loose sand an d
are quickly lost from sight . Lutica does not use
ballooning (aerial transport on wind blown sil k
threads) as a means of dispersal at any point i n
its life cycle ; ballooning is rare in other fossoria l
spiders (Decae 1987) and has never been re-
corded in the family Zodariidae (Jocque 1993) .
Non-reproductive terrestrial dispersal may be
minimal (Ramirez 1995) . Males wandering i n
search of females can be found in great number s
in September; how far they actually range is not
known . Lutica is thought to have a lifespan of
two to three years (Gertsch 1961 ; W. Icenogle
pers . comm.) .

In this study, we present the results of a survey
of allozyme variation among Lutica population s
from the Channel Islands and mainland of south-
ern California and Baja California . The primary
objective was to use allozyme variation to iden-
tify valid species ofLutica and to determine their
phylogenetic relationships . A second objectiv e
was to use the phylogenetic relationships indi-
cated by the electrophoretic data to discuss the
historical biogeography of this genus, with par-
ticular attention to estimating probable patterns

of colonization among island and mainland pop -
ulations .

METHODS
Systematic background .—George Marx first

described the genus Lutica from Klamath Lake ,
Oregon (Marx 1891) . Gertsch (1961) corrected
the type locality ofLutica maculata to Santa Rosa
Island, California, and also described three ne w
species : nicolasia (San Nicolas Island), clementea
(San Clemente Island) and abalonea (Oxnard ,
Ventura County) . Additional species have been
described from India (Tikader 1981), but thes e
taxa are clearly misplaced (Jocque 1991) .

Collections .—During 1985 and 1987, we col-
lected Lutica from 19 sites in southern Californi a
and Baja California, covering a range of 865 km
(Fig . 1) . Sample sizes ranged from 20—50 spiders
per population for a total of 812 spiders (Table
1) . In the laboratory, they were starved for a t
least a week and then frozen at -70 °C until they
were prepared for electrophoresis .

Electrophoresis . —A survey of 60 enzymes on
2—7 buffer systems revealed consistently scorable
activity for 15 loci on three buffer systems ; elec-
trophoretic techniques and staining protocols ar e
described in Ramirez (1990) . No significant dif-
ferences in the banding patterns of spiders o f
different ages or sex were ever detected, making
it possible to examine spiders of all instars. Al l
genotypes were inferred from the appearance o f
the staining patterns and the known subuni t
structure of the enzymes (Harris & Hopkinso n
1976; Richardson et al . 1986) .

Species identification .—In this study, the de -
tection of fixed allelic differences was the crite-
rion for species identification, in accord with th e
biological species concept [i .e ., a fixed differenc e
reflects the separate gene pools of two non-in-
terbreeding taxa (Mayr 1970)] and following the
recommendations of Farris (1981) and Richard-
son et al . (1986) . Since it has been shown that a
sample of three individuals each from two dif-
ferent populations is sufficient to reveal a fixed
allelic difference between the populations (Rich-
ardson et al . 1986), the mean sample sizes pe r
locus in this study, which ranged from 33—46 fo r
16 populations and 19—22 for three populations ,
were certainly adequate for the detection of fixed
differences and the identification of species . In
cases where diagnostic loci could not be foun d
for a group of populations, reference was mad e
to the morphological taxonomy of Gertsch (1961 ,
pers . comm.) for evidence that might suggest val-
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Table 1 .—Summary of collections of Lutica. Samples include spiders of all instars.
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Locality (abbreviation)

Coal Oil Point Reserve (COP) (Santa Barbara County)
McGrath State Beach (MG) (Ventura County)
Oxnard Beach (OX) (Ventura County)
La Jolla Beach (LJB) (Ventura County )
San Miguel Island (SMI) Cuyler Harbor
Santa Rosa Island (SRI) Southeast Anchorag e
Santa Cruz Island (SCI) Johnstons Lee
Santa Barbara Island (SBI) Cliffs south of Signal Peak
San Nicolas Island

Army Camp Beach (SNA)
Dutch Harbor (SND)
Red Eye Beach (SNE)

Santa Catalina Island (CAT) Little Harbor
San Clemente Island (SCL) Flasher Road Dune s
Ballona Wetlands (BA) (Los Angeles County )
El Segundo Dunes, LAX (ESG) (Los Angeles County )
Balboa Beach (NB) (Orange County)
Silverstrand State Beach (SVS) (San Diego County)
Punta Estero (PE) (Baja California Norte, Mexico)
Guerrero Negro (GN) (Baja California Sur, Mexico)

id groupings . Gertsch has recently reviewed mor-
phological variation in this genus and all refer-
ences to morphological differences are based o n
personal communication with him .

Phylogenetic analysis .—The problem of esti-
mating phylogenetic trees from electrophoreti c
data has generated a wealth of divergent opinion ,
some of it couched in very strong language (re -
viewed by Felsenstein 1982 ; Buth 1984) . While
many methods for phylogenetic tree constructio n
from electrophoretic data have been proposed
(Felsenstein 1982 ; Swofford & Olsen 1990), none
has been universally accepted (Quicke 1993 ; Av-
ise 1994) . Because of this lack of agreement, w e
used a variety of methods to analyze the elec-
trophoretic data set for Lutica, using allele fre-
quencies, alleles as discrete characters and ge-
netic distances . These methods are based on th e
two main approaches that do not assume a con-
stant rate of molecular evolution across all taxa
being compared, maximum parsimony (Edwards
& Cavalli-Sforza 1963) and maximum likeli-
hood (Edwards & Cavalli-Sforza 1964; Felsen-
stein 1981) . Comparison of the trees generated
by the various methods indicates those portion s
of the phylogeny that are unaffected by the dif-
ferent assumptions of each method (i .e ., different
methods may yield similar branching pattern s
for some or all taxa) and which therefore ma y
be assumed to represent more accurately actual

Sampl e
size Dates of sampling

48 May 12, 198 5
48 June 11 & August 15, 198 5
36 June 11, 198 5
48 May 27, 198 5
48 August 13, 198 5
48 July 1, 198 7
48 August 17, 198 5
48 July 9—10, 198 7

24 July 31, 198 5
22 July 30, 198 5
20 July 31, 1985
48 August 23, 198 5
48 August 21, 198 5
48 June 9, 198 5
36 April 15, 198 5
48 April 14, 198 5
48 July 13, 198 5
48 October 15, 198 5
50 October 18, 1985

evolutionary relationships (Lanyon 1985; Avise
1994) . Computer programs to carry out each of
these methods are readily available . The partic-
ular programs/packages and specific computa-
tional procedures which were used are as follows :

Maximum parsimony: FREQPARS (versio n
1 .0) (Swofford 1988) was used to conduct fre-
quency parsimony analysis (Swofford & Ber-
locher 1987) of alleles at all loci, except thos e
which were monomorphic across all populations
(n) or n — 1 populations and therefore were phy-
logenetically uninformative. FREQPARS 1 .0 ha s
a very limited ability to search for the most par-
simonious tree(s), so 19 runs of the data set wer e
performed, with each OTU (operational taxo-
nomic unit) in turn being placed first in the input
file (following Rohlf & Wooten 1988) . The short-
est (i .e ., most parsimonious) tree generated was
retained .

HENNIG86 (version 1 .5) (Farris 1988, 1989 )
was used for Wagner parsimony (Kluge & Farri s
1969; Farris 1970) analysis of alleles as discrete
characters, using presence/absence (1/0) codin g
for both complete (all alleles at frequencies > 0 )
and reduced (all alleles at frequencies 0 .05 )
data sets (following Mickevich & Mitter 1981 ;
C. Griswold pers . comm.), for all informative
loci . The implicit enumeration (IE*) option o f
HENNIG86 was used to generate all most par-
simonious trees for the complete and reduced
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data sets, and then a strict consensus tree (Nelso n
1979 ; Rohlf 1982) was computed for each set of
most parsimonious trees .

BIOSYS-1 (version 1 .7) (Swofford & Selander
1981, 1989) was used to perform distance Wag-
ner analysis (Farris 1972 ; Swofford 1981) on a
matrix of Rogers (1972) genetic distances for the
Lutica populations ; since Nei (1972, 1978) dis-
tances are non-metrical, which can result in neg -
ative branch lengths (Farris 1972; Nei 1987), they
are not appropriate for use with distance Wagne r
analysis (Swofford 1981) . Specifically, the DIS-
WAG step call was invoked, with the multipl e
addition criterion (Swofford 1981) (maxtree =
30), Prager & Wilson's (1976) F goodness of fit
criterion and outgroup rooting (Fan-is 1972) [wit h
Guerrero Negro (GN) as outgroup] options . Th e
shortest (i .e ., most parsimonious) tree generate d
was retained .

Maximum likelihood: PHYLIP (versions 3 . 1
and 3 .2) (Felsenstein 1988, 1989a, b) was used
to generate maximum likelihood trees from th e
allele frequency data for the 19 Lutica popula-
tions using the CONTML program, with the G
(global branch swapping), J (jumble addition, i.e . ,
each OTU is added to the developing tree in
random order) and 0 [outgroup rooting, with
Guerrero Negro (GN) as outgroup] options in-
voked . Since CONTML does not perform ex-
haustive enumeration and evaluation of all pos-
sible tree topologies, the data set was run 1 9
times, with different random number seeds fo r
the J option, following Felsenstein's (1981, 1989b )
recommendation . Of the trees generated, the tre e
with the greatest likelihood was kept and the
others were discarded .

Congruence . —Congruence among the phylog -
enies generated by the different methods was de -
termined by the construction of consensus tree s
(reviewed by Rohlf 1982 ; Mickevich & Platnick
1989) . In the present study, consensus trees wer e
constructed for multiple trees generated by a sin -
gle method (i .e ., Wagner parsimony analysis of
alleles as discrete characters with HENNIG86) ,
as well as among the cladograms representing th e
best or consensus tree for each method . Becaus e
methods which generate multiple, equally likely
trees might lead to misleading results with Ad-
ams (1972) consensus, strict consensus (Nelson
1979 ; Rohlf 1982) was used in such cases . On
the other hand, in an effort to maximize taxo-
nomic information, Adams consensus was use d
to determine congruence among the final (best
or strict) trees produced by each method. To

quantitatively assess congruence among the phy-
logenies generated by the different methods, tw o
consensus measures were calculated (following
Rohlf 1982 and Rohlf et al . 1983) : the normal-
ized consensus fork (CF) index of Colless (1980 )
and the CI 1 index of Rohlf (1982) . Both congru -
ence measures can range from 0 .0 (totally dis-
similar topologies) to 1 .0 (identical topologies) .
The CONTREE program included with th e
PAUP (version 2 .4 .1) (Swofford 1985) compute r
package was used to generate consensus trees an d
calculate the consensus indices .

RESULTS

There were 43 alleles identified at the 15 ge-
netic loci ; two loci (APK-2 and G-3-PDH) wer e
monomorphic across all populations and one lo-
cus (TPI-2) was autapomorphic (variable in onl y
a single population) (Table 2) . Tables of inter -
population genetic distances, mean genetic dis-
tances within and between Lutica species, an d
the data matrix of alleles coded as character states ,
which were used as the basis for some of the
analyses reported herein, are available on reques t
from the senior author.

Species identification . — The most striking fea-
ture of the allelic data (Table 2) is the genetic
distinctness of the Guerrero Negro (GN) popu-
lation: there are fixed differences at the FUM,
HK and LDH loci ; nearly fixed differences at th e
GPI (frequency of GPI-A = 0 .990), IDH (fre-
quency of IDH-C = 0 .990) and PGM (frequenc y
of PGM-A = 0 .940) loci; and unique alleles at
the AAT (AAT-A) and IDH (IDH-D) loci . In
addition, the IDH-B allele, appearing at a fre-
quency of 0 .021 in only one other population
[San Cruz Island (SCI)], is found at a frequenc y
of 0 .796 at Guerrero Negro. In light of the three
fixed and three nearly fixed differences, the pop -
ulation of Guerrero Negro clearly represents a
distinct species, our new species C . Spiders from
this region are also a distinct group morpholog-
ically. Due to its genetic distinctness and the lac k
of certainty about which zodariid taxon woul d
serve as an suitable outgroup for Lutica, Guer-
rero Negro was used as the outgroup in the phy-
logenetic analyses reported here .

In analyzing the data for the remaining pop-
ulations for valid phylogenetic groups, the fixe d
difference at the NP locus is clearly indicative o f
common ancestry (and is not contradicted by
data at other loci) : populations 1—12 are fixed fo r
NP-A and comprise our new species A. These
are the mainland populations of Santa Barbara
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and Ventura Counties, as well as the population s
of the northern Channel Islands (San Miguel ,
Santa Rosa, Santa Cruz) and three of the south -
ern Channel Islands (San Nicolas, Santa Barbara ,
Santa Catalina) . With the exception of Santa Bar -
bara and Santa Catalina Islands, this is also a
valid group morphologically .

As for the remaining populations (13-18), the
electrophoretic data provide little basis for spe-
cies decisions . The population of San Clemente
Island (SCL), representing clementea, was not
characterized by any fixed differences (Table 2 )
but did possess two unique alleles, though one
was very rare : APK-1-A was found at a frequency
of 0 .132 and TPI-1-A was found at a frequency
of 0 .031 . Among the mainland populations of
southern California and northern Baja Califor-
nia, there were likewise no fixed differences tha t
would conclusively indicate species status for an y
of these populations, though one locus indicated
a close relationship between the populations o f
the Ballona Wetlands (BA) and El Segundo Dune s
(ESG) : at the PGM locus, the PGM-B allele wa s
found at frequencies of 0 .696 and 0 .750 respec-
tively and is found in only two other population s
at frequencies of less than 0 .05 . Since the elec-
trophoretic data are neutral with regard to the
status of clementea, it will be accepted as a vali d
species . Likewise, while there are no allelic dif-
ferences that would unite the mainland popu-
lations of southern California and northern Baj a
California as a group, morphological features de -
fine these populations as a distinct group (se e
also Thompson 1973) . As such, they will be ac-
cepted as a valid species, our new species B .

Phylogenetic analysis . —We produced five es-
timates of the phylogeny of Lutica using methods
which make no assumptions about evolutionar y
rates among taxa (i .e ., frequency parsimony, dis -
tance Wagner, Wagner parsimony analysis of al -
leles as discrete characters and maximum like-
lihood). Trees generated by these methods have
branch lengths which are proportional to th e
amount of evolutionary change which has oc-
curred along each branch (Nei 1987 ; Swofford &
Berlocher 1987) . The trees generated by thes e
methods for Lutica had branch lengths whic h
were very unequal among the populations bein g
compared . The distance Wagner tree (Fig . 2) i s
typical of the branch length variability which wa s
present in all the trees; some populations (i .e . ,
COP, MG, OX, LJB) have undergone consid -
erable differentiation, while others (i .e ., PE, NB)
have changed much less . The unevenness of the

branch lengths indicate that allelic evolution i n
Lutica has certainly not been clocklike .

In order to simplify comparisons among th e
phylogenies produced by the four rate indepen-
dent methods, they are presented as cladogram s
in which only the branching patterns are show n
(following Richardson et al . 1986) (Figures 3-7) .
These cladograms are consistent in the definition
of two monophyletic groups : A) the large group
A (= new species A) appears in all the cladogram s
[in that based on Wagner parsimony analysis of
alleles as discrete characters using the complete
data set (alleles > 0 .0) (Fig. 5), the population
of San Clemente Island (SCL) is also included i n
this group] ; B) the Los Angeles County popula-
tions of the Ballona Wetlands (BA) and the El
Segundo Dunes (ESG) form a Glade that appear s
in all the cladograms . Within group A, two clade s
are found in all the cladograms : one consisting
of the population of Coal Oil Point Reserv e
(COP), Santa Barbara County, and the Ventur a
County populations of McGrath State Beac h
(MG), Oxnard Beach (OX) and La Jolla Beach
(LJB) [reflecting their common possession of th e
PEP-C allele at frequencies ranging to fixatio n
(Table 2)] ; and the other comprised of the pop-
ulations of San Nicolas Island [Red Eye Beach
(SNE), Dutch Harbor (SND), Army Camp Beach
(SNA)] and at least one of the northern Channel
Islands, usually Santa Rosa (SRI) [reflecting thei r
common possession, except for Santa Cruz Is -
land (SCI), of the LDH-C allele in frequencies
ranging to fixation (Table 2)] . These relationships
are accurately represented in the Adams consen-
sus tree for these cladograms (Fig . 8) .

The populations of new species B (includin g
the BA - ESG Glade) and clementea are place d
in various positions among the five cladograms ,
with no consistent pattern of relationship, not
surprising given the inconclusiveness of the elec -
trophoretic data for these populations . San Cle-
mente Island (clementea) is placed as the sister
group to new species A in two cladograms (Figs .
3, 7); as sister group to new species A along wit h
the populations of Balboa Beach (NB) and Punta
Estero (PE) in one (Fig. 4) ; and as sister grou p
to new species A along the with populations o f
the Ballona Wetlands (BA) - El Segundo Dune s
(ESG) Glade, Balboa Beach (NB) and Punta Es-
tero (PE) in another (Fig . 6) . As mentioned ear-
lier, the remaining cladogram (Fig . 5) places Sa n
Clemente as part of new species A . The Adams
consensus tree (Fig . 8) reconciles these differ-
ences by placing SCL, NB and PE as sister group
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Figure 2 .-Phylogenetic tree generated using distance Wagner method (Farris 1972 ; Swofford 1981) wit h
multiple addition criterion (Swofford 1981) and outgroup rooting (Farris 1972), with Guerrero Negro (GN) a s
outgroup. The distance measure used is Rogers (1972) . Total length of tree = 0 .984 and Prager & Wilson's
(1976) F = 4 .985 .

SVS

to new species A . Finally, in four of the fiv e
cladograms (Figs . 3, 5-7), the population of Sil-
verstrand State Beach (SVS) is placed as the siste r
group to all other ingroup populations, while in
the one exception (Fig . 4), the BA - ESG Glade
is placed in this position . The consensus tre e
resolves this difference by placing both SVS an d
the BA - ESG Glade as sister group to all other
populations (Fig. 8) . This last feature of Fig . 8
illustrates one of the problems with Adams con-
sensus trees : in none of the original cladograms
is a Glade comprised of SVS and BA - ESG placed
as the sister group to all other ingroup popula-
tions . Given the differences in topology among
these cladograms, it is not surprising that con-
sensus indices for the Adams consensus tree ar e
not high: Colless' (1980) CF = 0 .471 and Rohlf' s
(1982) CI 1 = 0.400 .

To focus specifically on the phylogenetic re-
lationships of the species themselves, the pop-
ulation data for new species A and B were com -
bined into single species samples and the anal-
yses reported above were repeated for the fou r
OTUs (new species A, B, C, clementea), with the
sole exception that Wagner parsimony of allele s
as discrete characters was not performed for the

reduced data set (alleles 0 .05), due to the ex-
clusion of practically all alleles under such a re-
striction . The cladograms produced by each
method are shown in Fig . 9, A—D and the Adam s
consensus tree is shown in Fig . 9E. For thre e
OTUs, there are three possible relationship s
[A(BC), C(AB), B(AC)] and all three are seen fo r
the ingroup taxa among the cladograms in Fig .
9, A—D, although those produced by frequency
parsimony (A) and maximum likelihood (D) ar e
identical and place new species B and clementea
as sister groups, as might be expected given thei r
minimal genetic distance [Nei (1978) unbiased
genetic distance : 0 .017 (Ramirez 1990)] . Since
the topologies of these cladograms covered al l
the possibilities for a three taxon statement, th e
Adams consensus tree presents the relationship s
among the three ingroup species as a unresolved
trichotomy, although the consensus indices for
this tree were fairly good [Colless' (1980) CF =
0.500 and Rohlf's (1982) CI 1 = 0 .667], reflecting
the perfect agreement between two cladograms .
Thus, while two of the cladograms agreed in th e
placement of new species B and clementea as
sister groups, these results were contradicted by
the topologies of the other two cladograms, so
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Figure 3 .—Cladogram for Lutica based on the short-
est tree generated using the frequency parsimony meth -
od (Swofford & Berlocher 1987) and outgroup rooting
(Farris 1972), with Guerrero Negro (GN) as outgroup .
The frequency parsimony method minimizes tree lengt h
in the Manhattan metric (Sneath & Sokal 1973) ; total
length of shortest tree = 29 .509 . Alphabetic designa -
tion "A" denotes new species A .

the electrophoretic data were not able to conclu-
sively determine phylogenetic relationship s
among the ingroup species .

DISCUSSION

Electrophoresis and morphology .—The genus
Lutica occupies a long geographic range (ap-
proximately 1857 km) yet is relatively invarian t
morphologically. Gertsch (pers . comm .) uses fea-
tures of the male palpi to discriminate specie s
and only in clementea and the populations of
central and southern Baja California are the dif-
ferences in these structures clearly distinct . An
analysis of variation among Lutica specimens
involving 23—29 morphological character s
(Thompson 1973) did not find statistically sig-
nificant differences (M. Thompson pers . comm .) .

The genus Lutica is also relatively invariant
genetically : Ramirez (1990) found low levels of
genetic variability among Lutica populations, a s
well as a general trend toward within population
homozygosity . As a presumably old genus (Ra-
mirez 1990), the existence of low genetic vari-
ability was unexpected and an analysis of the
genetic structure of each species suggests that in -
breeding, a spatial Wahlund effect due to local

cop
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Figure 4. —Cladogram for Lutica based on the short-
est tree generated using the distance Wagner metho d
(Farris 1972 ; Swofford 1981), which is shown in Fig .
2 . Alphabetic designation "A" denotes new species A .

probabilities of random mating and environ-
mental homogeneity associated with a subter-
ranean existence in coastal dune ecosystems may
be the most likely causes of low variability in
Lutica (Ramirez 1990) .

The electrophoretic data define an outgroup
[Guerrero Negro (GN), new species C] and two
nested ingroups : first, populations 1—18, and
nested within that, populations 1—12 (new spe-
cies A) . Morphological data indicate the specifi c
distinctness of the population of San Clemente
Island (clementea) (Gertsch 1961, pers . comm .) ,
whereas the electrophoretic data were neutral.
The electrophoretic data were likewise inconclu-
sive with regard to the status of the mainlan d
populations of southern California and northern
Baja California but since they are morphologi-
cally a valid group, they are assigned to new spe -
cies B . Future electrophoretic studies involving
more loci (only 12 of the 15 loci were phyloge-
netically informative) may eventually result i n
the discovery of diagnostic loci for these main-
land populations (new species B), as well as fo r
clementea .

The morphological systematics of the genus
Lutica has been in a state of flux for many years
(M. Thompson pers . comm.; W. Gertsch pers .
comm.) and electrophoretic variation (particu-
larly fixed allelic differences) is probably a more
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Figure 5 .—Cladogram for Luticabased on strict con -
sensus tree (Nelson 1979 ; Rohlf 1982) of 10 trees of
43 steps each with consistency indices of 0 .442 gen-
erated using Wagner parsimony (Kluge & Farris 1969 ;
Farris 1970), with alleles treated as characters with
frequency greater than 0 = present. Consistency inde x
= 0 .410 .
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Figure 6 . — Cladogram for Lutica based on strict con-
sensus tree (Nelson 1979; Rohlf 1982) of eight trees o f
21 steps each with consistency indices of 0 .610 gen-
erated using Wagner parsimony (Kluge & Farris 1969;
Farris 1970), with alleles treated as characters wit h
frequency greater than or equal to 0 .05 = present . Con -
sistency index = 0 .590 . Alphabetic designation "A "
denotes new species A .

COP

MG

	 O X

	 LI B

	 CAT

- SNE

	 SND

	 SNA

	 SR I

	 SMI

	 SCI

	 SR I

	 SCL

	 BA

	 ESG

	 NB

	 PE

	 SV S

	 G N

Figure 7 . —Cladogram for Lutica based on the tree
of highest likelihood generated by the restricted max -
imum likelihood method (Felsenstein 1981) and out -
group rooting (Farris 1972), with Guerrero Negro (GN )
as outgroup. Ln Likelihood = 879 .074 . Alphabetic des-
ignation "A" denotes new species A .

reliable indicator of taxonomic relationships than
morphological features for this genus . An obvi-
ous disagreement between our species assign-
ments and those of Gertsch (1961) concerns th e
status of the populations of San Nicolas and Sant a
Rosa Islands and Oxnard, Ventura County : each
is considered a distinct species (nicolasia, ma-
culata and abalonea, respectively), while we place
them all in new species A . Due to the fixed dif-
ference at the NP locus, the assignment of these
populations to new species A is unambiguous on
genetic grounds . Gertsch (pers . comm .) began a
revision ofLutica prior to his deteriorating health
and so a detailed comparison of the populatio n
groupings indicated by morphological and elec-
trophoretic characters will have to await its com-
pletion and publication .

Phylogeny and speciation in Lutica .—The fact
that the genetic distance between new species B
and clementea (0 .017) is several orders of mag-
nitude less than the other inter-specific estimate s
[0 .138—0.796, all Nei (1978) unbiased distance s
(Ramirez 1990)] would suggest that these taxa
were originally a single species that only recently
diverged . If this is the case, one would predict
that these species should be placed as sister groups
in any phylogeny, as a Glade that is the siste r
group to new species A . However, while this was
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Figure 8 .—Adams (1972) consensus tree based on
cladograms of Figs. 3—7 . Consensus indices for this tre e
are : Colless' (1980) CF = 0 .471 and Rohlfs (1982) C I1
= 0 .400 . Alphabetic designation "A" denotes new spe -
cies A .

the case in two of the species cladograms (Fig .
9A, D), these relationships were contradicted b y
the topologies of the other two cladograms (Fig.
9B, C) .

It should be noted that the two cladograms
which depict new species B and clementea as
sister groups (Fig . 9A, D) are the products of
phylogenetic methods (frequency parsimony an d
maximum likelihood) which use allele frequenc y
data directly . Methods which use allele frequen-
cies may be superior because they avoid the los s
of phylogenetic information and the procedural/
theoretical complexities associated with the re-
duction of such data to distances or character s
(Berlocher 1984 ; Swofford & Berlocher 1987) .
On the other hand, allele frequencies are subjec t
to the effects of random drift and/or selectio n
and can vary over time, and so may not provid e
reliable information for analysis (Crother 1990) .
Given the continuing controversy about allel e
frequencies and the potential superiority ofphy-
logenetic methods which make direct use of the m
(e .g ., Shaffer et al . 1991 ; Jones et al . 1993), a firm
conclusion concerning the relationship of new
species B and clementea within Lutica will have
to await a future phylogenetic analysis .

Biogeography of Lutica in southern California
and Baja California . —The phylogenetic rela-
tionships among the populations consistently

A) FREQUENCY PARSIMONY

New Species B

clemente a

New Species A

New Species C

B) DISTANCE WAGNER

	 New Species A

	 clementea

	 New Species B

New Species C

C) WAGNER PARSIMONY OF ALLELES > 0 . 0

New Species A

New Species B

clementea

New Species C

D) MAXIMUM LIKELIHOOD

New Species B

clemente a

New Species A

New Species C

E) ADAMS CONSENSUS

New Species A

New Species B

clementea

	 New Species C

Figure 9 . —Cladograms for Lutica species . (A) Clado -
gram based on the shortest tree generated using the
frequency parsimony method (Swofford & Berloche r
1987) and outgroup rooting (Farris 1972), with new
species C (Guerrero Negro) as outgroup . The frequency
parsimony method minimizes tree length in the Man -
hattan metric (Sneath & Sokal 1973) ; total length of
shortest tree = 18 .160 . (B) Cladogram based on the
shortest tree generated using the distance Wagne r
method (Farris 1972 ; Swofford 1981), with multipl e
addition criterion (Swofford 1981) and outgroup root -
ing (Farris 1972), with new species C (Guerrero Negro)
as outgroup . The distance measure used was Rogers
(1972) . Total length of shortest tree = 0 .616 and Prager
& Wilson's (1976) F = 1 .857 . (C) Cladogram based on
the shortest tree generated using Wagner parsimony
(Kluge & Farris 1969 ; Farris 1970), with alleles treated
as characters with frequency greater than 0 = present .
Total length of shortest tree = 16 steps and consistenc y
index = 0 .680 . (D) Cladogram based on the tree of
highest likelihood generated by the restricted maxi -
mum likelihood method (Felsenstein 1981) and out-
group rooting (Farris 1972), with new species C (Guer -
rero Negro) as outgroup. Ln Likelihood = 53 .788 . (E)
Adams (1972) consensus tree based on cladograms pre -
sented in A—D. Consensus indices for this cladogram
are : Colless' (1980) CF = 0 .500 and Rohlfs (1982) CI1
= 0 .667 .
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supported by the electrophoretic cladograms and ated with geologic changes that occurred in thi s
depicted in the Adams consensus tree (Fig. 8) region beginning in the Pliocene . During this time
reflect the evolutionary relationships of these fos- the Los Angeles basin was flooded (Murphy
social spiders and suggest probable scenarios for 1983a), which, coupled with the northward ex -
the historical colonization of some of the Chan- tension of the Sea of Cortez, caused complet e
nel Islands. In most instances, the electropho- isolation or severe restriction of the movements
retic data correspond well with the known geo- of organisms to and from Baja California at it s
logical history of the islands and adjacent main- northern end (Durham & Allison 1960), a situ -
land . During the late Pleistocene, eustatically ation which lasted till the Pleistocene (Murph y
lowered sea levels united the four northern Chan- 1983a) . This so called San Gorgonio Barrier ha s
nel Islands (San Miguel, Santa Rosa, Santa Cruz, been implicated as a historic biogeographic ob -
Anacapa) into a single land mass, Santarosae (Orr stacle for the movement of certain xeric-adapte d
1968) . Santarosae began its final breakup only reptiles (Murphy 1983b) and may be at least partl y
about 16,000 years ago (Vedder & Howell 1980 ; the cause of the disjunction between the main-
Johnson 1983) . The former physical connection land populations of Lutica from its northern (ne w
of San Miguel, Santa Rosa and Santa Cruz Is- species A) and central (new species B) mainlan d
lands appears to be reflected in the close genetic regions .
relationship of the Lutica populations of these The Vizcaino Peninsula has alternately bee n
islands: all three island populations are members united with and separated from Baja Californi a
of new species A and in four of the five clado- by sea level changes since the Eocene (Durha m
grams (Figs . 3-5, 7), at least two of these three & Allison 1960 ; Murphy 1983a) . Since an arid
islands are placed in the same Glade within new desert lies between this region and the norther n
species A . In contrast, the southern Channel Is- portion of Baja (Crosswhite & Crosswhite 1982) ,
lands (San Nicolas, Santa Barbara, Santa Cata- it is probable that the divergence between the
lina, San Clemente) were never physically con- Lutica populations of the Vizcaino Peninsula and
nected (Vedder & Howell 1980 ; Johnson 1983) . those of northern Baja California is an ancient
Since two of these islands (San Nicolas and Santa one, as has been shown for the vegetation of thes e
Barbara) were submerged during the middle regions (Axelrod 1979, 1980) . The considerabl e
Pleistocene (Johnson 1983), they derived their genetic and morphological differences betwee n
biota from other sources since that time . The the population of Guerrero Negro (new specie s
fact that the Lutica populations of the two south- C) and populations to the north is consistent wit h
ern islands which were not submerged, Santa the geologic history outlined above and indicates
Catalina and San Clemente, are considered to be a long absence of gene flow between spiders o f
very different on both electrophoretic and mor- these two regions .
phological grounds is indicative of the absence Patterns of colonization . —Some of the genetic
of significant gene flow that would have been relationships are indicative of certain likely col -
provided by an inter-island connection and may onization events involving the Channel Islands .
reflect the fact that these islands were originally These will be reviewed for each island or group
far apart, prior to San Clemente's arrival at its of islands in the sections which follow .
present location due to terrane transport (Crouch

	

Northern Channel Islands, Santa Barbara and
1979 ; Hornafius et al . 1986) .

	

San Nicolas Islands: The populations of San Ni-
The mainland populations of new species A colas Island were consistently most closel y

and B are only about 57 km apart at their south- grouped with one of the northern Channel Is -
ern and northern boundaries respectively [be- lands (usually Santa Rosa), indicating probabl e
tween La Jolla Beach (LJB), Ventura County and colonization of this formerly submerged south -
the Ballona Wetlands (BA), Los Angeles County] ern Channel Island from the islands 80 km t o
yet spiders from these regions are members of the north . Santa Barbara Island was also sub-
different taxa . This disjunction may simply re- merged in the Pleistocene and is also a membe r
flect the fact that there are no relatively contin- of new species A . Since there is no particula r
uous dune systems in the intervening coastal area population(s) with which it is consistentl y
between Ventura County and Los Angeles (Coo- grouped, all that can be deduced is that colonist s
per 1967 ; Powell 1981) which might act as a of Santa Barbara were derived from one of th e
corridor for gene flow between these species. On new species A populations, most of which ar e
the other hand, this disjunction may be associ- located to the north . In the case of both San
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Nicolas and Santa Barbara, rafting colonists from colonization scenarios involving populations o f
the north would have been aided by south flow- this species unwarranted at this time .
ing ocean currents and prevailing northwest winds

	

Santa Catalina Island: Since Santa Catalina
that have been implicated in the dispersal of oth- Island (along with Santa Rosa and Santa Cru z
er organisms in this region (examples in Power Islands) may have been continuously above wa -
1980 ; Cowen 1985), as well as the south flowing ter since the Oligocene (Vedder & Howell 1980 ;
longshore current (Ledig & Conkle 1983). How- Haq et al . 1987), has remained relatively sta-
ever, the ocean current patterns in this region are tionary during this period (Luyendyk et al . 1985 )
not invariant and the southward flowing Cali- and is close to the southern California mainland ,
fornia Current is known to reverse its direction one would expect that its closest biotic relation -
during El Nino events (Cowen 1985), perhaps ship should be with populations from the adja-
making it possible for propagules to drift north- cent Los Angeles—San Diego coastal strip . How-
ward from Santa Catalina Island to Santa Bar- ever, we have shown that the Lutica populatio n
bara Island .

	

of Santa Catalina is most closely related to new
The fact that the Lutica populations of the species A populations rather than population s

northern Channel Islands and adjacent mainland on the southern California mainland . The most
of Santa Barbara and Ventura Counties are parsimonious explanation for such a relationshi p
members of the same species is typical of the is that spiders from the adjacent mainland neve r
close relationships that have been reported for colonized Santa Catalina and so new species A
island and mainland populations of other organ- spiders were the first and only colonists . On the

isms in this region (e . g., sand crickets, Rentz & other hand, such a pattern of relationships may

Weissman 1973; Weissman & Rentz 1976; deer be due to the extinction of an original insula r

mice, Ashley & Wills 1987) . Indeed, 89% of the form derived from the mainland prior to colo-

orthopteran fauna of the northern Channel Is- nization by new species A spiders or because ne w

lands also occurs in the Santa Monica Mountains species A spiders proved to be superior in com -

(Rentz &Weissman 1981) . While the general petition with the native insular form . Separate

interpretation of such distributions and relation- colonizations of Santa Catalina Island from th e
ships has been that colonists from the adjacent northern Channel Islands and southern Califor-

mainland founded the island populations (Rentz nia mainland have been proposed for Channel

& Weissman 1981 ; Ashley &Wills 1987), the Island deer mice, Peromyscus maniculatus, du e

geologic relationships among the islands and to mitochondrial DNA restriction fragmen
t

mainland were considerably different in the past, polymorphisms found among Santa Catalina Is
-

land mice (Ashley & Wills 1987) . Extinction has
rendering considerations of dispersal among what also been suggested to explain the distributio n
may be recent subdivisions possibly suspect. For of the island night lizard, Klauberina, which is
example, the northern Channel Islands were sit- found on San Clemente, San Nicolas and Sant a
uated as much as 8° to the south of their present Barbara Islands but not on Santa Catalina Islan d
locations during the middle Miocene, prior to (Crother et al . 1986 ; Bezy & Sites 1987) .
northward transport on a terrane (Kamerling & San Clemente Island: A biogeographic rela -
Luyendyk 1985) . The southern origin for these tionship between San Clemente Island and Baja
islands may mean that the actual colonists of California has been proposed by Crother et al .
these islands came from mainland populations (1986), based on a cladistic study of morphology
of southern California or Baja California . On the and karyology within the lizard family Xantu-
other hand, the populations of these islands and siidae and a vicariance model based on terran e
the adjacent mainland were perhaps established movement linking San Clemente and central Baj a
at more or less the same time by colonists from California . Based on geophysical evidenc e
San Clemente Island or mainland populations of (Crouch 1979 ; Hornafius et al . 1986), it is clear
new species B . While these and other coloniza- that San Clemente Island was in close proximit y
lion scenarios may be plausible, the electropho- to central Baja California up to about 18 millio n
retic data do not allow one to determine direc- years ago, when the terrane on which it is situate d
tions of colonization between the island and started moving north along the San Clement e
mainland populations of new species A, nor do Island Fault, eventually reaching its present po-
they establish the actual sister group of this spe- sition about 5—8 million years ago . Crother et al .
cies, rendering consideration of mainland-island (1986) hypothesize that relatively sedentary taxa
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(like xantusiid lizards) which occupied San Cle-
mente Island and the adjacent mainland of Baj a
California prior to the time of northward move-
ment (and whose descendants continue to oc-
cupy these areas today) should be closely related .

Since Lutica is clearly sedentary and has dis-
tinct species which occupy San Clemente Island
(clementea) and central Baja California (new spe -
cies C), we hoped to be able to test Crother et
al .'s (1986) vicariance hypothesis using the elec-
trophoretic data reported herein. However, give n
the need to use Guerrero Negro (new species C)
as an outgroup in our phylogenetic analyses, i n
the absence of an appropriate zodariid taxon, i t
was not possible to determine whether clementea
is indeed most closely allied with new species C
of central Baja California . As such, a final de-
cision concerning Lutica's involvement in the
biogeographic hypothesis of Crother et . al . (1986)
will have to await a future phylogenetic analysis
using an actual outgroup taxon .

SUMMAR Y

The geological history of the California Chan-
nel Islands and mainland of southern California
and Baja California involves extensive sea level
changes and the movement of terranes . These
geomorphic changes may have influenced th e
evolution of taxa in this region, particularly i f
they are sedentary and biologically old .

Analysis of the results of an electrophoreti c
survey of populations of the spider genus Lutica
from much of its range revealed fixed allelic dif-
ferences that clearly define two species : new spe-
cies A [Santa Barbara and Ventura Counties ,
northern Channel Islands (San Miguel, Santa
Rosa, Santa Cruz), southern Channel Islands (Sa n
Nicolas, Santa Barbara, Santa Catalina)] and ne w
species C [Guerrero Negro, central Baja Califor-
nia] . While diagnostic loci were not found for the
population of San Clemente Island (clementea )
or the mainland populations of southern Cali-
fornia and northern Baja California, they are
morphologically recognizable units according t o
Gertsch, so clementeawas accepted as valid, while
the mainland populations were assigned to new
species B .

Phylogenetic analysis of the electrophoretic
data using a variety of methods revealed tha t
evolutionary rates among the 19 population s
sampled have been very unequal . The phyloge-
netic relationships among populations consis-
tently supported by the electrophoretic clado-
grams generally correspond with the geological

history of the Channel Islands and adjacent
mainland and suggest certain likely colonization
events involving some of the islands .

A future electrophoretic study of Lutica in-
volving more loci and a zodariid taxon as a n
outgroup (chosen in light of Jocque 1991) i s
needed to A) genetically validate the species sta -
tus of the mainland populations of southern Cal -
ifornia and northern Baja California, as well a s
ofclementea, and B) to resolve the phylogeneti c
relationships among the four species (new species
A, B, C, clementea) . Further systematic studies
of other monophyletic taxa (particularly those
which are biologically old and poor dispersers)
occupying the California Channel Islands an d
mainland of southern California and Baja Cali-
fornia are needed to better understand the geo-
logic and biogeographic evolution of this region .
Given the lack of even basic knowledge con-
cerning many taxonomic groups in this area, par -
ticularly among the invertebrates, this will be a
fruitful area for the conduct of systematic an d
biogeographic studies .
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