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MOLECULAR AND GEOLOGIC EVIDENCE OF SHARED HISTORY BETWEEN

HERMIT CRABS AND THE SYMBIOTIC GENUS HYDRACTINIA
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Abstract. —The paleobiogeographic histories of three North Atlantic hermit crab lineages were
compared with a single-copy DNA-DNA hybridization phylogeny of their symbiotic hydroid genus
Hydractinia to test hypotheses of shared history between these host and symbiont lineages. A
survey of the geologic literature suggests that two vicariance events in the Quaternary are responsible
for existing range disjunctions of the host hermit crab lineages. The Hydractinia phylogeny revealed
two distinct clades, one with a primarily northern and the other with a primarily southern distri-
bution. In two of three cases, hydroids associated with closely related hermits on both sides of the
range disjunction appear as sister taxa in the phylogeny. A linear scaling between a measure of
hydroid sequence divergence and independent geologic estimates of the timing of the vicariant
events believed to have established the hermit crab range disjunctions is consistent with the.claim
of temporal coincidence of cladogenic and vicariance events. These findings provide evidence for
shared history of symbiotic associations in two of the three cases.

Key words.— DNA hybridization, hermit crabs, hydroids, symbiosis, temporal scaling, vicariance
biogeography.
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Host-symbiont relationships have often
been assumed to reflect a shared evolution-
ary history between host and symbiont lin-
eages (see reviews by Mitter and Brooks,
1983; Brooks, 1985, 1988). Several authors
have noted that these claims of shared his-
tory must be tested with historical infor-
mation about the lineages concerned (Mit-
ter and Brooks, 1983; Brooks, 1985, 1988;
Humphries et al., 1986; Lyal, 1986). These
workers have compared independently de-
rived cladistic phylogenies of hosts and
symbionts for elements of congruence, with
congruence being interpreted as support for
a hypothesis of shared history between host

3 Present address: Dr. Clifford W. Cunningham, De-
partment of Zoology, University of Texas, Austin, TX
78712 USA.

and symbiont lineages. To date, most of
these comparisons have relied on cladistic
phylogenies of morphological characters.
But a morphological, exclusively neonto-
logical approach lacks the ability to detect
cases of pseudocongruence; that is, cases
where apparent cladistic congruence is the
result of speciation events that actually took
place at different geologic times in host and
symbiont lineages.

Pseudocongruence can be detected only
if an element of time can be introduced into
studies of shared history. Hafner and Nadler
(1988, 1990) and Page (1990) have con-
vincingly argued that, used cautiously, ge-
netic distances can provide an important
source of historical information about the
relative timing of speciation events in host
and symbiont lineages. But again, without
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geological and paleontological information,
these workers are unable to assign actual
dates to speciation events in host and sym-
biont lineages. In the same vein, Vermey
(19895) has argued that without geologic in-
formation, the historical conclusions of ex-
clusively neontological biogeographic stud-
ies can be misleading.

In this study we have compared a paleo-
biogeographic analysis of vicariance in three
hermit crab host lineages with a molecular
analysis of cladogenesis in the encrusting
symbiont hydroid genus Hydractinia. In the
temperate North Atlantic, the athecate hy-
droid Hydractinia is typically found in as-
sociation with pagurid hermit crabs. This
association first appears in the fossil record
of the Western Atlantic in the Miocene
(Gernant, 1970; Gibson, 1971; Kidwell,
1982). All three hermit crab lineages asso-
ciated with Hydractinia in the temperate
North Atlantic belong to marine biogeo-
graphic provinces characterized by exten-
sive range disjunctions. The ages of these
range disjunctions were estimated from a
review of the geological literature. The phy-
logenetic relationships and genetic distances
between the hermit-crab dwelling species of
the genus Hydractinia in the North Atlantic
were determined by single-copy DNA-DNA
hybridization. Each approach yielded an in-
dependent estimate of the relative timing of
vicariance events for hosts and symbionts.
We find that the phylogenetic relationships
and genetic distances of these hydroids are
consistent with known geologic patterns of
vicariance for two of the three hermit crab
lineages.

We suggest that the interplay of phylo-
genetic information, genetic distance, and
geologically inferred patterns of vicariance
can, in some instances, constitute compel-
ling evidence of shared history. Methods of
inferring shared history have relevance far
beyond host-symbiont systems and. can be
applied to species involved in almost any
ecological interaction (Brooks, 1985).

MATERIALS AND METHODS
Biogeography of the Hydractinia/Hermit
Crab Association

The ranges of temperate North Atlantic
Hydractinia and their host hermit crabs are
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presented in Figures 1A and 1B, respec-
tively. Four of the five Hydractinia species
are found predominantly on four species of
pagurid hermit crabs in the following host-
specific associations: H. echinata-Pagurus
bernhardus, H. polyclina-P. acadianus, H.
symbiolongicarpus-P. longicarpus, and H.
symbiopollicaris-P. pollicaris (Table 1; Buss
and Yund, 1989). These hydroid species oc-
cur only rarely on other available substrata
(Karlson and Shenk, 1983; Mercando and
Lytle, 1980; Yund and Parker, 1989). In
addition to these four Atlantic species, Hy-
dractinia is also found in the Gulf of Mexico
where it encrusts the shells of both P. /on-
gicarpus and P. pollicaris (Table 1), and only
rarely encrusts other available hosts (Wells,
1969; Fotheringham, 1976). Mating exper-
1ments between Gulf specimens and North
Atlantic Hydractinia have shown this to be
a new, undescribed species Hydractinia
[GM] (Buss and Cunningham, unpubl. data).

Hermit Crab Paleobiogeography

The extant ranges of each of the three
hermit crab lineages encrusted by Hydrac-
tinia in the temperate North Atlantic were
used to place each lineage in a recognized
marine biogeographic province. The prob-
able causes and ages of the range disjunc-
tions that characterize these marine prov-
inces were evaluated from a review of the
geologic literature, including studies of sea
level fluctuations, paleoclimatology, and
paleobiogeography.

Hydractinia Single-Copy DNA-DNA
Hybridization

Extraction and Labeling of Hydroid
DNA.—Hydroid tissue was homogenized in
buffer (4M EDTA, 10mM Tris-HCI, 2% So-
dium Sarkosyl, pH 9.4) and DNA isolated
form an EtBr-CsCl density gradient as de-
scribed by Maniatis et al. (1982). DNA ex-
tracted in this way was pure (1.7-1.8 OD,
260/280 ratio), with insignificant protein
contamination, in contrast to our experi-
ence with phenol-extracted Hydractinia
DNA. DNA concentration was determined
by UV spectrophotometry and DNA was
sheared by sonication to an average of 500
bp using a cell disruptor (Cole Palmer). Sin-
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carried out as described by Sibley and
Ahlquist (1981) except that >40,000 cpm
of H? labeled tracer DNA was added to each
hybrid and hybrids were incubated at 50°C
to EC,t 8,000. Hybrids were then placed on
ice, divided into 4 aliquots and added to 1.5
mls of HAP on a filter disk in 10 ml syringes
and melted as described by Sibley and
Ahlquist (1981) with two modifications.
Delivery of buffer by the peristaltic pump
and temperature control were controlled
manually, and each syringe was washed with
approximately 4 ml PB at 2.5 degree incre-
ments beginning at 55°C and ending at 95°C,
allowing 4 min temperature equilibration
before each wash. Each elution was counted
by scintillation with Optifluour scintillation
cocktail, and plotted against temperature to
produce a melting curve for each hybrid.

Data Analysis.—DNA-DNA hybridiza-
tion results are of two types. The first is a
measurement of thermal stability of reas-
sociated hybrids. As species diverge, mu-
tations accumulate in their DNA. By sub-
tracting an index of thermal stability (7' cgian
or 7o) for homoduplex DNA hybrids
(within the same species) against the same
index for heteroduplex DNA hybrids (be-
tween two species), a dissimilarity measure,
or delta (A), is obtained, expressed in °C
(Britten et al., 1974; Bledsoe and Sheldon,
1989). A dissimilarity measure based on
thermal stability, however, can measure only
sequence divergence in portions of the ge-
nome that retain sufficient similarity to form
a hybrid under the reaction conditions (ap-
proximately 80%, Britten et al., 1974). As
species diverge, regions of their genome will
exist that have diverged so greatly that they
do not form stable hybrids when they are
allowed to reassociate. The second result of
hybridization studies is a measurement of
the proportion of DNA molecules that form
stable hybrids. The difference between per-
cent reassociation (NPR) of heteroduplexes,
normalized against the homoduplex, and
100% vyields a third dissimilarity measure
(ANPR).

T medians 1 mode aNd NPR were calculated for
each melting curve as described by Sheldon
and Bledsoe (1989). Specifically, reassocia-
tion was defined as the percentage of counts
eluted =62.5°C. The dissimilarity measures
of thermal stability (7,cqian aNd Tiy0q.) WETE
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calculated from melting curves drawn by
expressing the number of counts eluted at
each temperature as a percentage of all
counts eluted =62.5°C. T, .4, Was calcu-
lated by linear interpolation between the
points above and below the median of a
curve drawn between cumulative percent-
age and temperature (ideally a sigmoid
curve), while 7,4 Was calculated by locat-
ing the mode of a curve fitted by a five order
polynomial equation between actual per-
centage of counts against temperature (ide-
ally a unimodal curve, Sheldon and Bled-
soe, 1989). Variances were calculated
separately for homo- and heteroduplexes,
and their variances were combined to give
a combined standard error for the delta (A)
values (Caccone et al., 1987).

The PHYLIP computer program package
(available from J. Felsenstein, Department
of Genetics, University of Washington, Se-
attle) was used to produce FITCH and
KITSCH phylogenies for each of the three
dissimilarity measures calculated. KITSCH
finds the least sum of squares using the Fitch
and Margoliash (1967) algorithm assuming
a constant rate of evolution to root the tree.
The FITCH program uses the same algo-
rithm, without this assumption, thereby
producing unrooted trees. In addition, to-
pologies produced by the Unweighted Pair
Group Matrix Averaging (UPGMA, Sokal
and Michener, 1958) and Neighbor-Joining
(NJ, Saitou and Nei, 1987) algorithms were
compared with KITSCH and FITCH for
congruence. For each data set being ana-
lyzed by a particular algorithm, the jack-
knifing method of Lanyon (1985) was car-
ried out to detect internal inconsistencies in
the distance matrix. Finally, all three dis-
similarity measures were evaluated for rec-
iprocity, accordance with the triangle in-
equality, and level of taxonomic resolution
(as per Bledsoe and Sheldon, 1989).

RESULTS
Hermit Crab Paleobiogeography

Geologic History of the Disjunct Amphiat-
lantic- Boreal Marine Province.—Two of the
five Hydractinia species we studied encrust
either P. acadianus or P. bernhardus. These
two pagurids are sibling species found on
opposite sides of the Atlantic with a dis-
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junction between Iceland and Canada (Wil-
liams, 1984; Heegard, 1941; Samuelson,
1970; Allen, 1967; Jensen and Bender, 1973)
(Fig. 1b). These species are morphologically
almost indistinguishable, and were once
considered the same species (Benedict,
1901). Hermit crab taxonomists have as-
signed both species to the primarily Pacific
bernhardus group of hermit crabs on the
basis of both adult (McLaughlin, 1974; In-
gle, 1985) and larval characteristics (Rob-
erts, 1973). The distribution of these two
crabs is typical of members of the Amphiat-
lantic-Boreal marine biota, characterized by
a disjunction between Iceland and Canada,
with strong affinities to the North Pacific
fauna (Fig. 1, Ekman, 1953; Briggs, 1970,
1974; Pielou, 1979; Franz and Merrill,
1980).

The history of the Amphiatlantic-Boreal
marine biota in the North Atlantic has been
strongly influenced by two major events: the
opening of the Bering Strait in the mid-Plio-
cene, about 3.5 mya (Hopkins, 1967; Dur-
ham and MacNeil, 1967; Herman and Hop-
kins, 1980; Vermeij, 19894, 1989b) and the
climatic deterioration in the Northern
Hemisphere, with cooling beginning at about
3.1 mya and culminating in the first major
glaciation 2.5 mya (Shackleton et al., 1984;
Stanley, 1986; Loubere, 1988; Vermeij,
19894, 1989b). The initial opening of the
Bering Strait in the mid-Pliocene took place
when Arctic temperatures were consider-
ably warmer than at any time during the
Pleistocene (Herman and Hopkins, 1980;
Carter et al., 1986; Andrews, 1988) and co-
incided with the appearance in mid-Plio-
cene strata in Iceland of at least 125 mol-
luscan taxa previously known only in the
Pacific (Durham and MacNeil, 1967). The
direction of this interchange between Pacific
and Atlantic faunas was primarily from Pa-
cific to Atlantic, with relatively little migra-
tion in the opposite direction (Durham and
MacNeil, 1967; Franz and Merrill, 1980;
Grant et al., 1984; Vermeij 19894, but see
Grant and Stdhl, 1988). The first pulses of
glaciation have been interpreted as being
responsible for the observed replacement of
a temperate fauna by an Arctic fauna in the
Icelandic fossil record (Durham and Mac-
Neil, 1967, Stanley, 1986). While warm in-
terglacial periods have allowed boreal spe-
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cies to return to Iceland (Einarsson and
Albertsson, 1988), the ice sheets covering
Greenland have remained stable for the last
2 million years (Andrews, 1988), maintain-
ing the observed disjunction of the Am-
phiatlantic-Boreal marine biota across
Greenland (Ekman, 1953; Briggs, 1970,
1974; Pielou, 1979; Vermeij, 19895b).
These considerations are consistent with
the suggestion that the ancestor of P. aca-
dianus and P. bernhardus migrated to the
North Atlantic through the Bering Strait
about 3.5 mya. Since neither hermit species
is currently found north of Newfoundland
in Canada (Williams, 1984) or in Greenland
(Heegard, 1941), it is likely that the newly
arrived ancestral population was subse-
quently divided into two amphiatlantic
populations either by the onset of Northern
Hemisphere cooling at 3.1 mya, or at the
latest by the time of the onset of major gla-
ciation at 2.5 mya, to yield the sibling spe-
cies pair of P. acadianus and P. bernhardus.
Geologic History of the Disjunct Carolin-
tan Marine Province.—The remaining three
hermit crab-dwelling Hydractinia species in
the temperate North Atlantic encrust two
hermit crab lineages that consist of a single
species each: P. longicarpus and P. polli-
caris. Unlike the bernhardus group, both P.
longicarpus and P. pollicaris represent lin-
eages endemic to North America. These
hermit crabs have similar distributions (Fig.
1B), displaying a disjunction around the
Florida peninsula (Provenzano, 1959; Wil-
liams, 1984). This disjunction is typical for
members of the Carolinian marine biota
(Frey, 1965; Pielou, 1979; Bert, 1986).
The boundaries of this disjunction coin-
cide with the location of the last direct wa-
terway across northern Florida between the
Atlantic Ocean and the Gulf of Mexico,
known as the Suwannee Straits (Mc-
Commas, 1982; Riggs, 1984; Bert, 1986;
Bert and Harrison, 1988). The Suwannee
Straits were open during high sea level stands
through the Miocene and were closed by a
major regression in the late Miocene (Riggs,
1984; Haq et al., 1987). During the Pliocene
there were several pulses of transgression
along the American Atlantic Coast. Of these
only the highest pulse was of sufficient mag-
nitude to flood an arch such as the location
of the Suwannee Straits (Ward and Strick-
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land, 1986). The highest sea stand of the
Pliocene began at about 5 mya, and ended
between 3.8—4.2 mya when sea levels fell to
near present levels (Haq et al., 1987). Sea
stands since the Pliocene have not been suf-
ficient to reinstate the Suwannee straits
(Ward and Strickland, 1986; Haq et al.,
1987), a conclusion supported by the dis-
covery of a gap in a Pliocene relict shoreline
sequence corresponding to the eastern
mouth of the Suwannee straits, with no such
gap appearing in Pleistocene relict shore-
lines (Winker and Howard, 1977).

The former location of the Suwannee
straits not only coincides with the bound-
aries of the Carolinian marine biota (Bert,
1986; Bert and Harrison, 1988), but with a
terrestrial suture zone between continental
and peninsular biotas (Remington, 1968).
Electrophoretic evidence from Atlantic and
Gulf populations of the crab Menippe adina
(Bert, 1986) and the anemone Bundosoma
cavernata (McCommas, 1982) suggests that
these populations have not resumed contact
since the closure of the Suwannee straits.
This contention is supported by a paleobio-
geographic study of the American eastern
seaboard that showed that the southern
ranges of Carolinian ostracods were not sig-
nificantly displaced south of northeastern
Florida during glacial maxima (Cronin,
1988). These considerations are consistent
with the suggestion that Gulf and Atlantic
populations of Carolinian species such as P.
pollicaris and P. longicarpus were divided
by the closure of the Suwannee Straits 3.8-
4.2 mya and have had little or no direct
contact during the Pleistocene glaciations.

It should be noted in passing that genetic
discontinuities have been noted in north-
eastern Florida for species that are contin-
uously distributed around the Florida pen-
insula. Unlike the temperate Carolinian
fauna, which does show a disjunction around
the Florida peninsula, genetic discontinuity
in continuously distributed species appears
to have been caused by one or more of the
major regressions that followed the onset of
glaciation 2.5-3.1 mya, considerably later
than the smaller regression responsible for
the closure of the Suwannee Straits (Saun-
ders et al., 1986; Reeb and Avise, 1990;
Ward and Strickland, 1986; Haq et al.,
1987).
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Hydractinia Single-Copy DNA-DNA
Hybridization

The collection sites for the five North At-
lantic Hydractinia species whose relation-
ships were analyzed by single-copy DNA-
DNA hybridization are presented in Table
1. Note that we tested several hydroids in
addition to the five described above, in-
cluding three Hydractinia species from the
Pacific and two other genera of the family
Hydractiniidae. In all of these cases, how-
ever, DNA-DNA hybridization attempts
between these species and the five North
Atlantic Hydractinia species failed to pro-
duce stable duplexes due to excessive se-
quence divergence and are not discussed
further. DNA-DNA hybridization attempts
among the three hermit crab lineages sim-
ilarly failed to produce stable duplexes
(Cunningham, unpubl. data).

Reciprocal means and standard errors for
three dissimilarity measures (A7, c4ian,
AT, e, ANPR) between the five North At-
lantic Hydractinia species are presented in
Table 2. Means of reciprocals were weighted
towards the reciprocal with the lowest stan-
dard error for all three dissimilarity mea-
sures (Caccone, et al., 1987) and are pre-
sented in Table 3. Mean values and
variances of all three dissimilarity measures
of replicates for all hybridizations per-
formed are presented in Appendix 1.

The KITSCH-UPGMA trees for all three
dissimilarity measures were congruent (Fig.
2A-C). FITCH-NJ trees for AT, 4., and
AT, 4. Were congruent with one another
(Fig. 2D and E), but were incongruent for
one node with the KITSCH-UPGMA trees
for the same dissimilarity measures (Fig.
2A and B). Of the three dissimilarity mea-
sures, ANPR was the only FITCH-NJ tree
(Fig. 2F) congruent with its KITSCH-
UPGMA trée. Jackknifing did not affect the
topology of any tree. All methods of phy-
logenetic reconstruction showed broad con-
gruence, agreeing that there are two distinct
and widely separated clades of Atlantic Hy-
dractinia. The nodes that were inconsis-
tently resolved were separated by very small
branch lengths and approached the limits
of the resolution for the technique. For all
dissimilarity measures within-clade mea-
surements were significantly smaller than



TABLE 2. Means and standard errors for three DNA-DNA hybridization dissimilarity measures. Sample size of heteroduplexes in parenthesis. Standard errors
for A values are based on variances of homo- and heteroduplexes as described by Caccone et al. (1987). Tracer species are radioactively labeled, while driver
species are not.

Driver species
Tracer
species H. symbiolongicarpus H. symbiopollicaris H. polyclina H. [GM} H. echinata

H. symbiolongicarpus

AT median 6.33 +0.234) 6.20 £ 0.27 (4) 223+02303) 6.41 £ 0.21 (4

ATmode 6.65 £ 0.27 (4) 6.62 £ 0.24 (4) 1.94 +£ 0.22 (3) 6.73 £ 0.31(4)

ANPR 4.66 + 8.13(7) —-1.34 £ 9.33(8) —12.70 £ 7.53(7) —-2.39 +£9.72(7)
H. symbiopollicaris

ATmedian NA 0.98 +0.12 (4) NA 2.36 £ 0.11 (4)

AT mode NA 0.62 +0.12(4) NA 1.16 £ 0.13 (4)

ANPR 33.12 £ 1.12(4) 7.08 £ 0.65 (4) 19.96 + 1.84 (4) 18.70 = 1.31 (4)
H. polyclina

AT median 7.78 £ 0.34 (7) 0.85 £0.32(4) 7.81 £0.34 (4) 1.53 £ 0.37 (4)

AT mode 7.89 + 0.47 (7) 0.54 + 0.18 (4) 7.79 + 0.31 (4) 0.87 £ 0.23 (4)

ANPR 21.03 £ 6.30(7) —-0.54 £0.72(4) 15.06 = 0.93 (4) 7.34 £ 1.00 (4)
H. (GM)

AT median 2.96 £0.22 (3) 8.19 £ 0.19(4) 7.79 £ 0.33(3) 8.60 £ 0.15(2)

ATmode 2.21 £0.27(3) 7.02 £0.22(4) 10.96 + 0.35(3) 12.02 £ 0.13(2)

ANPR 6.59 + 0.84 (3) 13.88 + 1.64 (4) 30.18 + 6.02(3) 31.88 £ 2.72(2)
H. echinata

AT median 7.09 £ 0.13(4) 0.87 £ 0.154) 0.92 £ 0.18(4) 8.39 £ 0.16 (4)

AT mode 7.96 £ 0.21 (4) 1.06 £ 0.13 (4) 1.19 £ 0.23 (4) 10.55 +£ 0.30 (4)

ANPR 19.66 + 1.18 (4) —6.63 £ 1.34 (4) 0.60 £ 4.18 (4) 16.74 + 1.26 (4)

NA: measurement not available in this direction.

AJOLSIH dA4VHS 40 FONAAIAT
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TaBLE 3. Weighted means and standard errors of reciprocal measurements for the three DNA-DNA hybrid-
ization dissimilarity metrics in Table 2, with sample size of heteroduplex measurements in parentheses. Means
have been weighted towards the reciprocal measurement with lowest standard error as described by Caccone et

al. (1987).
H. symbiolongicarpus H. symbiopollicaris H. polyclina H.(GM)
H. symbiopollicaris
ATmedian 6.33 + 0.23 (4)*
ATmode 6.65 = 0.27 (4)*
ANPR 32.59 £ 1.11(11)
H. polyclina
AT median 6.81 £0.21(11) 0.96 = 0.11 (8)
ATmode 6.88 +0.21 (11) 0.60 = 0.10 (8)
ANPR 18.90 = 2.88 (15) 3.66 £ 0.48 (8)
H. [GM]
AT median 2.61 +£0.16 (6) 8.19 £ 0.19 (4)* 7.80 £ 0.24 (7)
AT mode 2.05 £ 0.17 (6) 7.02 £ 0.22 (4)* 9.18 + 0.23(7)
ANPR 6.35 £ 0.83(9) 6.57 £ 1.22 (8) 19.22 £ 1.28 (7)
H. echinata
AT median 6.90 = 0.11(8) 1.84 = 0.09 (8) 1.04 £ 0.16 (11) 8.50 = 0.11 (6)
ATmode 7.57 £ 0.17 (8) 1.11 £ 0.09 (8) 1.03 £ 0.16 (11) 11.79 £ 0.12 (6)
ANPR 19.21 = 1.17(11) 6.32 = 0.94 (8) 6.98 £ 0.97 (11) 19.42 + 1.14 (6)

* Measured in one direction only.

between-clade measurements (Fig. 2). A
consensus phylogeny is presented in Figure
2G.

The three dissimilarity measures were
evaluated for reciprocity by calculating
mean percent nonreciprocity (MPN, Sarich
and Cronin, 1976). While AT 4., sShowed
a lower MPN than AT, .4 (7.08% versus
9.81%, data from Table 2), this difference
is not significant (P > 0.20, Mann Whitney
U-test, two-tailed). The value of MPN for
ANPR i1s 175.00%, indicating that the mean
difference between reciprocals is actually
greater than the mean sum of the recipro-
cals. MPN for ANPR is significantly greater
than either AT, gin OF AT 040 (P < 0.002,
Mann Whitney U-test, two-tailed). In sum,
while AT 4., appears to obey the axiom of
symmetry somewhat better than does
AT, 4. Doth measures are far superior to
ANPR in this respect. The values for
AT, .42 also obeyed the triangle inequality
(as per Bledsoe and Sheldon, 1989) for all
10 3-taxon combinations, as compared to
only 7 for ANPR, and only 5 for AT, 4

For a dissimilarity measure to be useful
for phylogenetic inference, intraspecific
measurements should be significantly lower
than interspecific measurements. Since Hy-
dractinia [GM] has the broadest host range,
four individuals of this species, taken from

both hermit crab hosts and two different
localities (Table 1), were chosen for an anal-
ysis of intraspecific variability. DNA from
two of these individuals was labeled and
homoduplexes were compared to conspe-
cific heteroduplexes (Table 4). Values for
interspecific heteroduplexes were included
to determine the level of taxonomic reso-
lution. Of the three dissimilarity measures,
only AT, 4., Was able to consistently dis-
tinguish between intraspecific and interspe-
cific levels of divergence.

Of the three dissimilarity measures,
AT .4ian behaved the best in terms of reci-
procity, adherence to the triangle inequality,
and ability to distinguish between intra and
interspecific levels of genetic divergence.
ANPR generally behaved the worst, which
is not surprising because it is well known to
be the dissimilarity measure with the high-
est variance (Caccone and Powell, 1989;
Sheldon and Bledsoe, 1989). What is re-
markable is that ANPR phylogenies showed
broad congruence with other dissimilarity
measures and was the only measure whose
FITCH-UPGMA tree was congruent with
its KITSCH-NJ tree (Fig. 2). So long as
weighted means are used to reduce the in-
fluence of unreliable ANPR measurements,
this statistic appears to give phylogenetic
information that is comparable to that ob-
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Fi1G6. 2. Dendrograms based on three different DNA-DNA hybridization dissimilarity measures (AT cqan»
AT 0., and ANPR) and four different tree building algorithms (KITSCH, UPGMA, FITCH, and NJ) as described
in text. Since the trees presented here disagree on the relationship of H. symbiopollicaris, H. polyclina, and H.
echinata, their relationship is presented as a trichotomy in the consensus phylogeny. The consensus phylogeny
was midrooted, which requires a much weaker assumption of relatively constant rates of sequence divergence
than required for the KITSCH and UPGMA algorithms (Farris, 1972). Significance of nodes determined by

Mann Whitney U-Test, two-tailed (Fitch 1986).

tained from dissimilarity measures based
on thermal stability of duplexes. This con-
gruence greatly increases our confidence in
the consensus phylogeny (Fig. 2G).

DiscussioN

All methods of phylogenetic reconstruc-
tion applied to the DNA-DNA hybridiza-
tion data agree that there are two distinct
and widely separated clades of Atlantic Hy-
dractinia (Fig. 2). The first Hydractinia clade,

composed of H. echinata, H. symbiopolli-
caris, and H. polyclina, is primarily north-
ern in distribution (Fig. 1A). The second
clade, composed of H. symbiolongicarpus
and Hydractinia [GM], is primarily south-
ern in its distribution (Fig. 1A). We first
consider the history of northern and south-
ern Hydractinia clades in the context of the
paleobiogeographic history of their hermit
crab hosts presented above. Second, we ad-
dress the conditions under which corre-
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TABLE 4. Analysis of intraspecific variability for H. [GM]. Interspecific A values for the two closest species
[between H. symbiopollicaris (2A) and H. polyclina (3A)] are included for comparison. Mean A values greater
than the minimum significant range (MSR) are significantly different than the homoduplex (P < 0.05; T-Method
for unplanned multiple comparisons between means adjusted for sample size, Sokal and Rohlf, 1981 p. 248).
The Tukey-Kramer test gives identical result (Sokal and Rohlf 1981 p. 250). Individuals 5A, 5C from P.

longicarpus, 5B, 5D from P. pollicaris.

Tracer  Driver N AT median (MSR) AT mode (MSR) ANPR (MSR)
(Individuals) #) cC) (4®) O C) (%) (%)
Intraspecific heteroduplexes
SA 5B 4 0.39 (0.73) 0.41 (0.81 —0.63 (7.8)
5A 5C 4 -0.13 0.73) 0.06 (0.81 —1.70 (7.8)
5B 5A 2 0.46 (0.89) 0.64 0.99) -0.40 9.5)
5B 5D 3 0.72 (0.73) 0.67 (0.81) —3.67 (7.8)
Interspecific heteroduplexes
2A 3A 4 0.98* (0.63) 0.62 (0.70) 7.08 (7.8)
3A 2A 4 0.85* (0.73) 0.54 (0.81) -0.54 (7.8)
*P < 0.05.

spondence between phylogenetic informa-
tion and vicariance patterns can be used to
infer shared evolutionary history of host and
symbiont lineages.

Phylogenetic Evidence for a Shared
History of Hosts and Symbionts

A vicariant event that divides popula-
tions of a symbiotic association can con-
ceivably give rise to speciation in either the
host or symbiont lineage, or in both (Brooks,
1985). If the symbiont lineage undergoes
speciation after such a division, then recon-
struction of the phylogenetic relationships
of symbionts should reveal that reproduc-
tively isolated symbionts sharing the same
or related hosts on opposite sides of the bar-
rier are sister groups. Of the three host lin-
eages we have considered, this pattern is
consistent with our findings in two cases.

The range of a Pacific ancestor of the
bernhardus group is hypothesized to have
been divided into disjunct amphiatlantic
populations. As predicted by a hypothesis
of shared history, the symbionts encrusting
the crabs of the bernhardus group on op-
posite sides of the Atlantic are sister taxa
belonging to the northern clade (H. echinata
and H. polyclina, Fig. 2). Similarly, the range
of Pagurus longicarpus is hypothesized to
have been divided into disjunct Atlantic and
Gulf of Mexico populations by the closure
of the Suwannee Straits. As predicted by a
hypothesis of shared history, symbionts en-
crusting P. longicarpus on opposite sides of
the barrier are sister taxa belonging to the

southern clade [H. symbiolongicarpus and
H. [GM], Fig. 2].

The remaining member of the northern
clade, H. symbiopollicaris, is associated with
a hermit crab lineage distinct from the bern-
hardus group. In fact, P. pollicaris is asso-
ciated with different hydroid lineages on op-
posite ends of its range; in the north it has
been colonized by a member of the northern
clade (H. symbiopollicaris) and in the south
it has been colonized by a member of the
southern clade [Hydractinia [GM]; Table 1,
Fig. 2G]. Of these two colonizations, the
phylogenetic data show the northern colo-
nization to be the source of H. symbiopol-
licaris (Fig. 2G) with no comparable spe-
ciation occurring in the south. There has
been no clear allopatric division of marine
populations along the eastern seaboard of
the United States during the Pleistocene
(Cronin, 1988) and the cause of the speci-
ation event leading to H. symbiopollicaris
remains obscure.

Temporal Scaling Evidence for a
Shared History of Hosts and Symbionts

The mere concordance of phylogenetic
data with known geologic patterns of vicar-
iance cannot, however, be taken as com-
pelling evidence for shared history between
hosts and symbionts. Independent confir-
mation must exist that the cladogenic event
in question is temporally coincident with
the vicariance event presumed to generate
it. In principle, molecular data permit such
a test. If the ages of vicariance events es-
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tablished for host lineages on the basis of
geologic evidence scale to measures of se-
quence divergence between symbiont sister
taxa presently divided by the same biogeo-
graphic barriers, then the coincidence of vi-
cariant events in host and symbiont lineages
is supported.

The discussion above has suggested two
ages for vicariance events leading to Hy-
dractinia speciation. The disjunction of
members of the northern Hydractinia clade
on both sides of the Atlantic is suggested to
have occurred at the earliest when bernhar-
dus group hermit crab populations were di-
vided by the onset of Northern Hemispheric
glaciation 2.5-3.1 mya. The disjunction of
the southern clade on both sides of the Flor-
ida peninsula is suggested to have occurred
when P. longicarpus populations were di-
vided by the final closure of the Suwannee
Straits 3.8—4.2 mya. A third geologic date
for Hydractinia is available from the fossil
record. Fossil Hydractinia is common on
gastropod shells in the Calvert Cliffs for-
mation of Maryland, USA, first appearing
in the PP-1 stratum of the mid-Miocene
Plum Point Member (16.5-17.5 mya. Kid-
well, 1982, 1984; recorrelated by Olsson et
al., 1987) and persisting through the Pleis-
tocene (Gernant, 1970; Gibson, 1971; Buss
and Yund, 1988). Since the Florida vicar-
iance occurred before the hypothesized in-
vasion of the northern clade from the Pa-
cific, the southern clade is assumed to have
been in the Atlantic when the northern clade
arrived. On this basis, we treat the Calvert
Cliffs fossils as members of the southern
clade and use this fossil evidence as a min-
imum date for the divergence between the
northern and southern clades.

If these were the actual vicariance events
in the Hydractinia lineage and if sequence
divergence of the single-copy genome has
taken place at a relatively constant rate, then
estimates of sequence divergence should be
correlated with the relative ages of the vi-
cariance events. Since AT, .qan 1S the only
one of the three dissimilarity measures
known to have a linear relationship with
sequence divergence (Caccone et al., 1988)
and to have best obeyed the tests of reci-
procity and triangle inequality, it has been
used to test this hypothesis. The AT, . gian
values were corrected for multiple hits by
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the Jukes and Cantor (1969) Additivity
Transformation as recommended for DNA-
DNA hybridization data by Springer and
Krajewski (1989). Using averages of each of
the three geologically determined dates as
measures of absolute time, we find a highly
significant linear relationship between
AT pesian and time (Fig. 3). The data were
further tested for linearity (isochrony) in two
ways suggested by Gingerich (1986). First,
a logarithmic regression of the data shown
in Figure 3 yielded a power function of 0.91
=+ 0.53 (95% confidence interval), which is
indistinguishable from the value of 1.0 pre-
dicted for isochrony. A second, nonpara-
metric test was unable to reject the hypoth-
esis (required for isochrony) that rate of
sequence divergence is independent of dis-
tance from the origin (P > .20, Puri and Sen
Test: as in Gingerich, 1986). Thus, this anal-
ysis was unable to reject an assumption of
a relatively constant rate of single-copy se-
quence divergence in Atlantic Hydractinia.
The overall rate of change calculated for all
three dates is 0.43 + 0.14°C/million years
(95% interval; Fig. 3).

To be confident in our overall estimate
of sequence divergence, rates calculated in-
dependently for each of the three geologi-
cally determined estimates of absolute time
should fall within a narrow range, which is
the case for our data: 1) Onset of glaciation
= 0.46-0.58°C/million years (from upper
and lower limits of geological estimate); 2)
closure of the Suwannee straits = 0.63-
0.69°C/muillion years (from upper and lower
limits of geological estimate); and 3) Mary-
land Miocene fossils <0.45-47°C/million
years (this date is a minimum date of di-
vergence). If only one of these three dates
had been available, our estimate still would
have fallen within the narrow range of 0.4 5-
0.69°C/million years. These rates of single-
copy DNA change are comparable to rates
for AT, .4 estimated for other inverte-
brates, including sea urchins (0.50-1.0°C/
million years; Britten, 1986; Smith, 1988)
and Drosophila (0.11-1.11°C/million years
(Britten, 1986).

To the limits of our resolution the timing
of cladogenic events, established on the ba-
sis of a measure of sequence divergence, and
the timing of the vicariance events sus-
pected of generating them, established on
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FiG. 3. Temporal scaling between AT ... and three geological estimates of cladogenic events in the Hy-
dractinia lineage. Regression and 95% confidence intervals shown were calculated for X with >1 value of ¥
(Sokal and Rohlf, 1981 p. 483). This regression is highly significant in both parametric (P < 0.001, F-test, Sokal
and Rohlf, 1981 p. 485) and nonparametric tests (P < 0.005, Spearman’s Rank Correlation Test, corrected for
ties, Gibbons, 1971 p. 234). (A) Onset of Northern Hemispheric Glaciation: Age shown is average of 3.1 and
2.5 mya estimates for this event. AT 4., values are between H. echinata (European) and H. polyclina and H.
symbiopollicaris New England), respectively (Table 3). (B) Closure of Suwannee Straits: Age shown is average
of 4.2 and 3.8 mya estimates for this event. AT .., values are between H. symbiolongicarpus (New England)
and H. {GM] (Gulf of Mexico) (Table 3). (C) Miocene Hydractinia fossils: Age shown represents a minimum
estimate of divergence between Northern and Southern clades of Hydractinia between 16.5 and 17.5 mya.

AT,

median

the basis of geological evidence, are con-
gruent and hence support a hypothesis of
shared history in two of the three host lin-
eages examined. While our analysis was
limited by the number of species forming
stable duplexes (Table 1), which in turn lim-
ited the number of potential vicariance
events by which to assess temporal congru-
ence (i.e., three points, Fig. 3), we suggest
that claims of shared history in symbiotic
associations may be profitably investigated
whenever data are available (1) on the prin-
cipal cladogenic events in a host or sym-
biont phylogeny, (2) on the principal vicar-
iant events affecting the groups, and (3) on
the concordance between the timing of cla-
dogenic and vicariant events.

CONCLUSIONS
(1) A single-copy DNA-DNA hybridiza-
tion phylogeny for North Atlantic, hermit
crab-dwelling Hydractinia reveals distinct
northern and southern clades.
(2) Two of three members of the northern

values represent all between-clade measurements (Table 3).

clade appear on closely related host hermit
crabs whose distribution is consistent with
speciation of both host and symbiont fol-
lowing the vicariance events establishing the
disjunction of the Amphiatlantic-Boreal
marine biota.

(3) The two sister taxa of the southern
clade occur on host hermit crabs whose dis-
tribution is consistent with speciation of the
symbiont alone following the closing of the
Suwannee Straits in northern Florida.

(4) Geological estimates of the timing of
the two vicariant events, in addition to a
date from fossil material, scale in a linear
fashion to estimates of sequence divergence,
supporting a claim for temporal coincidence
of cladogenic and vicariant events.

ACKNOWLEDGMENTS

This work could not have been attempted
without the support, encouragement, and
technical expertise of A. Caccone, J. Powell,
F. Sheldon, and D. Oppenheimer. We thank



EVIDENCE OF SHARED HISTORY

J. Taschner for technical assistance. The
manuscript has benefited from comments
by N. Blackstone, A. Caccone, R. DeSalle,
M. Dick, F. Sheldon, J. Powell, B. Schier-
water, A. Shenk, G. Vermeij, and K. Wei.
The insightful comments of two anonymous
reviewers significantly improved the quality
ofthe final version. Our work was supported
by the NSF (OCE-8712792, BSR-8805961,
BSR-8806890), ONR (INO0014-89-J-3046),
and by Sigma XI Grants in Aid of Research.
We would like to thank two anonymous re-
viewers for their helpful comments, which
contributed substantially to the presenta-
tion and organization of the manuscript.

LITERATURE CITED

ALLEN, J. A. 1967. The Fauna of the Clyde Sea Area.
Crustacea: Euphausiacea and Decapoda. Scottish
Marine Biological Association, Millport, Scotland.

ANDREWS, J. T. 1988. Climatic evolution of the east-
ern Canadian Arctic and Baffin Bay during the past
three million years, pp. 235-250. In N. J. Shack-
leton, R. G. West, and D. Q. Bowen (eds.), The Past
Three Million Years: Evolution of Climatic Vari-
ability in the North Atlantic Region. The Royal
Society, London, England.

BENEDICT, J. E. 1901. The hermit crabs of the Pagurus
bernhardus type. Proc. U.S. National Museum 23:
451-466.

BerT, T. M. 1986. Speciation in western Atlantic
stone crabs (genus Menippe): The role of geological
processes and climatic events in the formation and
distribution of species. Mar. Biol. 93:157-170.

BerT, T. M., AND R. G. HARrRISON. 1988. Hybrid-
ization in western Atlantic stone crabs (Genus Me-
nippe). Evolutionary history and ecological context
influence species interactions. Evolution 42:528-
544.

BLEDSOE, A. H., AND F. H. SHELDON. 1989. The met-
ric properties of DNA-DNA hybridization dissim-
ilarity measures. Syst. Zool. 38:93-105.

Briggs, J. C. 1970. A faunal history of the North
Atlantic Ocean. Syst. Zool. 19:19-34.

BriGas, J. C. 1974. Marine Zoogeography. McGraw-
Hill, N.Y.

BriTTEN, R. J. 1986. Rates of DNA sequence evo-
lution differ between taxonomic groups. Science 231:
1393-1398.

BrRITTEN, R. J., D. E. GRAHAM, AND B. R. NEUFIELD.
1974. Analysis of repeating DNA sequences by
reassociation, pp. 364—418. InL. Grossman and K.
Moldave (eds.), Methods in Enzymology Volume
29. Academic Press, N.Y.

Brooks, D. R. 1985. Historical ecology: A new ap-
proach to studying the evolution of ecological as-
sociations. Ann. Miss. Bot. Gard. 72:660-680.

. 1988. Macroevolutionary comparisons of host
and parasite phylogenies. Annu. Rev. Ecol. Syst.
19:235-260.

Buss, L. W, AND P. O. YUND. 1988. A comparison

1313

of modern and historical populations of the colonial

hydroid Hydractinia. Ecology 69:646~654.

. 1989. A sibling species group of Hydractinia
in the Northeastern United States. J. Mar. Biol.
Ass., UK 69:857-875.

CACCONE, A., G. D. AMATO, AND J. R. POWELL. 1987.
Intraspecific DNA divergence in Drosophila: A study
in parthenogenetic D. mercatorum. Mol. Biol. Evol.
4:343-350.

CACCONE, A., R. DESALLE, AND J. R. POwWELL. 1988.
Calibration of the change in thermal stability of
DNA duplexes and degree of base pair mismatch.
J. Mol. Evol. 27:212-216.

CACCONE, A., AND J. R. PoweLL. 1989. DNA diver-
gence among hominoids. Evolution 43:925-942.

CARTER, L. D., J. BRIGHAM-GRETTE, L. MARINCOVICH,
JR., V.L. PEASEAND J. W. HILLHOUSE. 1986. Late
Cenozoic Arctic Ocean sea ice and terrestrial pa-
leoclimate. Geology 14:675-678.

CroNIN, T. M. 1988. Evolution of marine climates
of the U.S. Atlantic coast during the past four mil-
lion years, pp. 327-356. In N. J. Shackleton, R. G.
West, and D. Q. Bowen (eds.), The Past Three Mil-
lion Years: Evolution of Climatic Variability in the
North Atlantic Region. The Royal Society, London,
England.

DuRrRHAM, J. W., AND F. S. MACNEIL. 1967. Cenozoic
migrations of marine invertebrates through the Be-
ring Strait region, pp. 326-349. In D. M. Hopkins
(ed.), The Bering Land Bridge. Stanford Univ. Press,
Stanford, CA.

EINNARSSON, T., AND K. J. ALBERTSSON. 1988. The
glacial history of Iceland during the past three mil-
lion years, pp. 227-234. In N. J. Shackleton, R. G.
West, and D. Q. Bowen (eds.), The Past Three Mil-
lion Years: Evolution of Climatic Variability in the
North Atlantic Region. The Royal Society, London,
England.

ExMAN, S. 1953. Zoogeography of the Sea. Sedgewick
and Jackson, London, England.

FARris, J. S. 1972. Estimating phylogenetic trees from
distance matrices. Am. Nat. 106:645-668.

Frrcu, W. M. 1986. Commentary. Mol. Biol. Evol.
3:296-298.

FrrcH, w. M., AND E. MARGOLIASH. 1967. Construc-
tion of phylogenetic trees. Science 155:279-284.

FOTHERINGHAM, N. 1976. Population consequcnces
of'shell utilization by hermit crabs. Ecology 57:570—
578.

FrANZ, D. R., AND A. S. MERRILL. 1980. The origins
and determinants of distribution of molluscan fau-
nal groups on the shallow continental shelf of the
Northwest Atlantic. Malacologia 19:228-248.

Frey, D. G. '1965. Other invertebrates—An essay in
biogeography, pp. 613—631. In E. Wright, Jr., and
D. G. Frey (eds.), The Quaternary of the United
States. Princeton Univ. Press, Princeton, NJ.

GERNANT, R. E. 1970. Paleobiology of the Choptank
formation (Miocene) of Maryland and Virginia. MD
Geol. Surv. Rept. Inv. 12:1-90.

GIBBONS, J. D. 1971. Nonparametric Statistical In-
ference. McGraw Hill, N.Y.

GiesoN, T. J. 1971. Miocene of the middle Atlantic
coastal plain, pp. 1-25. In MD Geol. Surv., Guide-
book No. 3. Geol. Soc. of America, Washington,
D.C.




1314

GINGERICH, P. D. 1986. Temporal scaling of molec-
ular evolution in primates and other mammals. Mol.
Biol. Evol. 3:205-221.

GRANT, W. S., AND G. STAHL. 1988. Evolution of
Atlantic and Pacific cod: Loss of genetic variation
and gene expression in Pacific cod. Evolution 42:
138-146.

GRANT, W. S., D. J. TEeL, T. KoBAaYASHI, AND C.
ScuMITT. 1984. Biochemical population genetics
of Pacific halibut (Hippoglossus stenolepis and com-
parison with Atlantic halibut (H. hippoglossus). Can.
J. Fish. Aquat. Sci. 41:1083-1088.

HAFNER, M. S., AND S. A. NADLER. 1988. Phyloge-
netic trees support the coevolution of parasites and
their hosts. Nature 332:258-259.

1990. Cospeciation in host-parasite assem-
blages: Comparative analysis of rates of evolution
and timing of cospeciation events. Syst. Zool. 39:
187-191.

HaqQ, B. U., J. HARDENBOL, AND P. R. ValL. 1987.
Chronology of fluctuating sea levels since the Tri-
assic. Science 235:1156-1167.

HEeeGARD, P. E. 1941. The Zoology of East Green-
land. Decapod Crustaceans. Medd. om Grenland
121:9-36.

HErRMAN, Y., AND D. M. HopPkiNs. 1980. Arctic Ocean
climate in late Cenozoic time. Science 209:557-
562.

Hopkins, D. M. 1967. The Cenozoic history of Berin-
gia—A synthesis, pp. 451-484. In D. M. Hopkins
(ed.), The Bering Land Bridge. Stanford Univ. Press,
Stanford, CA.

HumpHRIES, C. J., J. M. Cox, ANDE. S. NIELSON. 1986.
Nothofagus and its parasites: A cladistic approach
to coevolution, pp. 35-54. In A. R. Stone and D.
L. Hawksworth (eds.), Coevolution and Systemat-
ics. Clarendon Press, Oxford, England.

HunT, J. A., T. J. HALL, AND R. F. BRiTTEN. 1981.
Evolutionary distance in Hawaiian Drosophila as
measured by DNA reassociation. J. Molec. Evol.
17:361-367.

INGLE, R. W. 1985. Northeastern Atlantic and Med-
iterrancan hermit crabs (Crustacea: Anomura: Pa-
guroidea: Paguridae). I. The genus Pagurus Fabri-
cius, 1775. J. Nat. Hist. 19:745-769.

JENSEN, K., AND K. BENDER. 1973. Invertebrates as-
sociated with snail shells inhabited by Pagurus
bernhardus (L.) (Decapoda). Ophelia 10:185-192.

Jukes, T. H., anp C. H. CANTOR. 1969. Evolution
of protein molecules, pp. 21-123. Irn H. M. Munro
(ed.), Mammalian Protein Metabolism. Academic
Press, N.Y. )

KARLsON, R. H., AND M. A. SHENK. 1983. Epifaunal
abundance, association and overgrowth pattern on
large hermit crab shells. J. Exp. Mar. Biol. Ecol. 70:
55-64.

KipweLL, S. M. 1982. Stratigraphy, invertebrate ta-
phonomy, and depositional history of the Miocene
Calvert and Choptank formations, Atlantic Coastal
Plain. Ph.D. Diss Yale University.

1984. Outcrop features and origin of basin
margin unconformities in the lower Chesapeake
group (Miocene), Atlantic coastal plain. Am. Assoc.
Pet. Geol. Mem. 36:37-58.

LAaNYON, S. M. 1985. Detecting internal inconsisten-
cies in distance data. Syst. Zool. 34:397-403.

C. W. CUNNINGHAM ET AL.

LouBerg, P. 1988. Gradual late Pliocene onset of
glaciation: A deep-sea record from the Northeast
Atlantic. Paleog. Paleoclimat. Paleoecol. 62.5:327—
334.

LyAar, C. H. 1986. Coevolutionary relationships of
lice and their hosts: A test of Fahrenholz’s rule, pp.
77-92. In A.R. Stone and D. L. Hawksworth (eds.),
Coevolution and Systematics. Clarendon Press,
Oxford, England.

MANIATIS, T., E. F. FRITSCH, AND J. SAMBROOK. 1982.
Molecular Cloning, a Laboratory Manual. Cold
Spring Harbor Laboratories, Cold Spring Harbor,
NY.

McCommas, S. A. 1982. Biochemical genetics of the
sea anemone Bundusoma cavernata and the zoo-
geography of the Gulf of Mexico. Mar. Biol. 68:
169-173.

McLAUGHLIN, P. A. 1974. The hermit crabs (Crus-
tacea: Decapoda: Paguridea) of Northwestern North
America. Zool. Verhand. 130:1-396.

MERrcANDO, N. A, AND C. F. LyTLE. 1980. Specificity
in the association between Hydractinia echinata and
sympatric species of hermit crabs. Biol. Bull. 159:
337-348.

MITTER, C., AND D. R. BRooks. 1983. Phylogenetic
aspects of coevolution, pp. 65-98. In D. J. Futuyma
and M. Slatkin (eds.), Coevolution. Sinauer Asso-
ciates, Sunderland, MA.

OLssoN, R. K., A. J. MELILLO, AND B. L. SCHREIBER.
1987. Miocene sea level events in the Maryland
coastal plain and the offshore Baltimore Canyon
trough. Cushman Found. Foram. Res. Spec. Pub.
24:85-97.

PaGg, R. D. M. 1990. Temporal congruence and cla-
distic analysis of biogeography and cospeciation.
Syst. Zool. 39:192-204.

PieLou, E. C. 1979. Biogeography. Wiley-Intersci-
ence, N.Y.

PROVENZANO, A. J., JR. 1959. The shallow-water her-
mit crabs of Fl. Bull. Mar. Sci. Gulf Carrib. 9:349—
420.

REeEes, C. A, AND J. C. Avise. 1990. A genetic dis-
continuity in a continuously distributed species:
Mitochondrial DNA in the American oyster, Cras-
sostrea virginica. Genetics 124:397-406.

RemmNgTON, C. L. 1968. Suture zones of hybrid in-
teraction between recently joined biotas. Evol. Biol.
2:321-428.

Rigas, S. R. 1984. Paleooceanographic model of
Neogene phosphorite deposition, U.S. Atlantic
continental margin. Science 223:123-131.

Sartou, N., ANDM. NEI. 1987. The Neighbor-joining
method: A new method for reconstructing phylo-
genetic trees. Mol. Biol. Evol. 4:406—425.

SAMUELSON, T. J. 1970. The biology of six species of
Anomura (Crustacea, Decapoda) from Raunefjor-
den, western Norway. Sarsia 45:25-52.

SARICH, V. M., AND J. E. CRONIN. 1976. Molecular
systematics of primates, pp. 141-170. In M. Good-
man and R. E. Tashian (eds.), Molecular Anthro-
pology, Genes and Proteins in the Evolutionary As-
cent of the Primates. Plenum Press, N.Y.

SAUNDERS, N. C., L. G. KessLER, AND J. C. AVIsE.
1986. Genetic variation and geographic differen-
tiation in mitochondrial DNA of the horseshoe crab,
Limulus polyphemus. Genetics 112:613-627.



EVIDENCE OF SHARED HISTORY

SCHACKLETON, N. J., J. BACKMAN, H. ZIMMERMAN, D.
V. KenNT, M. A. HALL, D. G. ROBERTS, D. SCHNIT-
KER, J. G. BALDAUF, A. DESPRAIRIES, R. HOMRIG-
HAUSEN, P. HUDDLESTON, J. B. KEENE, A. J. KAL-
TENBACK, K. A. O. Krumsiek, A. C. MorTON, J.
W. MURRAY, AND J. WESTBERG-SMITH. 1984. Ox-
ygen isotope calibration of the onset of ice-rafting
and history of glaciation in the North Atlantic re-
gion. Nature 307:620-623.

SHELDON, F. H., AND A. H. BLEDSOE. 1989. Indexes
to the reassociation and stability of solution DNA
hybrids. J. Mol. Evol. 29:328-343.

SiBLEY, C. G., aND J. E. AHLQUIST. 1981. The phy-
logeny and relationships of the ratite birds as in-
dicated by DNA-DNA hybridization, pp. 301-335.
In S. G. E. Scudder and J. L. Reveal (eds.), Evo-
lution Today: Proceedings of the 2nd International
Congress of Systematic and Evolutionary Biology.
Carnegie-Mellon Univ., Pittsburgh, PA.

SMITH, A. B. 1988. Phylogenetic relationship, diver-
gence times, and rates of molecular evolution for
camarodont sea urchins. Mol. Biol. Evol. 5:345~
365.

SPRINGER, M., AND C. KraJewskl. 1989. DNA hy-
bridization in animal taxonomy: A critique from
first principles. Q. Rev. Biol. 64:291-318.

SokaL, R. R., aND C. D. MICHENER. 1958. A statis-
tical method for evaluating systematic relation-
ships. Univ. Kans. Sci. Bull. 38:1409-1438.

SokaL, R. R, anD F. J. RonLr. 1981. Biometry,
Second ed. W. H. Freeman and Co., San Francisco,
CA.

1315

STANLEY, S. M. 1986. Anatomy of a regional mass
extinction: Plio-Pleistocene decimation of the
Western Atlantic bivalve fauna. Palaios 1:17-36.

VERMED, G. J. 1989a. Invasion and extinction: The
last three million years of North Sea pelecypod his-
tory. Conserv. Biol. 3:274-281.

. 1989b. Geographical restriction as a guide to
the causes of extinction. The case of the cold north-
ern oceans during the Neogene. Paleobiology 15:
335-356.

WARD, L. W., AND G. L. STRICKLAND. 1986. Outline
of tertiary stratigraphy and depositional history of
the U.S. Atlantic coastal plain, pp. 87-123. In C.
W. Poag (ed.), Geologic Evolution of the United
States Atlantic Margin. Van Nostrand Reinhold
Company, N.Y.

WELLS, H. W. 1969. Hydroid and sponge commen-
sals of Cantherus cancellaria with a “‘false shell.”
Nautilus 82:93-102.

WILLIAMS, A. B. 1984. Shrimps, Lobsters, and Crabs
of the Atlantic Coast of the Eastern United States,
Maine to Florida. Smithsonian Inst. Press, Wash-
ington, D. C.

WINKER, D. C., AND J. D. Howarp. 1977. Correla-
tion of tectonically deformed shorelines on the
southern Atlantic coastal plain. Geology 5:123-177.

YunD, P. O., AND H. M. PARKER. 1989. Population
structure of the colonial hydroid Hydractinia nova
C in the Gulf of Maine. J. Exp. Mar. Biol. Ecol.
125:62-82.

Corresponding Editor: C. Hickman



1316

APPENDIX 1.

C. W. CUNNINGHAM ET AL.

Mean values and variances of three dissimilarity measures for all hybrids included in this study.
Numerical designations for species as in Figure 2 and letter designation for specific individuals. Lines enclose
single tracer runs. Data for all melting curves were included in calculations unless there was a technical failure
in elution, or a failure in temperature control. In particular, one run of 35 replicates experienced a failure in
temperature control causing the elutions for two temperature increments to be combined in a single fraction,
although all radioactivity was eventually eluted. Since combining two temperature increments strongly affects
the shape of the resulting melting curve, these replicates were excluded from calculation of Tiyedian and Tmode
(marked NA below). Since calculation of NPR is unaffected by such an error (see above), NPR values for these
hybrids are included below. For this reason sample sizes for NPR in Tables 2 and 3 are greater than for Tiedian

and Tmode.
Tracer Driver N Trmedan (52 Trmode (52) PR (s) NPR (s?)

1A IB 4 81.23 (0.01) 83.70 (0.01) 70.70 (1.40) 115.53 ((3.40)
1A 1C 3 80.51 (0.01) 83.28 (0.01) 53.10 (0.03) 83.77 (0.07)
1A 1D 3 80.52 (0.02) 83.35 (0.05) 63.93 (0.82) 100.86 (2.05)
1A 2A 4 74.48 (0.17) 76.76 (0.26) 66.58 (3.13) 105.02 (7.78)
IA 3A 4 74.61 (0.25) 76.79 (0.24) 74.61 (0.25) 117.70 (0.62)
[A 4A 4 74.40 (0.12) 76.68 (0.31) 74.40 (0.12) 117.38 (0.27)
A SA 3 78.57 (0.12) 81.47 (0.13) 78.57 (0.12) 123.95 (0.31)
IB 1B 4 NA NA 55.98 (1.10) 95.47 (3.18)
1B 1E 2 NA NA 63.95(0.41) 109.07 (1.19)
IB 2A 3 NA NA 48.33 (11.04) 82.44 (32.11)
1B 3A 4 NA NA 49.83 (0.95) 84.98 (2.76)
IB 4A 3 NA NA 48.33 (11.04) 82.44 (32.11)
1B 5A 4 NA NA 61.13 (0.38) 104.26 (1.11)
2A 2A 4 79.07 (0.01) 82.48 (0.02) 71.62(0.72) 100.00 (1.40)
2A 3A 4 78.09 (0.05) 81.86 (0.04) 66.55 (0.16) 92.92 (0.32)
2A 4A 4 76.71 (0.04) 81.32 (0.05) 58.22 (2.82) 8.30 (5.51)
2A 1B 4 NA NA 47.90 (1.85) 66.88 (3.60)
2A SA 4 NA NA 57.33(6.21) 80.05 (12.09)
3A 3A 3 81.62 (0.28) 83.80 (0.08) 83.15(0.99) 100.00 (1.44)
3A 1B 4 74.14 (0.04) 76.73 (0.52) 60.10(4.13) 72.28 (5.99)
3A 1E 4 73.45 (0.05) 74.81 (0.10) 73.08 (1.05) 87.88 (1.51)
3A 2A 4 80.77 (0.03) 83.26 (0.03) 83.60 (0.10) 100.54 (0.14)
3A 4A 3 80.09 (0.12) 82.92 (0.08) 77.05 (2.65) 92.66 (3.83)
3A SA 4 73.81 (0.09) 76.01 (0.29) 70.63 (1.04) 84.94 (1.52)
4A 4A 4 79.01 (0.05) 83.45 (0.03) 66.00 (1.42) 100.00 (3.26)
4A IB 4 72.81 (0.03) 75.49 (0.16) 53.03 (3.56) 80.34 (8.22)
4A 2A 4 79.04 (0.05) 82.39 (0.04) 70.38 (1.72) 106.63 (3.94)
4A 3A 4 79.24 (0.15) 82.63 (0.06) 67.03 (0.55) 101.57 (1.26)
4A SA 4 71.52 (0.05) 72.90 (0.34) 54.95 (1.03) 83.26 (2.36)
4A 4A 1 83.55 (0.00) 86.21 (0.00) 89.10 (0.00) 100.00 (0.00)
4A 3A 3 82.28 (0.03) 84.53 (0.21) 86.00 (3.99) 96.52 (5.03)
SA SA 3 83.73 (0.02) 85.61 (0.10) 89.90 (8.13) 99.15 (9.90)
SA 5B 4 83.35(0.03) 85.21 (0.02) 80.48 (6.65) 99.78 (8.11)
SA 5C 4 83.86 (0.24) 85.55(0.43) 91.45 (2.30) 100.86 (2.79)
SA 1B 3 80.68 (0.12) 83.23 (0.10) 84.70 (0.25) 93.41 (0.30)
SA 3A 4 75.45 (0.10) 78.42 (0.14) 78.09 (5.17) 86.12 (6.29)
5B 5B 3 80.56 (0.12) 83.58 (0.00) 68.77 (34.38) 98.52 (70.52)
5B SA 2 80.10 (0.08) 82.95 (0.02) 69.05 (0.61) 98.93 (1.23)
5B 5D 3 79.84 (0.02) 82.91 (005) 71.33 (1.56) 102.20 (3.22)
5B 3A 3 72.28 (0.27) 72.21 (0.31) 48.73 (48.42) 69.82 (99.39)
5B 4A 2 71.57 (0.01) 71.16 (0.01) 47.55 (4.21) 68.12 (8.65)
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