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Abstract

Numerous molecular studies have identified morphologically cryptic, freshwater inver-
tebrate species, but have not suggested possible mechanisms for their phenotypic stasis.
The amphipod crustacean genus 

 

Hyalella

 

 contains numerous morphologically cryptic
species in the 

 

H. azteca

 

 complex, as well as a small number of morphologically very diver-
gent, narrowly endemic taxa. One such taxon, 

 

Hyalella montezuma

 

, is the sole planktonic
filter-feeder within the North American amphipod fauna, and is known only from Mon-
tezuma Well, a fishless travertine spring mound in Arizona, USA. In this study, we conduct
a phylogenetic analysis of mtDNA sequence data using likelihood, Bayesian and cladistic
approaches to determine both the relationship of 

 

H. montezuma

 

 to the 

 

H.

 

 ‘

 

azteca

 

’ species
complex, and to ascertain if its morphological and ecological differentiation have been
comparatively recent. The results show that 

 

H. montezuma

 

 has a very close phylogenetic
affiliation with one lineage in the 

 

H. azteca

 

 complex, indicating that its origin has been
recent. We present evidence suggesting that fish predation is an important ecological factor,
which constrains morphological and ecological diversification within the genus 

 

Hyalella

 

,
and that Montezuma Well has provided a relaxation on this constraint.
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Introduction

 

Until recently, a temporal context for the diversification
of most extant organisms could only be gained through
comparative morphological studies across geographical
barriers of known age. However, molecular studies are
now providing new and unexpected insights into the
temporal pattern of cladogenesis and speciation events.
Among freshwater invertebrates, these studies have
identified striking discordances between levels of
morphological and molecular diversification. Morpholo-
gically cryptic, but highly genetically divergent species,
are common (Väinöla 

 

et al

 

. 1994; King & Hanner 1998;
Taylor 

 

et al

 

. 1998; Govedich 

 

et al

 

. 1999; Lee 2000; Müller
2000; Witt & Hebert 2000; Gómez 

 

et al

 

. 2002), providing

evidence that many speciation events are ancient, and
were accompanied by little or no morphological change.
However, few investigators have attempted to ascertain
the factors that maintain morphological stasis among
cryptic taxa. One mechanism frequently invoked to explain
such stasis is stabilizing or normalizing selection, where
sister species are subject to similar selective regimes across
their ranges. A relaxation in such selective regimes could
allow ecological and morphological release, enabling rapid
phenotypic change. There are now numerous examples of
how changes in the selective environment have provoked
phenotypic diversification among morphologically dif-
ferentiated taxa (Schluter 2000), but how can the selective
factors which constrain phenotypic diversification among
morphologically cryptic taxa be identified? This is a
much more difficult problem because in the case of
morphologically cryptic taxa, selective environmental
(extrinsic) constraints cannot easily be distinguished
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from developmental (intrinsic) constraints (Kauffman 1993;
Schlichting & Pigliucci 1998). However, comparative studies
along habitat gradients can be useful in identifying potential
extrinsic agents which maintain morphological similarities
among cryptic taxa.

Freshwater habitats vary along two major axes dis-
tinguished by permanence and flow regimes, with the
extremes being large permanent lakes and small tem-
porary streams. Taxa which occur across this continuum are
ideal for studies that aim to determine the effect of environ-
mental variables on the stabilization or diversification of
phenotypes. However, very few species and genera are
distributed in this way, especially with respect to per-
manence because of large fitness trade-offs between traits
associated with organisms inhabiting temporary and
permanent habitats (Wellborn 

 

et al

 

. 1996). The amphipod
crustacean genus 

 

Hyalella

 

 (Hyalellidae, Talitroidea) is a
useful focus for comparative studies because it includes
both morphologically cryptic and morphologically/eco-
logically highly differentiated species. 

 

Hyalella azteca

 

 is
probably North America’s most widely distributed fresh-
water benthic invertebrate, residing in lotic and lentic per-
manent habitats stretching from the Atlantic to the Pacific
and from Central America to the Beaufort Sea. Morpholo-
gical investigations on this taxon over a broad geographical
range have recognized only a single species (Bousfield
1958, 1996). However, comparative ecological studies
along a habitat gradient revealed a size polymorphism
between pond and lake dwelling populations, and sug-
gested that predation regimes are responsible for its main-
tenance (Wellborn 1994, 1995; McPeek & Wellborn 1998).
In addition, studies employing allozymes and randomly
amplified polymorphic DNA (RAPD) markers revealed
considerable genetic divergence among 

 

H.

 

 ‘

 

azteca

 

’ popula-
tions, suggesting that it is a species complex (Thomas 

 

et al

 

.
1997, 1998; Hogg 

 

et al

 

. 1998; McPeek & Wellborn 1998;
Duan 

 

et al

 

. 2000). A recent study of allozyme and mtDNA
sequence variation among 

 

H.

 

 ‘

 

azteca

 

’ populations in central
glaciated North America revealed a complex of seven
reproductively isolated, deeply divergent species (Witt &
Hebert 2000). All but one of these seven species are mor-
phologically cryptic, and they exhibit habitat partitioning
among ponds and lakes in a way which is consistent with
the results of ecological work (e.g. Wellborn 1995).

 

H. montezuma

 

 is endemic to a single habitat- Montezuma
Well, Arizona, USA, where it coexists with a member of the

 

H. azteca

 

 species complex. 

 

H. montezuma

 

 is morphologic-
ally very divergent from other North American hyalellid
amphipods, and is particularly intriguing because it is the
sole planktonic, filter-feeder among the more than 210
amphipod species representing 23 genera in North Amer-
ica fresh waters (Cole & Watkins 1977; Blinn & Johnson
1982; Wagner & Blinn 1987). Montezuma Well, a collapsed
travertine spring mound, is itself peculiar among North

American aquatic habitats. Water entering the well through
fissures at its bottom is abnormally rich in carbonates,
which dissolute upon entering the well resulting in abnorm-
ally high carbon dioxide concentrations ranging from
550 to 600 mg/L (e.g. O’Brien & Blinn 1999).

Prior genetic studies have shown that 

 

H. montezuma

 

 and
the coexisting member of the 

 

H. azteca

 

 complex exhibit
considerable divergence at RAPD loci, suggesting that they
were reproductively isolated prior to their colonization of
Montezuma Well (Thomas 

 

et al

 

. 1994, 1997). In addition, an
allozyme study suggested that 

 

H. montezuma

 

 has a closer
genetic affinity with an 

 

H.

 

 ‘

 

azteca

 

’ population in Ohio than
several 

 

H.

 

 ‘

 

azteca

 

’ populations have with each other (Duan

 

et al

 

. 2000). In this study, we conduct a phylogenetic ana-
lysis on mtDNA sequences derived from individuals of

 

H.

 

 ‘

 

azteca

 

’ in Arizona and Nevada USA, and from the seven

 

Hyalella

 

 species from glaciated North America considered
earlier by Witt & Hebert (2000), to establish both the rela-
tionship of 

 

H. montezuma

 

 to the 

 

H. azteca

 

 species complex,
and to provide a temporal context for its evolution. Speci-
fically, we test the hypothesis that the ecological and mor-
phological differentiation of 

 

H. montezuma

 

 has been recent.
This hypothesis would be corroborated by a phylogenet-
ically close association of 

 

H. montezuma

 

 to any lineage
within the 

 

H. azteca

 

 species complex. Support for the null
hypothesis, that 

 

H. montezuma

 

 is a divergent monophyletic
lineage, clearly outside all of the known 

 

H.

 

 ‘

 

azteca

 

’ lineages,
would not permit two possibilities to be distinguished. In
this case, 

 

H. montezuma

 

 might represent a species whose
morphological and ecological divergence was ancient, or a
lineage whose morphological and ecological differenti-
ation have been recent, but that the lineage with which it
shares a most recent common ancestry was not represented
in this study.

 

Materials and methods

 

Collections

 

Hyalella montezuma

 

 and 

 

H.

 

 ‘

 

azteca

 

’ were collected in Mon-
tezuma Well, Arizona, USA, in March 2001. 

 

H.

 

 ‘

 

azteca

 

’ was
also collected from six additional habitats in Arizona, and
a single habitat in Nevada during July 2001 (Table 1). All
individuals were preserved and stored in 95% ethanol.

 

DNA sequence analysis

 

Specimens were soaked in ultra pure water at 4 

 

°

 

C for
12–24 h immediately prior to DNA extraction. Total DNA
was extracted from each of 5–12 individuals per population
by grinding a periopod in 50 

 

µ

 

L of a proteinase K extrac-
tion buffer (Schwenk 1996). DNA from a specimen of the
amphipod 

 

Orchestia uhleri

 

 (Talitroidea, Talitridae), col-
lected near St. Andrews New Brunswick, Canada, was
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also extracted for use as an outgroup. A 680 base pair
fragment of the mitochondrial cytochrome c oxidase I
(COI) gene was amplified using the primers LCO1490 and
HCO2198 described by Folmer 

 

et al

 

. (1994). The 50 

 

µ

 

L PCR
reactions contained 0.5 

 

µ

 

L (out of 50 

 

µ

 

L) of DNA template,
5.0 

 

µ

 

L 10

 

×

 

 PCR buffer (MBI Fermentas), 0.2 m

 

m

 

 of each
primer, 2.2 m

 

m

 

 MgCl

 

2

 

, 0.2 m

 

m

 

 of each dNTP, and 1 unit of
Taq DNA polymerase. The PCR conditions consisted of
1 min at 94 

 

°

 

C followed by 5 cycles of 60 s at 94 

 

°

 

C, 90 s at
45 

 

°

 

C, 60 s at 72 

 

°

 

C; followed by 35 cycles of 60 s at 94 

 

°

 

C,
90 s at 51 

 

°

 

C, 60 s at 72 

 

°

 

C; followed by 5 min at 72 

 

°

 

C. PCR
products were gel purified (2% agarose) using the Qiaex
kit (Qiagen Inc.) and sequenced using the ABI prism
BigDye terminator 3 sequencing kit (30 cycles, annealing
at 55 

 

°

 

C). Products were sequenced in one direction using
primer LCO1490. Electrophoresis was conducted on an
ABI 377 automated sequencer (Applied Biosystems).
The sequences were aligned by eye using the SeqApp
1.9 sequence editor (Gilbert 1992). Amino acid sequence
translations (invertebrate mitochondrial code), mean
pairwise transition/transversion ratios, and nucleotide
(Tamura & Nei 1993 model) and amino acid (p-distance)
distance matrices for all unique sequences obtained in this
study, as well as the 27 

 

Hyalella

 

 haplotypes representing
the seven species identified by Witt & Hebert (2000), were
conducted in MEGA 2.1 (Kumar 

 

et al

 

. 2001).

 

Phylogenetic analyses

 

A preliminary phenetic analysis was conducted using
the neighbour-joining (NJ) method and the Tamura &
Nei (1993) nucleotide substitution model in MEGA 2.1
to select a reduced set of haplotypes for inclusion in the
phylogenetic analyses. As a consequence of the com-
putational requirements for maximum likelihood methods,
a subset of haplotypes was selected to represent the
haplotype groupings within the major clusters identified
by NJ in all subsequent phylogenetic analyses. The
program 

 

modeltest

 

 version 3.0 (Posada & Crandall 1998)
was employed to determine the best fit model of nucleotide
substitution among the ingroup sequences and 

 

O. uhleri

 

(Huelsenbeck & Crandall 1997). 

 

modeltest

 

 performs a
series of hierarchical likelihood ratio tests (Bonferroni
corrected) to determine the best fit model of substitution
among 56 candidates. The ML analysis was subsequently
conducted in 

 

paup

 

 version 4.0b10 (Swofford 2001), using
the model and parameters estimated by 

 

modeltest

 

. The
ML analysis employed a heuristic search consisting of 20
replicates with taxa added randomly, and tree bisection-
re-connection branch swapping with the Multrees and
steepest descent options invoked. Confidence in the
likelihood analysis was assessed by nonparametric boot-
strapping. Again, because of the computational require-
ments for ML, the bootstrap analysis was conducted with
500 pseudoreplicates, consisting of a single heuristic search
per replicate.

A Bayesian phylogenetic analysis (e.g. Huelsenbeck

 

et al

 

. 2001; Lewis 2001) was conducted with 

 

mrbayes

 

2.0 (Huelsenbeck & Ronquist 2001) using the model of
nucleotide substitution and parameters estimated by

 

modeltest

 

. Each of four Markov chains were started from
random trees and run for one million generations, with the
first 15 000 generations (150 trees) discarded as the burn-in.
The analysis was run independently 3 times and moni-
tored to ensure likelihood stationarity had been achieved
within 15 000 generations.

A maximum parsimony (MP) analysis was conducted
in 

 

paup

 

 with a heuristic search consisting of 10 000 replic-
ates with taxa added randomly, and tree bisection re-
connection branch swapping with the steepest decent and
MulTrees options invoked. Confidence in the cladistic
analysis was assessed a priori by estimating the g

 

1

 

 skew-
ness statistic (Hillis & Huelsenbeck 1992), and a posteriori
with a bootstrap analysis employing 2000 pseudoreplicates,
with each pseudoreplicate consisting of 2 full heuristic
searches and random addition of taxa.

 

Results

 

Sixty-two COI sequences were obtained for 

 

Hyalella

 

individuals from populations in Arizona and Nevada
(Table 1). The 637 base pair sequence alignment and amino

 

 

Location n Latitude (N) Longitude (W)

Montezuma Well AZ H. montezuma 8 (3) 
H. ‘azteca’ 12 (5)

34°39′ 111°45′

Black River AZ 8 (7) 33°51.1′ 109°18.9′
Bubbling Springs AZ 5 (2) 34°46.4′ 111°54.1′
Crescent Lake AZ 6 (2) 33°55.0′ 109°25.4′
Marshall Lake AZ 6 (1) 35°00.0′ 111°00.3′
Rainbow Lake AZ 6 (2) 34°09.5′ 109°58.9′
Unnamed Pond AZ 6 (6) 34°04.0′ 109°33.1′
Comins Lake NV 5 (1) 39°09.4′ 114°48.8′

Table 1 Locations and number of sequences
(n) obtained for H. montezuma and H.
‘azteca’ individuals in Arizona (AZ) and
Nevada (NV). The number of unique haplo-
types detected in each habitat or species
is given in parentheses
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acid sequence translations were unambiguous, as there
were no gaps or nonsense codons among the 29 unique
haplotypes identified in this study. All of these sequences,
as well as the 27 Hyalella haplotypes representing the seven
species identified by Witt & Hebert (2000), are available
in GenBank (accession numbers AY152751-AY152807).
Among the 57 sequences (56 Hyalella haplotypes and the
outgroup), 278 nucleotide sites were variable.

The preliminary NJ analysis indicated that each of the 29
haplotypes from Arizona and Nevada was associated with
one of the seven species (clades) identified by Witt &
Hebert (2000) (Fig. 1). The H. ‘azteca’ populations in the
Unnamed pond and Marshall Lake had a close phenetic
association with clade 1, while the H. ‘azteca’ population in
Comins Lake NV clustered with clade 2. H. montezuma also

clustered with clade 2, showing an average of 5.4 ± 0.8%
sequence divergence from other members of this group.
Two lineages were detected in Rainbow Lake which clus-
tered with clades 6 (5 individuals) and 1(a single indi-
vidual). The H. ‘azteca’ populations in Montezuma Well,
Crescent Lake, and the Black River clustered with clade 7.
Individuals from Bubbling Springs also had a phenetic
affiliation with clade 7, but were considerably divergent,
exhibiting a minimum of 15% sequence divergence from
any other haplotype within this group. A single haplotype
in the Black River (BlaA) showed a minimum of 9.1%
sequence divergence from all other haplotypes detected
in this population. Average pairwise nucleotide sequence
divergence between haplotypes in different clusters
ranged from a low of 8.5% to a maximum of 27.5%, while

Fig. 1 NJ phenogram showing phenetic
relationships among 57 COI haplotypes
from Hyalella montezuma (Hm), H. ‘azteca’
individuals in Montezuma Well (Hamw),
Black River (Bla), Bubbling Springs (Bub),
Crescent Lake (Cres), Marshall Lake
(Marsh), Rainbow Lake (Rain), Unnamed
Pond (Unp) and Comins Lake (Com). The
haplotypes considered by Witt & Hebert
(2000) are indicated by numbers which give
the clade and haplotype (e.g. 1–3 refers to
clade 1 haplotype 3). Bootstrap percentages
(2000 pseudoreplicates) are given above
nodes. Lines below taxon labels indicate
cluster membership.
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the amino acid sequence divergence among clusters was as
high as 7.9% (Table 2). This data set was reduced to a set of
26 ingroup members and the outgroup for all subsequent
analysis.

Among these 27 sequences, 278 nucleotide sites were
variable (265 sites among the ingroup alone), and 243 were
phylogenetically informative using cladistic criteria. The
overall mean pairwise (± SE) transition/transversion ratio
(Ts/Tv) for pairwise sequence comparisons was 2.94 ±
0.421. The mean base frequencies among the 27 sequences
were A, 0.22; C, 0.19; G, 0.26; T, 0.33 and there was no
evidence for heterogeneous nucleotide composition across
the taxa (homogeneity χ2 = 44.75, d.f. = 78, P > 0.99).

The hierarchical likelihood ratio tests of 56 DNA
sequence substitution models indicated the data were
best explained by the HKY85 model (Hasegawa et al. 1985),
with invariant sites and gamma distributed rate variation
(HKY85 + I + Γ). The phylogeny estimated by ML with
likelihood parameters estimated by modeltest (gamma
distribution shape parameter α = 1.3624, proportion of
invariant sites = 0.52, Ts/Tv = 4.67) suggests that clade 2,
which includes H. montezuma, is paraphyletic with respect
to clade 1 (Fig. 2). This topology is identical to the majority
rule consensus of 9850 trees obtained in the Bayesian phylo-
genetic analysis (Fig. 2).

To reduce the impact of homoplasy on phylogeny esti-
mation, the maximum parsimony (MP) analysis was con-
ducted with transversions and transitions weighted 3 : 1
on the basis of the overall pairwise mean Ts/Tv ratio. The
g1 skewness statistic was highly significant (g1 = −0.55,
g1crit = −0.37, P = 0.01) indicating nonrandomised phylo-
genetic signal in the data set. The MP analysis resulted in
53 equally parsimonious trees (length = 1314 steps, consist-
ency index = 0.52, retention index = 0.80) (Fig. 3). Maxi-
mum parsimony converged on an estimate of phylogeny
similar to the likelihood and Bayesian analyses, but the
cladistic analysis suggests that clade 2 is monophyletic
with moderate support, and also suggests clade 3 is sister
to the branch terminating in clades 1 and 2. Support for

the positions of most of the deep nodes was weak in these
analyses.

Discussion

This study has demonstrated that at least four (clades 1, 2,
6, 7) of the seven Hyalella species identified by Witt &
Hebert (2000) occur in Arizona, and one of these (clade 2)
is also present in Nevada. Individuals in Bubbling Springs
Pond, although affiliated with clade 7, exhibit considerable
sequence divergence from other members of this clade and
likely represent another cryptic biological species, but for
the purposes of this study are considered part of clade
7. Similarly, the population in the Black River is likely
composed of two noninterbreeding morphologically
cryptic taxa. This, however, must still be substantiated
with reproductive compatibility trials in the laboratory, or
the demonstration of differentiation at nuclear loci under
sympatric conditions in nature. These results are consistent
with those obtained by Thomas et al. (1997), who employed
RAPDs and behavioural analysis to examine diver-
gence among Hyalella populations in Arizona. The deepest
genetic partition in their analysis was concordant with two
behavioural groups: clingers and swimmers. However,
additional genetic partitions were evident within these
two groups, the shallowest of which occurred between
H. montezuma and an H. ‘azteca’ population.

The phylogeny estimated by ML and Bayesian methods
differed slightly from the phylogeny estimated by MP, and
all three methods differed from that presented by Witt &
Hebert (2000), who suggested that clade 7 was the sister
group to the rest of the H. azteca complex. This difference
can be explained by more appropriate character weighting,
sequence evolution models, and a more suitable outgroup
in the present study. Although the deep internal branching
structure was not well resolved, H. montezuma clearly
shares a common ancestry with members of clade 2, indi-
cating that its morphological and ecological differentiation
has been recent. Using strict phylogenetic species criteria,

Table 2 Mean decimal percentage COI divergence (± SE where applicable) between major phylogenetic clusters identified by neighbour
joining (Fig. 1). The mean uncorrected (p-distance) amino acid sequence divergence between clusters is shown above the diagonal. The
mean nucleotide sequence divergence within clusters is shown on the diagonal (bold-faced). The mean nucleotide sequence divergence
between clusters is shown below the diagonal. The nucleotide distance estimates were corrected with the Tamura -Nei distance model
 

Clust 1 2 3 4 5 6 7

1 0.025 ±±±± 003 0.017 ± 005 0.037 ± 012 0.053 ± 015 0.050 ± 015 0.050 ± 014 0.078 ± 017
2 0.085 ± 010 0.041 ±±±± 005 0.039 ± 011 0.055 ± 015 0.056 ± 014 0.055 ± 014 0.079 ± 016
3 0.232 ± 020 0.213 ± 020 0.018 ±±±± 003 0.045 ± 014 0.030 ± 011 0.031 ± 011 0.067 ± 011
4 0.227 ± 021 0.221 ± 021 0.251 ± 024 — 0.043 0.044 ± 014 0.063 ± 015
5 0.231 ± 021 0.226 ± 021 0.231 ± 022 0.208 ± 021 0.006 ±±±± 003 0.029 ± 011 0.077 ± 016
6 0.245 ± 021 0.240 ± 021 0.241 ± 022 0.224 ± 021 0.204 ± 020 0.019 ±±±± 003 0.059 ± 014
7 0.275 ± 023 0.260 ± 021 0.251 ± 022 0.252 ± 022 0.266 ± 022 0.270 ± 022 0.069 ±±±± 006
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where species are designated on the basis of reciprocally
monophyletic groupings, H. montezuma cannot be con-
sidered a distinct species because its evolution has been too
recent for the establishment of reciprocal monophyly with
respect to clade 2. In fact, ML and Bayesian analyses
suggest clade 2 itself is paraphyletic with respect to clade
1, and MP does not strongly support the monophyly of
clade 2. However, H. montezuma is so distinctive on the
basis of ecological, biological and morphological criteria
that downgrading of its taxonomic status is difficult to
justify. Instead, the results of this study provide additional
evidence for discordance between rates of molecular
and morphological/ecological evolution within the
genus Hyalella. In comparison to all other lineages within
the H. azteca complex including members of clade 2,
H. montezuma is highly mucronate (spinose), and has
abnormally enlarged, highly setose mouth parts which
facilitate filter feeding and its planktonic habit (Cole &

Watkins 1977; Blinn & Johnson 1982; Wagner & Blinn
1987). Several cryptic small-bodied Hyalella species (clades
3, 4, 5, 6) exhibit up to 5 times as much sequence divergence
as H. montezuma in comparison to members of clade 2, yet
do not exhibit any clear morphological differences. Thus,
the limited molecular divergence between H. montezuma
and members of clade 2 demonstrates that evolutionary
rate disparities are ‘two sided’ within the genus Hyalella,
with deep genetic but limited morphological/ecological
divergence, and limited genetic but strong morphological/
ecological divergence patterns being evident.

A real time estimate for the divergence of H. montezuma
is difficult to establish. Application of a standard COI clock
rate of roughly 1.4% sequence divergence per million years
(Knowlton & Weight 1998) suggests that H. montezuma
diverged from other members of clade 2 approximately
3.8 million years ago. However, it is doubtful that the
member of clade 2 with the closest phylogenetic affinity to

Fig. 2 Maximum likelihood phylogram (–
Ln likelihood = 4480.89). This topology is
identical to the majority rule consensus
of 9850 trees estimated in the Bayesian
phylogenetic analysis. Numbers above
nodes give the ML bootstrap percentages
(500 pseudoreplicates), followed by the
Bayesian posterior probabilities given as a
percentage. The Bayesian posterior pro-
babilities are equivalent to the bipartition
frequencies among the 9850 trees, and give
the node credibility given the data and
model of nucleotide substitution.
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H. montezuma (if it is extant) is represented in this study. In
addition, current evidence suggests that several lineages
within Hyalella have a very fast clock (J.D.S. Witt, in pre-
paration), and that published calibrations may substantially
overestimate divergence times. Given that Montezuma
Well is thought to be about 120 000 years old (O.K. Davis,
University of Arizona, personal communication), it would
appear that the morphological and ecological differenti-
ation of H. montezuma is likely to have occurred during this
interval. What could account for the comparatively rapid
morphological and ecological differentiation of this species
in relation to other North American hyalellids?

Montezuma Well represents a unique point along the
aquatic habitat continuum because its abnormally high
CO2 concentration has prevented its colonization by fish,
the absence of which has been linked to the evolution of
H. montezuma (Cole & Watkins 1977). The planktonic habit
of H. montezuma would render it highly susceptible to fish

predation for two reasons. Firstly, fish are visual predators
which exhibit size-biased prey selectivity, foraging on the
largest prey available to them (Healy 1984; Wellborn et al.
1996). This category would include H. montezuma given
that the species is substantially larger than cladocerans,
copepods and other freshwater zooplanktors. Secondly,
in comparison to their benthic counterparts, planktonic
organisms have higher activity levels, which may be the
most important attribute that enhances the susceptibility
of a prey species to predators. As a result, most inverte-
brates that coexist with fish have lower activity levels
than those in fishless habitats, or tradeoff body size
against activity levels (Wellborn et al. 1996). As expected,
H. montezuma has a much higher activity level than other
Hyalella populations across Arizona (Blinn et al. 1988;
Thomas et al. 1997).

Comparative ecological studies across a habitat gradi-
ent have provided important insights concerning the

Fig. 3 Majority rule consensus cladogram
of 53 equally parsimonious trees. Numbers
above nodes give bipartition frequencies
as a percentage among the 53 trees, fol-
lowed by bootstrap percentages (2000
pseudoreplicates).
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relationship between fish predation and ecological traits
within the genus Hyalella. Wellborn (1994, 1995) examined
Hyalella ‘azteca’ populations across a gradient from fishless
ponds to lakes inhabited by centrarchid fish in Michigan,
USA. Fishless ponds were dominated by large-bodied
species with larger adult body size, larger size at first repro-
duction and larger eggs than species that occurred in lakes
with well developed fish communities. These traits were
related to the different size-biased predation regimes
experienced by the species; small body size decreases the
predation risk imposed by fish predators, while large
body size decreases the predation risk imposed by tactile
invertebrate predators. Subsequent experiments have
shown that these species also differ in activity levels, with
the large species being more active (Wellborn 2002).

We hypothesize that fish predation is one factor that
has constrained morphological and ecological evolution
among North American hyalellid amphipods, and that its
absence in Montezuma Well has permitted the rapid
phenotypic differentiation of H. montezuma in comparison
to other members of the the H. azteca complex. This study
suggests that fish predation may not only impose select-
ive constraints on body size and other life history traits
(Wellborn 1994, 1995), but also on the ‘enemy free space’
(e.g. Jeffries & Lawton 1984) available for exploitation. A
close examination of Hyalella in other large fishless habitats
will likely reveal populations in the early stages of trans-
ition to a planktonic habit.

Cryptic speciation has been common among freshwater
invertebrates, indicating that morphological stasis is an
important motif in the evolution of freshwater life which
requires explanation. The selective ecological factors
involved in constraining morphological/ecological diver-
sification among cryptic taxa are difficult to identify
because they cannot be easily distinguished from develop-
mental constraints (Schlichting & Pigliucci 1998). How-
ever, the results of this and other work (e.g. Wellborn 1994,
1995; Wellborn et al. 1996; Thomas et al. 1997; Witt &
Hebert 2000) suggests that this problem is not intractable,
and that comparative molecular and ecological studies
across habitat gradients can provide important clues as to
the selective ecological factors which constrain phenotypic
diversification. Most past work has focused on examining
the role of competition in determining ecological and
morphological diversification (Schluter 2000), and studies
investigating the role of predation regimes in the diver-
sification of taxa are comparatively rare (but see Holt &
Lawton 1994; McPeek 1995; McPeek & Brown 2000). In
the case of Hyalella, ecological experimentation, which
seeks to measure the response of morphological, life
history and behavioural traits after long-term exposure
to different predation regimes, promises important new
insights into the role of predation in constraining pheno-
typic evolution.

Acknowledgements

We thank Doug Threloff for providing specimens from Nevada
and Angela Hollis for aiding with the sequencing. Louis Ber-
natchez, Teri Crease, Melania Cristescu, Beren Robinson and
anonymous reviewers provided helpful comments on earlier
drafts of the manuscript. This study was supported by an Ontario
Graduate Scholarship to J.D.S.W., Northern Arizona University
Regents’ Professor funds to D.W.B., as well as NSERC and Canada
Research Chairs program grants to P.D.N.H.

References

Blinn DW, Grossnickle NE, Dehdashti B (1988) Diel vertical migra-
tion of a pelagic amphipod in the absence of predation. Hydro-
biologia, 160, 165–171.

Blinn DW, Johnson DB (1982) Filter-feeding of Hyalella montezuma,
an unusual behaviour for a freshwater amphipod. Freshwater
Invertebrate Biology, 1, 48–52.

Bousfield EL (1958) Fresh-water amphipod crustaceans of glaci-
ated North America. The Canadian Field-Naturalist, 72, 55–113.

Bousfield EL (1996) A contribution to the reclassification of
neotropical freshwater hyalellid amphipods (Crustacea:
Gammaridea, Talitroidea). Bollettino del Museo Civico di Storia
Naturale di Verona, 20, 175–224.

Cole GA, Watkins RL (1977) Hyalella montezuma, a new species
(Crustacea: Amphipoda) from Montezuma Well. Arizona Hydro-
biologia, 52, 175–184.

Duan Y, Guttman SI, Oris JT (2000) Genetic structure and relation-
ships among populations of Hyalella azteca and H. montezuma
(Crustacea: Amphipoda). Journal of the North American Bentho-
logical Society, 19, 308–320.

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) DNA
primers for amplification of mitochondrial cytochrome c oxi-
dase subunit I from diverse metazoan invertebrates. Molecular
Marine Biology and Biotechnology, 3, 294–299.

Gilbert D (1992) SEQAPP, Version 1.9. A multiple sequence editor for
Macintosh computers. http://www.fly.bio.indiana.edu.

Gómez A, Serra M, Carvalho G, Lunt H (2002) Speciation in
ancient cryptic species complexes: evidence from the molecular
phylogeny of Brachionus plicatilis (Rotifera). Evolution, 56, 1431–
1444.

Govedich FR, Blinn DW, Keim PS (1999) Cryptic radiation of
erpobdellid leeches in xeric landscapes: a molecular analysis of
population differentiation. Canadian Journal of Zoology, 77, 52–
57.

Hasegawa M, Kishino H, Yano T (1985) Dating of the human-ape
splitting by a molecular clock of mitochondrial DNA. Journal of
Molecular Evolution, 21, 160–174.

Healy M (1984) Fish predation on aquatic insects. In: The Ecology
of Aquatic Insects (eds Resh VH, Rosenberg DM), pp. 255–288.
Praeger, New York, NY.

Hillis DM, Huelsenbeck JP (1992) Signal, noise and reliability in
molecular phylogenetic analyses. Journal of Heredity, 83, 189–195.

Hogg ID, Celine L, de Lafontaine Y, Doe KG (1998) Genetic evid-
ence for a Hyalella species complex within the Great Lakes-St.
Lawrence River drainage basin: implications for ecotoxicology and
conservation biology. Canadian Journal of Zoology, 76, 1134–1140.

Holt RD, Lawton JH (1994) The ecological consequences of shared
natural enemies. Annual Review of Ecology and Systematics, 25,
495–520.



A M P H I P O D  D I V E R S I F I C A T I O N 413

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 405–413

Huelsenbeck JP, Crandall KA (1997) Phylogeny estimation and
hypothesis testing using maximum likelihood. Annual Review of
Ecology and Systematics, 28, 437–466.

Huelsenbeck JP, Ronquist F (2001) mrbayes: Bayesian inference of
phylogenetic trees. Bioinformatics, 17, 745–755.

Huelsenbeck JP, Ronquist F, Nielsen R, Bollback JP (2001) Bay-
esian inference of phylogeny and its impact on evolutionary
biology. Science, 294, 2310–2314.

Jeffries MJ, Lawton JH (1984) Enemy free space and the structure
of ecological communities. Biological Journal of the Linnean
Society, 23, 269–286.

Kauffman SA (1993) The Origins of Order: Self Organisation and
Selection in Evolution. Oxford University Press, New York, NY.

King JK, Hanner R (1998) Cryptic species in a ‘living fossil’ lineage:
taxonomic and phylogenetic relationships within the genus
Lepidurus (Crustacea: Notostraca) in North America. Molecular
Phylogenetics and Evolution, 13, 23–36.

Knowlton N, Weight LA (1998) New dates and new rates for
divergence across. The Isthmus of Panama Proceedings of the Royal
Society of London, Series B, 265, 2257–2263.

Kumar SK, Tamura K, Jakobsen I, Nei M (2001) MEGA: Molecular
Evolutionary Genetics Analysis, Version 2.1. 
http://www.megasoftware.net.

Lee CE (2000) Global phylogeography of a cryptic copepod spe-
cies complex and reproductive isolation between genetically
proximate ‘populations’. Evolution, 54, 2014–2027.

Lewis PO (2001) Phylogenetic systematics turns over a new leaf.
Trends in Ecology and Evolution, 16, 30–37.

McPeek MA (1995) Morphological evolution mediated by behaviour
in the damselflies of two communities. Evolution, 49, 749–769.

McPeek MA, Brown JM (2000) Building a regional species pool:
diversification of the Enallagma damselflies in eastern North
America. Ecology, 81, 904–920.

McPeek MA, Wellborn GA (1998) Genetic variation and repro-
ductive isolation among phenotypically divergent amphipod
populations. Limnology and Oceanography, 43, 1162–1169.

Müller J (2000) Mitochondrial DNA variation and the evolutionary
history of cryptic Gammarus fossarum types. Molecular Phylogenetics
and Evolution, 15, 260–268.

O’Brien C, Blinn DW (1999) The endemic spring snail Pyrgulopsis
montezumensis in a high CO2 environment: Importance of
extreme chemical habitats as refugia. Freshwater Biology, 42,
225–234.

Posada D, Crandall KA (1998) Testing the model of DNA sub-
stitution. Bioinformatics, 14, 817–818.

Schlichting CD, Pigliucci M (1998) Phenotypic Evolution, a Reaction
Norm Perspective. Sinauer, Sunderland, MA.

Schluter D (2000) The ecology of adaptive radiation. Oxford Series
in Ecology and Evolution. Oxford University Press Inc., New
York, NY.

Schwenk K (1996) Evolutionary genetics of Daphnia species complex:
hybridism in syntopy. Publication 2231. Netherlands Institute of
Ecology, Centre for Limnology, Neuwersluis, The Netherlands.

Swofford DL (2001) PAUP*: Phylogenetic Analysis Using Parsimony,
Version 4.0b10. Sinauer Associates, Sunderland, MA.

Tamura K, Nei M (1993) Estimation of the number of nucleotide
substitutions in the control region of mitochondrial DNA in
humans and chimpanzees. Molecular Biology and Evolution, 10,
512–526.

Taylor DJ, Finston TL, Hebert PDN (1998) Biogeography of
a widespread freshwater crustacean: pseudocongruence and
cryptic endemism in the North American Daphnia laevis com-
plex. Evolution, 52, 1648–1670.

Thomas PE, Blinn DW, Keim P (1994) A test of an allopatric speci-
ation model for congeneric amphipods is an isolated aquatic
ecosystem. Journal of the North American Benthological Society, 13,
100–109.

Thomas PE, Blinn DW, Keim P (1997) Genetic and behavioural
divergence among desert spring amphipod populations.
Freshwater Biology, 38, 137–143.

Thomas PE, Blinn DW, Keim P (1998) Do xeric landscapes increase
genetic divergence in aquatic ecosystems? Freshwater Biology,
40, 587–593.

Väinöla R, Riddoch BJ, Ward RD, Jones RI (1994) Genetic zoo-
geography of the Mysis relicta species group (Crustacea: Mysidacea)
in northern Europe and North America. Canadian Journal of
Fisheries and Aquatic Sciences, 51, 1490–1505.

Wagner VT, Blinn DW (1987) A comparative study of the maxil-
lary setae for two coexisting species of Hyalella (Amphipoda) a
filter feeder and a detritus feeder. Archives of Hydrobiology, 109,
409–419.

Wellborn GA (1994) Size-biased predation and the evolution of life
histories: a comparative study of freshwater amphipod popula-
tions. Ecology, 75, 2104–2117.

Wellborn GA (1995) Predator community composition and pat-
terns of variation in life history and morphology among Hyalella
(Amphipoda) populations in southeast Michigan. American
Midland Naturalist, 133, 322–332.

Wellborn GA (2002) Tradeoff between competitive ability and
antipredator adaptation in a freshwater amphipod species com-
plex. Ecology, 83, 129–136.

Wellborn GA, Skelly DK, Werner EE (1996) Mechanisms creating
community structure across a freshwater habitat gradient.
Annual Review of Ecology and Systematics, 27, 337–363.

Witt JDS, Hebert PDN (2000) Cryptic species diversity and evolu-
tion in the amphipod genus Hyalella within central glaciated
North America: a molecular phylogenetic approach. Canadian
Journal of Fisheries and Aquatic Sciences, 57, 687–698.

Jonathan Witt is currently working on his PhD, which is focused
on determining the factors governing rates of morphological and
molecular evolution among freshwater invertebrates, as well
as the comparative biogeography and phylogeography of
aquatic organisms. Dean Blinn’s research focuses on the biology
of extreme aquatic habitats, palaeolimnology, and aquatic popu-
lation biology and genetics. Paul Hebert’s research interests include
molecular evolution, biodiversity and DNA based identification
systems.


