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POPULATION DIFFERENTIATION DECREASES WITH DEPTH IN DEEP-SEA BIVALVES
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Abstract. The deep sea is the largest ecosystem on Earth. Recent exploration has revealed that it supports a highly
diverse and endemic benthic invertebrate fauna, yet the evolutionary processes that generate this remarkable species
richness are virtually unknown. Environmental heterogeneity, topographic complexity, and morphological divergence
all tend to decrease with depth, suggesting that the potential for population differentiation may decrease with depth.
To test this hypothesis, we use mitochondrial DNA (16S rRNA gene) to examine patterns of population differentiation
in four species of protobranch bivalves (Nuculoma similis, Deminucula atacellana, Malletia abyssorum, and Ledella
ultima) distributed along a depth gradient in the western North Atlantic. We sequenced 268 individuals from formalin-
fixed samples and found 45 haplotypes. The level of sequence divergence among haplotypes within species was similar,
but shifted from between populations at bathyal depths to within populations at abyssal depths. Levels of population
structure as measured by FST were considerably greater in the upper bathyal species (N. similis 5 0.755 and D.
atacellana 5 0.931; 530–3834 m) than in the lower bathyal/abyssal species (M. abyssorum 5 0.071 and L. ultima 5
0.045; 2864–4970 m). Pairwise genetic distances among the samples within each species also decreased with depth.
Population trees (UPGMA) based on modified coancestry coefficients and nested clade analysis both indicated strong
population-level divergence in the two upper bathyal species but little for the deeper species. The population genetic
structure in these protobranch bivalves parallels depth-related morphological divergence observed in deep-sea gas-
tropods. The higher level of genetic and morphological divergence, coupled with the strong biotic and abiotic het-
erogeneity at bathyal depths, suggests this region may be an active area of species formation. We suggest that the
steep, topographically complex, and dynamic bathyal zone, which stretches as a narrow band along continental margins,
plays a more important role in the evolutionary radiation of the deep-sea fauna than the much more extensive abyss.
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The deep ocean (below 200 m) is an enormous and complex
ecosystem covering two-thirds of the planet. The fauna in-
habiting this remote environment is highly endemic and sur-
prisingly rich (Hessler and Sanders 1967). Although numer-
ous studies have explored evolutionary processes in shallow-
water systems (e.g., Vermeij 1987, 1991; Palumbi 1994,
1999; Burton 1996, 1998; Barber et al. 2000; Grosberg and
Cunningham 2001; Palumbi and Warner 2003) and in the
unusual and highly constrained deep-water chemosynthetic
environments (e.g., Vrijenhoek 1997; Baco et al. 1999; Van
Dover et al. 2002; Goffredi et al. 2003), virtually nothing is
known about how evolution has unfolded in the vast stretches
of the deep ocean. We lack even the most basic information
about what processes might be important or the geographic
and bathymetric scales over which they operate.

Many aspects about the deep-sea environment and fauna
seem to defy conventional theories on diversification and
subsequent coexistence of species. There are few obvious
barriers to gene flow, and a large proportion of species are
now known to have pelagic larval dispersal (Young 2004).
Local diversity can exceed 300 macrofaunal species m22 (Et-
ter and Mullineaux 2001), but most species exploit the same
detrital food resources (Gage and Tyler 1991), and the struc-
tural complexity typical of other highly diverse systems such
as coral reefs and rainforests is lacking. The deep sea also
appears to be a relatively young environment for such an
extensive evolutionary radiation since there was a major mass
extinction event caused by widespread anoxia during the Pa-
leocene (Jacobs and Lindberg 1998) and potentially as re-
cently as the Pleistocene (Hayward 2001).

Several mechanisms have been identified that promote di-

vergence in marine organisms with good dispersal, including
isolation by distance, extrinsic barriers to gene flow, selec-
tion, and various historical processes (e.g., Palumbi 1994;
Grosberg and Cunningham 2001). There is good evidence
for these operating in shallow-water systems but none for the
deep sea. To begin to unravel the evolutionary processes
operating in this vast, complex, and remote ecosystem, we
need to quantify genetic variation within and among spe-
cies—the primary evidence for inferring patterns of evolution
in other environments.

Recent evidence suggests that the potential for population
differentiation and speciation may vary with depth (Etter and
Rex 1990; France and Kocher 1996; Rogers 2003). The deep
sea is not a uniform environment, pronounced bathymetric
gradients in both biotic and abiotic factors exist that may
influence the geography of population divergence. The bathy-
al region is considerably more heterogeneous than the abyss.
It descends, often steeply, from 200 to 4000 m; is topograph-
ically more complex (Mellor and Paull 1994), carved into
segments by numerous submarine canyons; and the sediments
are more heterogeneous (Cooper et al. 1987; Etter and Grassle
1992). This region also is impacted by oxygen-minimum
zones that might isolate gene pools and facilitate population
differentiation and speciation (White 1987; Wilson and Hes-
sler 1987; Wilson 1998; Rogers 2000; Helly and Levin 2004).
Species diversity (Rex 1981; Etter and Grassle 1992), intra-
specific morphological divergence (Etter and Rex 1990), and
zonation (Grassle et al. 1979; Rex 1981; Carney et al. 1983;
Etter and Rex 1990) all peak at bathyal depths, suggesting
communities are more heterogeneous. In contrast, the much
more extensive abyss descends very gradually from 4000 to
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FIG. 1. A map of the North American basin showing the location of the samples used in this study. The samples were collected as part
of the Woods Hole Oceanographic Institution’s Benthic Sampling Program (Sanders 1977) and the Atlantic Continental Slope and Rise
Study (Maciolek et al. 1987).

6000 m, and has a much simpler topography of gently rolling
hills and plains, with more uniform sediments and fauna. The
greater levels of environmental heterogeneity at bathyal
depths may lead to increased levels of population divergence
and ultimately speciation through either selective or nonse-
lective processes.

In fact, the peak in diversity at upper bathyal depths, in
part, may reflect a higher probability of population differ-
entiation and speciation in this region of the deep ocean.
Large-scale gradients in biodiversity (e.g., latitude) can be
produced by geographic variation in ecological and/or evo-
lutionary mechanisms (Rohde 1992; Willig et al. 2003). Al-
though the relative importance of various forces in shaping
these macroecological patterns remain controversial (e.g.,
Rohde 1992; Rosenzweig 1995; Gaston 2000; Hawkins et al.
2003; Willig et al. 2003), recent evidence from paleontology
(Jablonski 1993; Flessa and Jablonski 1996; Sepkoski 1998;
Buzas et al. 2002), comparative phylogenetics (Cardillo
1999; Davies et al. 2004), and molecular evolution (Bromham
and Cardillo 2003; Wright et al. 2003; Martin and McKay
2004; Williams and Reid 2004; Xiang et al. 2004; Gillooly
et al. 2005; although see Brown and Pauly 2005) suggest that
geographic variation in evolutionary rates may play an im-
portant role in producing large-scale gradients in diversity.

Similarly, depth-related variation in evolutionary rates might
help explain why species diversity is greatest at intermediate
depths.

Here we test the hypothesis that population differentiation
decreases with depth by quantifying geographic and bathy-
metric patterns of mitochondrial DNA (mtDNA) variation in
four species of protobranch bivalves arrayed along a depth
gradient (530–4970 m) in the western North Atlantic. All
four species have the same mode of feeding and larval de-
velopment. Genetic divergence in these protobranch bivalves
decrease with depth, suggesting that the bathyal zone may
play a key role in the evolution of the deep-sea fauna.

MATERIALS AND METHODS

The four species analyzed, Nuculoma similis (Rhind and
Allen 1992), Deminucula atacellana (Schenck 1939), Mal-
letia abyssorum Verrill and Bush 1898, and Ledella ultima
(Smith 1885), were collected from south of New England as
part of the Woods Hole Oceanographic Institution’s Benthic
Sampling Program (Sanders 1977) and the Atlantic Conti-
nental Slope and Rise Study (Maciolek et al. 1987). All be-
long to the order Nuculida. Sampling stations are shown in
Figure 1. The four species are common within their depth
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ranges and become the numerically dominant bivalves at up-
per bathyal, mid bathyal, lower bathyal, and lower bathyal
to abyssal depths, respectively (Allen and Sanders 1996).
They are infaunal deposit feeders, and have nonfeeding swim-
ming demersal pericalymma larvae (Zardus 2002).

The main obstacle to understanding population differen-
tiation in the deep-sea has been the paucity of data on geo-
graphic variation at the genetic level. Most deep-sea samples
are fixed in formalin, which degrades the DNA, making it
difficult to quantify genetic variation. We recently developed
protocols to extract, amplify (with polymerase chain reaction,
PCR), and sequence mtDNA from small macrofaunal meta-
zoans that have been preserved in formalin (described in
Chase et al. 1998b) and use these techniques to sequence a
166- to 198-bp fragment of the variable region of the 16S
rRNA mitochondrial gene. The same region was amplified
in each species, although species-specific differences (e.g.,
deletions, additions) result in sequences of slightly different
lengths.

DNA Extraction and Sequencing

To extract DNA, whole individuals were placed in micro-
fuge tubes with 200 ml of tissue lysis buffer ATL from the
QIAam tissue extraction kit (Qiagen, Chatsworth, CA) and
incubated for 24 h at 558C. Then 5 ml of a 50 mg ml21 solution
of proteinase K and an additional 95 ml of lysis buffer were
added and incubation continued at 558C for an additional 72
h. The extraction then followed the manufacturer’s instruc-
tions, except that buffer ATL and ethanol were increased from
200 ml to 300 ml. DNA was eluted with one 200 ml aliquot
of 10 mM Tris pH 8.0.

Species-specific primers were developed for each species
using the general procedures described previously (Chase et
al. 1998b). Extracted DNA was amplified in 50-ml reaction
volumes consisting of 10 ml template (no dilution of stock
DNA eluted from column), 50 mM KCl, 10 mM Tris-HCl
(pH 9.0), 0.1% Triton X-100, 2.5 mM MgCl2, 0.2 mM each
dNTP, 20 pm each primer, 1.0 unit Taq (Promega, Madison,
WI), an equal volume of Taqstart Antibody (Clonetech, Palo
Alto, CA) and H2O to 50 ml. Reactions were layered with
mineral oil and heated to 958C for 2 min prior to five cycles
of 958C for 1 min, 608C for 1 min, and 728C for 1 min, then
35–40 cycles of 948C for 30 sec, 608C for 30 sec, and 728C
for 30 sec.

The size of the PCR products were confirmed on 1.5%
agarose gels, and the remaining PCR products purified with
a QIAquick PCR purification kit (Qiagen), and run out on a
1.5% agarose gel against standards to quantify template. The
purified PCR products were sequenced with a Taq Dye Deoxy
Termination cycle sequencing kit (PE Applied Biosystems,
Foster City, CA) or Big Dye kit (PE Applied Biosystems),
ethanol precipitated, resuspended in formamide loading buff-
er, and run on an Applied Biosystems Model 373 Automated
DNA sequencer or with conventional isotopic methods. DNA
sequences were aligned and edited with Sequencher, version
3.1 (Gene Codes Corp., Ann Arbor, MI) for the Macintosh.

Analysis

Arlequin 2.0 (Schneider et al. 2000) was used to calculate
haplotype (h) and nucleotide (p) diversity and to estimate

levels of population structure within species from analyses
of molecular variance (AMOVA). Levels of intraspecific di-
vergence were estimated from pairwise genetic distances
(FST and modified coancestry coefficients) among samples.
Population (sample) trees (UPGMA) for each species were
created from the pairwise modified coancestry coefficients
(Reynolds et al. 1983) using MEGA (Sudhir et al. 2001). The
population trees depict the relative degree of genetic diver-
gence among the samples for each species and allow us to
compare levels of population divergence among species.

Phylogenetic relationships among the haplotypes were in-
ferred using statistical parsimony (Templeton et al. 1992) as
implemented in TCS (Clement et al. 2000). Ambiguities in
the cladograms were resolved using predictions from coa-
lescent theory (Crandall and Templeton 1993; Crandall et al.
1994; Posada and Crandall 2000). As summarized in Pfen-
ninger and Posada (2002), we used three criteria to resolve
ambiguities (loops): (1) frequency: haplotypes are more like-
ly to be connected to haplotypes with higher frequencies than
to singletons; (2) topology: haplotypes are more likely to be
connected to interior haplotypes than to tip haplotypes; and
(3) geography: haplotypes are more likely to be connected
to haplotypes from the same population or region than to
haplotypes occurring in distant populations. Each criterion
has been verified in empirical data (Crandall and Templeton
1993).

Nested clade analysis (NCA) was used to test for signifi-
cant associations between haplotype variation and geography
and to determine whether any significant geographic structure
might represent contemporary or historical processes (Tem-
pleton et al. 1995; Templeton 1998, 2004). We used GeoDis
to calculate the NCA (Posada et al. 2000). NCA uses the
temporal information in a haplotype phylogeny along with
the spatial distribution of the haplotypes to statistically test
for phylogeographic associations and to infer whether any
significant associations reflect recurrent but restricted gene
flow or historical processes such as fragmentation or range
expansion. Although the inferences lack estimates of statis-
tical error (Knowles and Maddison 2002), we use them to
identify potential processes that can be tested subsequently
with more specific a priori statistical phylogeographic meth-
ods (e.g., Barber et al. 2002; Knowles and Maddison 2002).

RESULTS

Although we tried to sequence a similar number of indi-
viduals (i.e., 20) from each station, the numbers varied be-
cause samples differed in the number of individuals collected
and because our ability to obtain amplifiable DNA from the
fixed tissues varied (Boyle et al. 2004). Because of the in-
herent difficulties of estimating genetic composition and di-
vergence from small samples, results for stations with n ,
5 should be interpreted cautiously. In total, we sequenced
268 individuals and found 45 haplotypes across all four spe-
cies (Table 1; Genbank accession: N. similis AY762137–
AY762142, D. atacellana AF29093–AY29104, M. abyssorum
AY762143–AY762150, L. ultima AY762117–AY762136).

All four species possess similarly divergent haplotypes,
with eight to 19 substitutions separating the most distant
forms (Fig. 2). In the two upper bathyal species, the most
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FIG. 2. Statistical parsimony network indicating interrelationships
among haplotypes for the 16S mitochondrial DNA for each species.
Letters represent different haplotypes within species. Each haplo-
type is represented by a circle. The area of the circle is directly
proportional to the number of individuals possessing that haplotype.
Each line connecting haplotypes represents a single mutational step.
Haplotypes that were not found but are necessary intermediates are
shown as small solid circles.

TABLE 2. Estimates of haplotype (h) and nucleotide (p) diversity
for each station. Average for each species is also shown.

Species Station h p

Nuculoma similis
105 0.533 0.0024
N12 0.667 0.0045
207 0.400 0.0018
128 0.000 0.0000

73 0.600 0.0027
N2 0.520 0.0027
N8 0.467 0.0239
Average 0.455 0.0054

Deminucula atacellana
87 0.182 0.0009
73 0.333 0.0017

209 0.494 0.0028
103 0.257 0.0014
115 0.333 0.0017

62 0.643 0.0052
340 0.000 0.0000

77 0.000 0.0000
85 0.250 0.0120

Average 0.277 0.0029
Malletia abyssorum

72 0.000 0.0000
77 0.000 0.0000
85 0.462 0.0189
84 0.143 0.0009

123 0.667 0.0000
80 1.000 0.0849

Average 0.379 0.0175
Ledella ultima

77 0.769 0.0175
78 0.857 0.0120

334 0.857 0.0080
70 0.564 0.0073
92 0.833 0.0091
84 0.629 0.0084

121 0.867 0.0088
123 0.667 0.0081
124 1.000 0.0164
Average 0.783 0.0106

divergent haplotypes are numerous and are often geograph-
ically or bathymetrically separated from the most common
haplotype. For instance, haplotype F in D. atacellana, which
is eight substitutions from the most common haplotype A, is
found in 29 individuals that only occur below 3000 m. In N.
similis, the common haplotypes A and C both occur at N8,
but are separate at all other stations. In contrast, in the lower
bathyal/abyssal species, the most divergent haplotypes are
rare (represented by only one or two individuals) and coexist
with the most common haplotype (Table 1).

Haplotype diversity varied among species (ANOVA df 5
3,27, P 5 0.0012), with the highest diversity found in the
deepest species, L. ultima (Table 2). However, there were no
clear bathymetric trends in haplotype diversity among sam-
ples within a species (least-squares regressions, all P . 0.19).
Across species, haplotype diversity increased slightly with
depth (R2 5 0.12, df 5 1,29, P 5 0.0488), but this was largely
a reflection of the influence of the high haplotype diversities
for L. ultima. Nucleotide diversity (Table 2) did not differ
among species (ANOVA df 5 3,27, P 5 0.317) and showed

no clear pattern within or among species with depth (least-
squares regressions, all P . 0.23). Although there appear to
be similar levels of haplotype divergence within species (Ta-
ble 3), there is a shift from between-population divergence
at upper bathyal depths to within populations at lower bathyal
to abyssal depths (Table 4). Population structure, estimated
from an AMOVA, was much greater for the two shallower
species N. similis and D. atacellana than for the deeper-dwell-
ing M. abyssorum and L. ultima (Table 4).

Population Structure

Population trees (UPGMA) based on modified coancestry
coefficients (MCCs) indicate strong population-level diver-
gence in the two bathyal species N. similis and D. atacellana
(Fig. 3). Nuculoma similis samples separated by as little as
3 km and 146 m in depth (stations 73 and 128) are highly
divergent with a FST of 0.983 (Table 5). The maximum FST
in this species was 0.989 for samples separated by 16 km
and 446 m in depth. The strong divergence for station 128
reflects the presence of the divergent haplotype C and the
lack of the most abundant and widespread haplotype A. Note
that station N8 also has haplotype C, but is less divergent
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TABLE 3. Summary of uncorrected pairwise distances among hap-
lotypes for each species. The minimum is zero in some cases be-
cause the mutations identifying haplotypes occur at gaps in others.

Average Maximum Minimum

Nuculoma similis 0.024 0.062 0.004
Deminucula atacellana 0.016 0.062 0.005
Malletia abyssorum 0.048 0.094 0.000
Ledella ultima 0.015 0.030 0.000

FIG. 3. Distance trees (UPGMA) based on pairwise modified coan-
cestry coefficients (Reynolds et al. 1983) among stations for each
species showing the relative genetic distances among samples. Sta-
tion numbers are shown at branch tips.

TABLE 4. Estimates of FST and the amount of variation within and among samples (populations) calculated from an AMOVA for each
species. The P-levels were derived from 1000 permutations.

Source of variation df
Sum of
squares

Variance
components

Percentage
of variation

Nuculoma similis
Among populations 6 107.457 2.30 75.48
Within populations 46 34.300 0.75 24.52
Total 52 141.756 3.04
Fixation index fST 5 0.755 P , 0.0001
Deminucula atacellana
Among populations 8 421.284 5.41 93.02
Within populations 80 32.514 0.41 6.98
Total 88 453.798 5.82
Fixation index fST 5 0.930 P , 0.0001
Malletia abyssorum
Among populations 3 43.237 0.68 7.14
Within populations 35 311.122 8.89 92.86
Total 38 354.359 9.57
Fixation index fST 5 0.071 P 5 0.185
Ledella ultima
Among populations 8 8.513 20.07 24.53
Within populations 72 122.845 1.71 104.53
Total 80 131.358 1.63
Fixation index fST 5 20.045 P 5 0.934

from other stations because of the presence of the common
haplotype A. The largest FST recorded in this study (0.991)
was for the upper bathyal species D. atacellana, but the dis-
tance and depth separating these samples were somewhat
larger (234 km and 2704 m, respectively). Nevertheless, D.
atacellana exhibits strong divergence among samples on sur-
prisingly small geographic and bathymetric scales. Samples
62 and 340 separated by only 134 km and 809 m in depth
are sufficiently divergent to be placed in different clades (Fig.
3). No haplotypes are shared between the upper bathyal (sta-
tions 62, 73, 87, 103, 115, and 209) and lower bathyal clades
(stations 77, 85, and 340) of D. atacellana. In contrast, the
lower bathyal/abyssal species M. abyssorum and L. ultima
exhibit much less divergence. The deepest-dwelling species,
L. ultima, shows no significant divergence among any of the
samples despite some being separated by 1056 m in depth
and 500 km in distance. The largest FST for L. ultima was
0.1741, and only three of 36 pairwise FST values were greater
than zero (Table 5).

Pairwise modified coancestry coefficients (MCCs, Reyn-
olds et al. 1983) between conspecific samples decrease with
depth (Fig. 4). MCCs of zero are found at all depths indicating
that some samples can be genetically identical in both bathyal
and abyssal zones. However, large genetic distances occur
only in the upper bathyal species N. similis and D. atacellana.
Populations of the lower bathyal/abyssal species L. ultima
and M. abyssorum do not exhibit large genetic distances
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TABLE 5. Pairwise FST among stations for each species. Station number, depth, and number of specimens (N) are shown for each
sample. Station numbers are as in Table 1.

Nuculoma similis
Station Depth (m) N 1 2 3 4 5 6

1 105 530 6
2 N12 550 9 0.000
3 207 808 5 0.216 0.000
4 128 1254 8 0.982 0.967 0.989
5 73 1400 5 0.000 0.000 0.000 0.983
6 N2 2100 10 0.314 0.103 0.000 0.974 0.032
7 N8 2180 10 0.558 0.602 0.551 0.182 0.540 0.632

Deminucula atacellana
Station Depth (m) N 1 2 3 4 5 6 7 8

1 87 1102 11
2 73 1400 8 0.026
3 209 1600 14 0.018 0.000
4 103 2022 17 0.000 0.000 0.028
5 115 2040 6 0.026 0.000 0.000 0.000
6 62 2496 8 0.028 0.000 0.032 0.011 0.000
7 340 3300 4 0.982 0.975 0.947 0.973 0.975 0.919
8 77 3806 17 0.991 0.990 0.970 0.984 0.990 0.964 0.000
9 85 3834 8 0.850 0.804 0.841 0.865 0.804 0.787 0.000 0.102

Malletia abyssorum
Station Depth (m) N 1 2 3 4 5

1 72 2864 2
2 77 3806 2 0.000
3 85 3834 19 0.000 0.000
4 84 4749 14 0.000 0.000 0.022
5 123 4853 3 0.000 0.000 0.000 0.000
6 80 4970 3 0.414 0.414 0.542 0.827 0.514

Ledella ultima
Station Depth (m) N 1 2 3 4 5 6 7 8

1 77 3806 13
2 78 3828 8 0.000
3 334 4400 8 0.000 0.000
4 70 4680 11 0.000 0.000 0.000
5 92 4694 4 0.000 0.000 0.000 0.000
6 84 4749 15 0.000 0.000 0.000 0.000 0.000
7 121 4800 16 0.000 0.000 0.000 0.000 0.000 0.000
8 123 4853 3 0.024 0.000 0.035 0.000 0.174 0.000 0.000
9 124 4862 3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

among any samples (Fig. 4a). Because genetic distance can
be influenced by both the geographic distance and depth sep-
arating samples, comparisons of divergence among samples
in bathyal/abyssal regions should be controlled for differ-
ences in the distribution of samples. The continental rise and
abyssal samples are actually more widespread, reinforcing
the interpretation that divergence there is diminished. Still,
to eliminate this potentially confounding influence, we used
least-squares regression to remove the effects of distance and
depth separating samples. The residuals of genetic distance
after the depth and distance separating samples have been
statistically held constant exhibit basically the same pattern
as the uncorrected genetic distances—population divergence
decreases with depth (Fig. 4b). This is not surprising because
pairwise MCCs were not correlated with the depth or distance
separating the samples for any of the species except D. ata-
cellana (Chase et al. 1998a).

Nested Clade Analysis

The nested clade analysis revealed significant geographic
structure for both upper to mid-bathyal species, N. similis

and D. atacellana (Table 6). Geographic structure was iden-
tified at the total clade and clade 3.1 levels in N. similis (clade
nesting available from the authors upon request), but due to
the lack of significant clade distances, it was not possible to
distinguish between contemporary or historical processes.
Deminucula atacellana also exhibited strong geographic
structure at the total clade level. The pattern of clade distances
suggested fragmentation (Table 6), however, this inference
is dependent on whether D. atacellana occurs between sta-
tions 62 (2496 m) and 340 (3309 m) and whether this region
has been adequately sampled (Templeton 2004). Because no
samples have been taken between these two stations, it is not
known whether D. atacellana is part of the deep-sea com-
munity in this region. The gap in sampling makes it difficult
to distinguish between fragmentation or isolation by distance.
We suggest fragmentation because the distance is relatively
small (134 km) and the dispersal window of D. atacellana
is likely to be fairly large (Chase et al. 1998a), thus we would
expect little isolation by distance at these scales. This is also
clear from the upper bathyal populations that exhibit little
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FIG. 4. (Top) Intraspecific pairwise genetic distances (modified coancestry coefficients) as a function of the midpoint in depth between
pairs of stations. (Bottom) Residual genetic distances after the depth and distance separating stations have been removed statistically
using least-squares regression.

TABLE 6. Chi-square tests of the geographical association of clades and biological inference chain from a nested clade analysis. Inferences
were derived from the key cited in Templeton (2004).

Clades x2 P Inference chain Inference

Nuculoma similis
Clade 3.1 10.98 0.037 No significant clade distances
Total clade 38.95 , 0.001 No significant clade distances
Deminucula atacellana
Total clade 86.41 , 0.001 2-3-5-15 fragmentation or inadequate sampling
Malletia abyssorum
Clade 2.5 23.96 0.007 2-11-12 continuous range expansion
Clade 3.2 19.91 0.03 2-3-4-9-10 inadequate sampling
Ledella ultima
All levels ns
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differentiation over similar depths and geographic distances
(Fig. 3).

In contrast, the lower bathyal/abyssal species exhibit much
less geographic structure. The NCA was unable to detect any
significant geographic structure in L. ultima, similar to the
results for the FST analysis (Tables 4, 5). Malletia abyssorum
exhibits structure at two hierarchical levels (clades 2.5 and
3.2), but both are due to the occurrence of two individuals
of halpotype H at station 123. The pattern of clade distances
for clade 2.5 suggested continuous range expansion, whereas
sampling was inadequate to infer a process for clade 3.2.

DISCUSSION

Population trees, AMOVA, modified coancestry coeffi-
cients, and nested clade analyses of the haplotype networks
all clearly indicate that the upper to mid bathyal species N.
similis and D. atacellana show more pronounced geographic
variation than the lower bathyal and abyssal species M. abys-
sorum and L. ultima. The results generally corroborate the
earlier study of phenotypic variation in gastropods (Etter and
Rex 1990), despite major differences in natural history be-
tween the two taxa. Genetic population structure in deep-sea
gastropods is much less well documented, but also appears
to decrease with depth. The upper bathyal Frigidoalvania
brychia shows extreme divergence in mtDNA on small spatial
scales (Quattro et al. 2001), whereas preliminary work with
two abyssal prosobranch gastropods, Benthonella tenella (n
5 56, seven stations) and Xyloskenea naticiformis (n 5 26,
four stations), found virtually no variation in 16S mtDNA in
the western North Atlantic (R. J. Etter et al. unpubl. ms.).
Although data on other taxa are limited, this pattern does not
appear to be restricted to mollusks. Stronger genetic differ-
entiation in bathyal as compared to abyssal populations has
been observed in the amphipod Eurythenes gryllus (France
and Kocher 1996).

Why do bathyal mollusks appear to show more population
divergence than their abyssal counterparts? Selective gradi-
ents, barriers to gene flow, and historical events have been
implicated in producing population differentiation and spe-
ciation in shallow-water marine organisms (e.g., Palumbi
1994; Grosberg and Cunningham 2001). It is likely that
bathymetric differences in all three mechanisms play roles
in explaining greater divergence in bathyal species.

The rate of environmental change in the deep-sea ecosys-
tem is a function of the rate of change in depth and proximity
to coastal production. In the more steeply descending bathyal
zone, depth parallels gradients of decreasing temperature,
decreasing metabolic rates, and increasing pressure (Gage
and Tyler 1991). Perhaps the single most important gradient
influencing ecological and evolutionary opportunity in the
deep sea is the rate of nutrient input from sinking phytode-
tritus, which decreases exponentially with depth. Conse-
quently, benthic standing stock decreases two to three orders
of magnitude with depth across the bathyal zone. It reaches
very low levels of around 10–100 individuals m22 and #1 g
m22 at the base of the bathyal zone and then continues to
gradually decline with increased distance seaward in the
abyss (Rex et al. 2005).

The bathyal zone is also a heterogeneous environment on

large and small spatial scales. The continental margin is cut
deeply by submarine canyons. Canyons are very large (ki-
lometers across and several hundred meters deep) V-shaped
valleys that extend from the shelf-slope transition to the base
of the continental slope. In this region, canyons occur at
intervals of about 20–40 km along the slope face. The bio-
logical and physical features of these canyons have been
described (Hecker et al. 1983; Cooper et al. 1987) and are
quite distinct from the slope face. The slope face is dominated
by fine-grained sediments that are more resistant to erosion
and typically less affected by bottom currents (MacIlvaine
and Ross 1979). In contrast, canyons are more physically
energetic and contain a broader range of habitats including
massive rock outcrops, boulder fields, and gravel pavements
as well as sand and muddy deposits. Strong descending cur-
rents scour the canyon floor, and their V-shaped topography
can accelerate oscillatory tidal flows to resuspend sediments
(Gardner 1989). The high-energy environment, different sub-
strate type, and distinct communities of canyons might con-
stitute formidable selective barriers that effectively isolate
sections of slope-face habitat for small macrofaunal animals
like protobranchs that rely on fine-grained sediments for food
and have very low adult mobility. At smaller scales, the
bathyal environment has a more heterogeneous sedimentary
regime (MacIlvaine and Ross 1979; Etter and Grassle 1992)
than the abyss. Not surprisingly, with strong vertical envi-
ronmental gradients and a fragmented heterogeneous land-
scape, the bathyal zone supports high a- and b-species di-
versity (Grassle et al. 1979; Rex 1981, 1983; Etter and Rex
1990). The strong gradients and greater biotic and abiotic
heterogeneity at bathyal depths might impose different se-
lective regimes that increase the probability of population
differentiation and speciation.

Gene flow might also be more restricted at bathyal depths.
Protobranchs have pelagic demersal larvae that disperse in
the bottom currents possibly for several days (Allen and
Sanders 1996; Zardus 2002). In this area of the western North
Atlantic, large-scale deep-water currents appear to be well
mixed (Hogg 1983; Schmitz and McCartney 1993) and there
are no obvious oceanographic or topographic features that
would limit dispersal among these populations. However,
mesoscale current patterns may be redirected by the rugged
topography of the upper bathyal zone. Larvae with near-bot-
tom dispersal are likely to be entrained in small-scale to-
pographically driven currents. Populations living on or within
certain topographic features (e.g. gulleys, canyons, valleys,
leeward cliffs perpendicular to flow) might become geograph-
ically isolated allowing population differentiation to occur
on much smaller scales than previously thought. In contrast,
the gentle topography of the abyss affords less opportunity
for isolation.

The bathyal zone, because of its close proximity to land
and coastal systems, must have been strongly impacted by
global climatic and oceanographic changes in the past. The
deep sea experienced significant cooling during the Pliocene
and Pleistocene as high-amplitude glaciation intensified in
the Northern Hemisphere (Zachos et al. 2001). At glacial
maxima, sea level was depressed by as much as 120 m (Lam-
beck and Chappell 2001) and the thermohaline circulation
shoaled and weakened (Adkins et al. 1988; Raymo et al.
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FIG. 5. Generalized skyline plots for each species depicting es-
timated population sizes through time derived from variation in the
16S mitochondrial DNA fragment. The estimates were obtained
from GENIE 2 (http://evolve.zoo.ox.ac.uk/software/Genie/Genie.
html) based on Strimmer and Pybus (2001).

1998). Major climatic transitions attending glaciation were
often abrupt, occurring on decadal to millennial time scales
(Severinghaus et al. 1998). As in coastal (Hellberg et al.
2001) and terrestrial (Davis and Shaw 2001) environments,
glacial cycles resulted in geographic and bathymetric range
shifts in species living at bathyal depths (Cronin and Raymo
1997; Kurihara and Kennett 1988). Because benthic standing
stock decreases exponentially with depth (Gage and Tyler
1991), population size must have fluctuated with bathymetric
range displacement and the variation in surface production
caused by glacial cycles (Slowey and Curry 1995). Consistent
with this notion, historical estimates of effective population
size inferred from generalized skyline plots (Strimmer and
Pybus 2001) using maximum likelihood phylogenies of the
mtDNA sequences indicate that the two bathyal species ex-
perienced more dramatic fluctuations in population size in
recent times (Fig. 5, note the difference in effective popu-
lation size from t 5 0.03 forward). Sea level lowstands were
also times of active canyon formation and catastrophic slope
failure (Cooper et al. 1987; Mellor and Paull 1994), which
partitioned the bathyal zone. The combination of paleoen-
vironmental change, fluctuations in populations size, and the
isolating effects of slope erosion during glaciation might have
promoted population differentiation in the bathyal zone by
both selective and nonselective mechanisms. The deeper,
more remote, and topographically simpler environment of the
abyssal plain is probably considerably less conducive to evo-
lutionary divergence.

Recent biogeographic evidence suggests that many abyssal
organisms might exist as sink populations from nearby bathy-
al environments and thus have little potential for evolutionary
divergence (Rex et al. 2005). The majority of abyssal pop-
ulations represent deeper range extensions for a subset of
bathyal species that have pelagic larval dispersal and abyssal
endemism appears to be low. The extraordinarily low density
of many abyssal populations suggests that they could not be
reproductively viable and are vulnerable to chronic local ex-
tinction from inverse density dependence. Bathyal and abys-
sal habitats may act as a source-sink system in which much
of the abyssal fauna is maintained as a balance between ex-
tinction from Allee effects and immigration from bathyal
sources. Nonreproducing sink populations could not differ-
entiate along selective gradients in the abyss.

So far we have considered the observed levels of genetic
variation for each species to be intraspecific. Another possible
interpretation is that the strongly divergent haplotypes in N.
similis, D. atacellana, and M. abyssorum represent cryptic
species, potentially eliminating any depth-related difference
in population differentiation. The maximum pairwise differ-
ence between the haplotypes within each species (Table 3)
is in the lower range of what has been found for 16S among
congeners in other bivalves (e.g., Etter et al. 1999; Tridacna,
Schneider and Ó Foighil 1999; Lasea, Jozefowicz and Ó
Foighil 1998; Crassostrea, Lapegue 2002; Dreissena, Ther-
riault 2004). This comparison needs to be interpreted cau-
tiously because estimates of interspecific divergence in the
nonprotobranch bivalves were based on a much larger frag-
ment of the 16S gene. Our fragment is smaller and centered
in a highly variable region of the gene, which may inflate
estimates of haplotype distance.

More importantly though, we lack a basic understanding
of the levels of intraspecific genetic variation in deep-sea
organisms, and it may be naive to assume that they will mirror
shallow-water analogs. There are at least two reasons why
levels of intraspecific variation might be higher in deep-sea
bivalves. First, many species, including those considered
here, may have enormous populations—they have pan-At-
lantic distributions and are numerically abundant across a
wide bathymetric range (Allen and Sanders 1996). Given the
areal extent of the deep Atlantic, the continuity of soft-sed-
iment habitats and the relatively high abundance of these
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species, population size is likely to be much larger than is
typical for shallow-water analogs. Second, because the deep
sea is generally more stable than shallow water, populations
may be more stable, limiting the loss of genetic diversity due
to population fluctuations and environmentally induced bot-
tlenecks. Both the large population size and the greater pop-
ulation stability would allow organisms to retain higher levels
of ancestral polymorphism. In addition, extreme intraspecific
genetic divergence is not unprecedented in mollusks (Thomaz
et al. 1996; Quattro et al. 2001; Pfenninger and Posada 2002)
or other invertebrates (Burton and Lee 1994; Romano and
Palumbi 1997). Unfortunately, we lack a phylogenetic frame-
work to clearly arbitrate between high levels of intraspecific
polymorphism or the presence of cryptic species.

However, even if the divergence is sufficient to represent
sibling cryptic species, it is not inconsistent with our infer-
ence that bathyal depths are more conducive to population
differentiation and speciation. In fact, the logical outcome of
any enhanced divergence at bathyal depths would be the for-
mation of sibling species. The divergence we observe at
bathyal depths may simply reflect the culmination (or near
culmination) of this process.

The remarkable diversity of the deep-sea fauna is difficult
to explain and continues to challenge contemporary ecolog-
ical and evolutionary theory. We have made great strides in
understanding the ecological mechanisms that allow coex-
istence and shape geographic patterns of diversity in this
remote environment (Etter and Mullineaux 2001; Levin et al.
2001; Snelgrove and Smith 2002), but little is known about
how this highly endemic fauna evolved. Results presented
here suggest that the narrow bathyal zone may play a more
important role in generating deep-sea biodiversity than the
more extensive abyss. These results represent a first step in
understanding the geographic and bathymetric scales of pop-
ulation differentiation in the largest ecosystem on Earth and
may provide important insights into why diversity varies geo-
graphically and bathymetrically.
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