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Fish have radiated to exploit diverse habitats, but little is known about the evolutionary lability and directionality of associated

physiological specialization. Killifish of the genus Fundulus present a compelling system to explore the evolution of osmotic

tolerance because closely related species have evolved to occupy most osmotic niches, and physiological osmotic tolerance data

are available for most species. This study seeks to determine the number of times, and the rate at which, alternate osmotic tolerance

physiologies have evolved, and to determine the directionality of physiological transitions, by mapping comparative physiology

data to a molecular phylogeny for the genus. Character mapping and phylogeographic inference indicate that freshwater tolerance

is derived, can evolve rapidly, has evolved several times within the genus, and that variation in osmotic tolerance contributes to

defining species distributions. The derivation of alternate physiologies within Fundulus appears associated with contraction of

physiological plasticity rather than shifts in tolerance ranges, and the degree of contraction is surprisingly similar across convergent

physiological types. The rate of physiological transition is relatively high within Fundulus compared to other taxa, but directionality

from high salt tolerance to intolerance appears to be the rule. Together, these comparative physiology and phylogenetic data yield

insight into the patterns of evolution of ecological specialization.

KEY WORDS: Character mapping, Fundulidae, molecular, phylogeny, phylogeography, physiological plasticity, salinity,

specialization.

Fish are the oldest and most diverse group of vertebrates, and

have radiated to exploit an extraordinary range of environments.

Invasion of habitats with divergent and sometimes opposing phys-

iological demands has clearly required the evolution of diverse and

sometimes highly plastic physiologies and morphologies (Evans

and Claiborne 2006), however the evolutionary lability and di-

rectionality of ecological and physiological specialization are not

well understood (Futuyma and Moreno 1988).

Fish of the genus Fundulus (Teleostei, Cyprinodontiformes)

occupy highly diverse habitats spanning extremes in salinity, tem-

perature, pH, and dissolved oxygen, and are emerging models in

evolutionary and environmental sciences (Burnett et al. 2007). The

38 extant recognized species that constitute the genus (Eschmeyer

Fricke et al. 2009) are distributed throughout North and Central

American coastal and inland systems, Bermuda, Cuba, and are

recently invasive in Europe (Bernardi et al. 1995; Gisbert and

Lopez 2007). Although some species exhibit highly plastic phys-

iologies and are capable of adjusting to environmental extremes,

other closely related species have much narrower tolerance ranges

(Nordlie 2006). Of particular note are the strong differences

among species in their tolerance to osmotic extremes (Griffith

1974). For example, the estuarine species Fundulus heteroclitus

is capable of adjusting to freshwater up to nearly four times the

salinity of seawater, whereas the marine species F. majalis can tol-

erate high salinities but not fresh water, and the freshwater species

F. olivaceous can tolerate slightly brackish water but not seawa-

ter (Griffith 1974). Because transitions between marine, brackish,

and freshwater physiologies are rare in teleost fish (given over
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25,000 species [Nelson 2006]), the Fundulus system provides a

wonderful opportunity to test in what direction these alternate

physiologies evolved, and how evolutionarily labile osmotic tol-

erance traits are in this group.

The Fundulus model is an opportune system for testing hy-

potheses about the evolution of osmotic tolerance for two primary

reasons. First, closely related species occupy diverse osmotic en-

vironments. Whereas most clades of teleost fish are confined

to either estuarine/marine or freshwater habitats, Fundulus are

found in all osmotic environments including hypersaline, marine,

estuarine/brackish, and fresh water, and geophysical differences

in these habitats are associated with speciation (Fuller et al. 2007;

Fuller 2008). Second, extensive comparative physiology data exist

for most of the species in the genus. Rather than inferring physio-

logical tolerances based on geographic distributions, upper limits

of physiological tolerance to salinity are available in the literature

for most species. This is important because the fundamental niche

of a species (defined by inherent physiological abilities) may be

different than the realized niche observed in nature, in part due to

complex community interactions; because the fundamental niche

“is more nearly a manifestation of the genetic properties of the

species” (Futuyma and Moreno 1988), physiology data are crit-

ical for mapping the phylogenetic trajectory of the evolution of

osmotic tolerance.

The purpose of this study is to map physiological traits to

a robust phylogeny to explore the evolution of osmotic tolerance

within Fundulus and related species. Bayesian, maximum likeli-

hood (ML), and parsimony analyses were used to estimate rates

and patterns of osmotic tolerance evolution using a phylogeny

hypothesized from mixed model ML and Bayesian analyses of

mitochondrial and nuclear gene sequences.

Methods and Materials
SPECIMENS AND DATA COLLECTION

One to six individuals were sampled from 32 of the 38 currently

recognized extant Fundulus species and six presumptive outgroup

species. Six Fundulus species were not included because of the

unavailability of representative tissues. Missing are two Mexican

endemics F. persimilis and F. grandissimus which are closely

related to widespread North American species F. similis, and

F. grandis, respectively (Miller 1955; Miller et al. 2005), the

Cuban endemic F. saguanus which is closely related to F. grandis

(Lee 1980), and two narrowly distributed North American

freshwater species F. waccamensis and F. bifax which are closely

related to F. diaphanus and F. stellifer, respectively (Wiley and

Mayden 1985; Cashner et al. 1988). Because of close associations

to well-resolved clades, the exclusion of these few species is

unlikely to significantly alter the results presented here. Little

is known about the final missing species F. philpisteri which

was only recently described from Mexico (Garcı́a-Ramı́rez et al.

2007).

Tissues used in this analysis were either sampled by AW or

were borrowed from genetic resources (Table S1). When pos-

sible, populations were sampled from throughout each species’

geographic range to capture within-species genetic variation and

to test for introgression. Total DNA was extracted from muscle or

fin tissues using Qiagen DNEasy kits (Qiagen Inc., Valencia, CA)

according to manufacturer recommended protocols. One mito-

chondrial gene, cytochrome b (cytb), and the two nuclear genes,

recombination activating gene 1 (RAG1) and glycosyltransferase

(gylt), were sequenced in forward and reverse directions following

PCR amplification. The following primer sequences were used:

cytb-forward 5′-GRHTTGAARAACCAYCGTTG (modified

from Hrbek et al. (2004) based on Fundulus sequence data from

Whitehead [2009]), cytb-reverse 5′-CCTAGCTTTGGGAGYT

AGG (Hrbek et al. 2004), RAG1-forward 5′-CTGAGCTGC

AGTCAGTACCATAAGATGT (Holcroft 2004), RAG1-reverse

5′-CTGAGTCCTTGTGAGCTTCCATRAAYTT (Holcroft

2004), gylt-forward 5′-GGACTGTCMAAGATGACCACMT

(Li et al. 2007), gylt-reverse 5′-CCCAAGAGGTTCTTGT

TRAAGAT (Li et al. 2007). PCR reactions were performed in

20 μL volumes including 0.25 μM final concentration of each

primer, 0.5 mM final concentration of each dNTP, 1.25 mM

final concentration of magnesium chloride, and 2 units of taq

polymerase, using the following cycling conditions: 94◦C for

2.5 min., 55◦C for 2 min., 72◦C for 2 min, followed by 38 cycles

of 94◦C for 45 s, 55◦C for 1 min., and 72◦C for 2 min., followed

by an additional 8 min. at 72◦C. PCR products were purified using

AMPure magnetic beads (Agencourt Bioscience Corp., Beverly,

MA) according to the manufacturer’s protocol. Purified PCR

product was used as template for Big Dye terminator (Applied

Biosystems, Foster City, CA) cycle sequencing reactions that

were performed in 10 μL volumes including 0.5 μL of 1/16

concentration Big Dye and 0.32 μM final concentration of

primer using the following cycling conditions: 40 cycles of 94◦C

for 15 s, 50◦C for 20 s, and 60◦C for 4 min. The product of

sequencing reactions was purified using CleanSeq magnetic

beads (Agencourt Bioscience Corp.) before electrophoresis on an

Applied Biosystems 3130XL Genetic Analyzer. Sequences were

manually aligned in Sequencher (Gene Codes Corp., Ann Arbor,

MI), and overlapping peaks of equivalent height indicating a

heterozygote were scored as ambiguous bases.

PHYLOGENETIC ANALYISIS

Optimal partitioning of sequence data was determined using

the methods proposed by (Li et al. 2008) where cluster anal-

ysis of parameter estimates from all possible partitions is

used to determine the optimal design of data partitions. ML

and Bayesian inference (BI) approaches were both used for
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phylogenetic inference; ML analysis was performed using the

program TreeFinder because it permits the use of mixed mod-

els (Jobb 2008) and BI was performed using a parallel ver-

sion of MrBayes version 3.1.2 (Huelsenbeck and Ronquist 2001;

Ronquist and Huelsenbeck 2003) hosted by Cornell University

(http://cbsu.tc.cornell.edu/index.htm?page=30000). Because the

dataset included protein-coding sequence from three genes, the

data could be partitioned from a minimum of one through a max-

imum of nine possible partitions. For both ML and BI, parameter

estimates (including four nucleotide frequencies, six substitution

rates, alpha, and the rate multiplier) were derived for all nine parti-

tions using a GTR + � model with partitions unlinked. Parameter

estimates for each partition (nine sets of parameter estimates) were

hierarchically clustered to determine the ordering of partitions (us-

ing the proc cluster routine and centroid method in SAS version

9.1). The grouping of partitions that emerged was used to direct

the ordering of sites (gene by codon position) into clusters from

eight clusters (nsites − 1) through to one. ML and BI analyses were

repeated for each of the nine possible partitioning schemes (all

possible partitions down to no partitions) using unlinked GTR +�

models for each partition, and several decision criteria were used

to identify which of these nine partitioning schemes was optimal.

For ML, Treefinder output for each partition included likelihood

criteria including the Akaike information criterion (AIC) and the

Bayesian information criterion (BIC). For BI, MrBayes output for

each partition included the harmonic mean of the −log likelihood

(−lnLi) and the BIC was calculated as −2lnLi + kilnn where ki is

the number of parameters and n is the number of nucleotides. The

partitioning scheme with the best scores according to the above

criteria was used for the next step in the analysis.

The most appropriate finite-sites substitution model for each

partition was determined using DT-ModSel (Minin et al. 2003).

If a particular model was not available from either Treefinder

or MrBayes, the most similar but more parameter-rich model

available to the program was used.

Once the optimal partitioning scheme and model for each par-

tition were determined (separately for both ML and BI), definitive

phylogenetic reconstruction was performed. Mixed model ML

analysis was performed using Treefinder including 200 bootstrap

replicates to determine nodal support. BI was performed using

MrBayes with partitions unlinked and Markov chain Monte Carlo

(MCMC) was run for 10 million generations including 16 chains

across two independent runs to assess convergence. Convergence

improved when the heating parameter was lowered to 0.1 from

the default value of 0.2 (standard deviation of the split frequen-

cies of the two MrBayes runs was less than 0.01). Resulting trees

were sampled at a frequency of 1 in 1000 resulting in 10,000

trees saved. Following a burnin period of 2500 trees, the remain-

ing 7500 trees were used for consensus tree construction and for

estimation of posterior probabilities.

PHYSIOLOGY DATA

Extensive physiological osmotic tolerance data are available in

the literature for most (25 of 32) Fundulus species included, and

the upper salinity tolerance limit was used to define species differ-

ences in fundamental osmotic niche. Data were derived from two

types of observation. For most species, upper limits were defined

by the salinity at which failure occurred (listlessness, thinning,

irresponsive to touch, death) following a slow increase in salinity

(generally between 1 to 3 ppt per day) in an experimental set-

ting. These types of data are available for 23 of the 32 Fundulus

species (Rebecca Fuller, unpubl. data; Griffith 1974; Stanley and

Fleming 1977; Nordlie 1987; Dunson and Travis 1991; Crego and

Peterson 1997; Nordlie and Haney 1998). Although experimental

conditions were not identical between studies, data were con-

sidered only from experimental designs in which salinities were

increased gradually (rather than acute exposures), and results are

therefore expected to be comparable. Indeed, both Crego and Pe-

terson (1997) and Griffith (1974) detected similar upper limits

for F. nottii (15–20 ppt and 18.7 ppt, respectively). One should

note that salinity increases for experiments with Lucania goodei

(Dunson and Travis 1991) were stepwise rather than gradual, so

upper tolerance limits for these species may be conservative. The

upper limit for L. goodei was determined as the median of their

predicted long-term survival limit (Dunson and Travis 1991). For

the other species, data from experimental manipulations were un-

available, but field observations at a range of extreme salinities

had been recorded for two additional species F. parvipinnis and F.

zebrinus (Echelle et al. 1972; Feldmeth and Waggoner 1972). The

highest salinity in which these species had been found in good

health in the field was used as a proxy for their upper physiological

tolerance bound.

Fundulus species tend to be restricted to either fresh, brack-

ish, or marine waters. To explore whether hyperosmotic limits are

continuously distributed across species, or whether physiological

abilities cluster into discrete physiological groupings, hierarchical

clustering of upper salinity tolerance limits for each species was

performed using the proc cluster routine and centroid method in

SAS. Additionally, the gap statistic (Tibshirani et al. 2001) was

used to estimate the number of distinct clusters of physiologies

within the genus. The geographic distribution of each species

was evaluated from records in Fishbase (www.fishbase.org) and

NatureServe (http://www.natureserve.org/explorer/) databases.

EVOLUTION OF CHARACTER STATES

Three groupings of osmo-tolerant phenotypes emerged from the

literature, representing freshwater, brackish, and marine character

states. Likelihood, parsimony, and Bayesian analyses were used

to map the patterns of osmotic physiology evolution onto the phy-

logeny. For the Bayesian analysis, one in every 20,000 post-burnin

Bayesian trees (See Phylogenetic Analysis section above) were
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selected from each of two independent MCMC runs resulting in

700 trees used for reconstruction of ancestral physiological char-

acter states using the program BayesTraits (Pagel et al. 2004).

These 700 trees were used to estimate the probability of each

character state for ancestral nodes. Following a burnin period

of 10,000 iterations, MCMC was run for 5 million generations

with a sampling period of 100 resulting in 50,000 trees. The rate

deviation parameter was set at 35 so that the acceptance rate ap-

proximated 20% (as suggested in the BayesTraits manual), and a

uniform hyperprior was used to seed an exponentially distributed

prior on the interval 0.0 to 10 using the reversible jump model

(Pagel and Meade 2006). The “AddMRCA” command was used to

reconstruct character states at specified nodes, and the proportion

of likelihood associated with each of the character states was es-

timated as the mean likelihood across all 50,000 trees. Character

state transition rates were estimated in BayesTraits using the ML

routine. Character state mapping was also performed in the pro-

gram Mesquite (Maddison and Maddison 2007) using parsimony

and likelihood (Mk1 model) approaches.

Results
Although morphological phylogenies (Parenti 1981; Wiley 1986;

Ghedotti et al. 2004) and small molecular phylogenies (mostly

mitochondrial markers) (Able and Felley 1988; Bernardi and

Powers 1995; Ghedotti and Grose 1997; Kreiser 2001; Bernardi

et al. 2007; Duvernell et al. 2007) exist within Fundulus, phy-

logenetic data appropriate for testing hypotheses of character

evolution across the genus were not available. The molecular

analysis of Fundulus presented here is the most comprehensive to

date, and the only such study to include both mitochondrial and

nuclear markers. A total of 3402 bases spanning three protein-

coding genes (cytb = 990 bases, gylt = 937 bases, RAG1 =
1,475 bases) were sequenced from each of 87 individuals repre-

senting 32 Fundulus species and presumptive outgroups including

one Adinia, two Lucania, and one Profundulus species (GenBank

accession numbers GQ119679-GQ119934). In addition, cytb data

were included for an additional six individuals because sequences

were available from GenBank (P. labialis AY155567, P. punctatus

AY155566) or because nuclear primers did not amplify a prod-

uct (two individuals labeled F. bermudae 2, F. kansae TX, and

F. seminolis FL). No gaps were detected in any of the sequences.

The number of parsimony-informative sites by site and by gene

is summarized in Table 1. All species were reciprocally mono-

phyletic (Fig. 1) for the concatenated dataset, and for nuclear and

mitochondrial gene trees considered separately ( Figs. 1B,C), with

the exception of F. blairae and F. dispar. These two groups are

notoriously difficult to distinguish given that the morphological

character used to distinguish species is found syntopically in the

Table 1. Sequence length (number of nucleotides) for genes re-

combination activating gene 1 (RAG1), glycosyltransferase (gylt),

and cytochrome b (cytb), including the total number of parsimony-

informative (PI) sites, and number of PI sites per codon position.

RAG1 gylt cytb

Length 1,475 937 990
Total PI 190 118 406
First codon PI 19 20 76
Second codon PI 7 14 15
Third codon PI 164 84 315

regions where the F. dispar AL and F. blairae MS specimens were

collected from (Dugo et al. 2006), raising the possibility that these

two specimens are misassigned.

PARTITIONING

Hierarchical clustering of parameter estimates indicated that five

clusters were optimal for ML and eight clusters were optimal

for BI analyses (Fig. 2). With the data divided into the maximum

number of partitions (nine), independent Bayesian runs would not

converge; this was likely because too few sites were variable for

codon position two of gene RAG1 ( Table 1). Indeed, estimates of

the alpha parameter for this site were high (>20) indicating a high

proportion of invariable sites, thereby precluding robust phyloge-

netic inference. Accordingly, first and second codon positions of

RAG1 were clustered together at the outset (which allowed con-

vergence of independent MrBayes runs) resulting in a maximum

of eight partitions.

For ML, the five-cluster partitioning scheme yielded optimal

criteria (Fig. 2). According to this scheme, first and second codon

sites for each gene (excluding first codon site for cytb) were clus-

tered into one partition, and third codon position sites for each of

the three genes and the first codon position site for cytb were each

included as additional partitions. The best-fit substitution models

for each partition were: cytb first position, TrNef + � (TN + G in

TreeFinder); cytb third position, TrN +� (TN + G in TreeFinder);

gylt third position, K80 + � (HKY + G in TreeFinder); RAG1

third position, HKY + � (HKY + G in TreeFinder); all remain-

ing sites in the final partition, K80 + I (HKY + I in TreeFinder).

This mixed-model five-partition scheme was used for final ML

analyses. The above results were from analyses including all 93

individuals representing 39 species. Phylogenetic analyses were

repeated using one consensus sequence per species. The partition

and model selection scheme was repeated for this dataset, and

the same five-partition grouping as for the 93-individual dataset

emerged as optimal (data not shown).

For BI, the eight-cluster partitioning scheme yielded optimal

criteria (Fig. 2). According to this scheme, first and second codon

sites for gene RAG1 were clustered into one partition, and the

seven remaining sites constituted each of the remaining seven
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Figure 1. Fundulus phylogeny estimated from partitioned mixed-model Maximum likelihood (ML) analysis of combined mitochondrial

(cytochrome b) and nuclear (glycosyltransferase and recombination activating gene 1) gene sequences (A). Numbers above and below

branches at nodes indicate bootstrap support (200 bootstrap replicates) and Bayesian posterior probabilities, respectively. The species

name is followed by the abbreviation of the state from which the specimen was collected. F. bermudae 1 and F. bermudae 2 were from

Evan’s Pond and Blue Hole locations, respectively. Detailed capture locality information can be found associated with museum specimen

records listed in Table S1. (B) and (C) are separate ML trees for mitochondrial and nuclear genes, respectively, and numbers indicate

bootstrap support.
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Figure 1. Continued.

partitions. The best-fit substitution models for each partition were:

cytb first position, TrNef +� (GTR +� in MrBayes); cytb second

position, HKY + � (same in MrBayes); cytb third position, TrN +
� (GTR + � in MrBayes); gylt first position, F81 + I (same in

MrBayes); gylt second position, HKY + � (same in MrBayes);

gylt third position, K80 + � (HKY + � in MrBayes); RAG1 third

position, HKY + � (same in MrBayes); cluster grouping first and

second positions of RAG1, K80 + I (HKY + I in MrBayes).

This mixed-model eight-partition scheme was used for final BI

analyses.
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Figure 1. Continued.

PHYLOGENETIC RELATIONSHIPS

The Fundulus genus appears to have undergone an early period

of rapid radiation, where deep branches tend to be significantly

shorter than terminal branches (P < 0.01, t-test; Fig. 1). Because

a calibrated molecular clock could not be applied to this dataset

(because of a paucity of calibration options), the timing of this

radiation is unknown. However, the oldest known fossils that

have been nominally classified as Fundulus appear in Miocene

or early Pliocene strata from Nevada (Uyeno and Miller 1963;

Smith 1981). The Fundulus radiation resolves into two primary

2 0 7 6 EVOLUTION JULY 2010



EVOLUTION OF OSMOTIC TOLERANCE IN KILLIFISH

Figure 2. Optimality criteria for all possible data partitions following parameter clustering. For ML analysis, Akaike information criterion

(AIC), and Bayesian information criterion (BIC) indicate that the five-partition scheme was optimal. For Bayesian inference, the total

number of parameters is shown, and the harmonic mean of the −log likelihood (LBA) and BIC (calculated as −2lnLBA + ki lnn where ki is

the number of parameters and n is the number of nucleotides) indicate that the eight-partition scheme was optimal.

groups. Although statistical support for deep branches is weak,

the groupings are in a broad agreement with species relation-

ships revealed by morphological characters (Wiley 1986). One

of these two groups broadly corresponds with a combination of

Wiley’s (1986) “Xenisma” and “Fontinus” subgeneric designa-

tions (which were based on morphological characters), and in-

cludes almost all of the common freshwater-distributed species

and several salt-tolerant species that constitute relatively minor

fractions of estuarine-distributed teleost fish assemblages. The

second major clade captures common coastally distributed groups

including the F. heteroclitus complex (denoted by Wiley (1986)

as the “Fundulus” subgenus including F. grandis, F. bermudae,

F. relictus, F. confluentus, and F. pulvereus) which are major

constituents of their estuarine and marine teleost fish commu-

nities (Kneib 1986), and a few narrowly distributed freshwater

species (excluding F. catenatus and F. diaphanus which occupy

relatively broad geographic ranges) mainly captured by Wiley’s

(1986) “Zygonectes” subgeneric designation. Widespread marine-

distributed species F. majalis and F. similis appear to be a basal

lineage, whereas three presumptive outgroups including Adinia

xenica, Lucania parva, and Lucania goodei appear as ingroups,

although statistical support for patterns of rapid branching at the

deeper nodes tends to be weak (Fig. 1) and nuclear data considered

alone place Lucania outside the main Fundulus clade (Fig. 1C).

The monophyly of Fundulus has been called into question by oth-

ers (Parenti 1981; Wiley 1986; Bernardi 1997). Two curiosities

that may merit future attention are that (1) the Bermuda endemics

do not appear monophyletic implying multiple invasions, and

(2) a very long branch leads to the two Pacific species F. lima and

F. parvipinnis, which is mainly accounted for by cytochrome b

variation, implying that this mitochondrial gene has diverged by

nonneutral processes in this lineage.

PHYSIOLOGICAL VARIATION

Hierarchical clustering indicated three distinct physiologies dis-

tributed among Fundulus species, and the largest jump in a good-

ness of clustering measure (the Gap statistic; Tibshirani et al.

2001) was from two to three clusters (data not shown). What

emerges is a “freshwater” group intolerant of marine water, a

“brackish” group tolerant of intermediate salinities, and a “ma-

rine” group highly tolerant of extreme salinities (Fig. 3). These

physiological types (fresh, brackish, marine) were used to define

the character state of each species for which data were available.

Most fish were either fresh (40% of species) or marine (44% of

species) with a smaller grouping of species designated as brack-

ish (16% of species). These physiological types generally match

the natural habitats of each species (see table associated with

Fig. 4B), with three exceptions. First, F. diaphanus is brackish

tolerant but confined mainly to freshwater habitats, though its

broad geographic range across Atlantic slope watersheds implies

an ability to migrate through estuaries. Similarly, F. zebrinus and

F. kansae are highly salt tolerant but confined to inland waters,

though these are the only species of the genus that exploit head-

waters of streams in the arid west: habitats that are subject to

extreme fluctuations in stream hydrology and salinity (Echelle

et al. 1972; Ostrand and Wilde 2001).

Interestingly, although many Fundulus species vary signif-

icantly in hyperosmotic tolerance limits, few species appear to

struggle with hypoosmotic stress. Almost all species, including

“brackish” and “marine” types, can tolerate a gradual transfer to

fresh water, except for F. majalis and F. luciae (Griffith 1974).

But even though these two species suffered some losses in exper-

imental freshwater transfers, the majority of individuals survived

beyond 2 months (Griffith 1974). Therefore, variation among

species is not so much a function of shifts in tolerance ranges as
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Figure 3. Cluster diagram (not a phylogram) of physiological upper limits of salinity tolerance. Tolerance limits are indicated by the bar

graph for Fundulus species in parts per thousand (ppt) salinity following a gradual transfer from lower salinities. Cluster diagram indicates

three distinct physiological groups within Fundulus, designated as fresh (lowest salinity tolerance), brackish (intermediate salinity

tolerance), and marine (extreme salinity tolerance). Uppercase numbers associated with species names indicate source of physiology

data. 1: Nordlie (1987), 2: Griffith (1974), 3: Stanley and Fleming (1977), 4: Echelle et al. (1972), 5: Nordlie and Haney (1998), 6: Crego and

Peterson (1997), 7: Feldmeth and Waggoner (1972), 8: Dunson and Travis (1991). ∗unpublished data from Dr. Rebecca Fuller, University of

Illinois.

much as a function of contractions and expansions of physiologi-

cal plasticity at the hyperosmotic end of the salinity continuum.

CHARACTER MAPPING

The rate of osmotic character state evolution within Fundulus

is sufficiently high that ancestral character states cannot be re-

solved with confidence. One can recognize, upon noticing that

some sister species separated by short genetic distances can have

different physiologies (e.g., consider sister species F. diaphanus

and F. rathbuni, and L. goodei and L. parva; Fig. 4) and that major

clades with different physiologies are separated by short intern-

odal branches (Fig. 4A), that character state transition rates are

high; they vary over two orders of magnitude (Fig. 5). When algo-

rithms such as those implemented in BayesTraits or Mesquite es-

timate ancestral states at deep nodes, character states must switch

many times along the long branches leading back to these nodes,

resulting in high uncertainty (A. Meade, pers. comm.). Indeed,

the probability distributions associated with these nodes are not

bell-shaped as expected (Pagel et al. 2004), but rather are diffuse

and erratic. These unusual probability distributions are not asso-

ciated with uncertainty in the phylogeny; they remain even when

using a single ML tree for the analysis.

Parsimony analysis indicates the likely pattern of character

evolution (Fig. 4), and suggests that physiological tolerance of

extremes in salinity is an ancestral character that has evolved into

specialized freshwater physiologies several times. This included

one major ancient radiation into the Mississippi River basin and

other Gulf-associated drainages, a second minor cluster of Gulf

and Atlantic-associated freshwater invasions, and the recent evo-

lution of alternate physiolgies among sister taxa F. diaphanus and

F. rathbuni, L. goodei and L. parva, and likely F. parvipinnis and

F. lima (though no physiology data exist to confirm low osmotic

tolerance for freshwater species F. lima).

Discussion
EVOLUTIONARY LABILITY OF OSMOTOLERANCE

Hyperosmotic tolerance is a physiological trait that appears to be

highly labile within the Fundulus group; ancient radiations are as-

sociated with the evolution of distinct osmotolerance phenotypes,

but recent sister pairs have also evolved different physiologies

(Fig. 4). Osmotic physiologies can evolve rapidly in Fundulus,

evidenced by the existence of different physiologies in sister taxa

and by short internodal branches separating clades with different
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Figure 4. Maximum likelihood (ML) phylogeny based on one consensus sequence per species (A) using the same optimal mixed model as

indicated in the text and Figure 2. Colors of species names reflect different osmotic physiologies, and black text indicates no physiology

data available: red, fresh; green, brackish; blue, marine. Parsimony analysis of the pattern of character state evolution on a linearized ML

tree (B) with branches and species names color coded according to osmotic physiologies. Table associated with (B) indicates geographic

distribution of each species. Distributions throughout marine and brackish coastal habitats of the northern Gulf of Mexico (Florida west

to Texas) and of the eastern Atlantic (Nova Scotia to Florida) were designated as Gulf Coastal (GC) and Atlantic Coastal (AC), respectively.

Distributions throughout freshwater habitats in watersheds that empty directly into the Gulf of Mexico or the Atlantic were designated

as Gulf Slope (GS) and Atlantic Slope (AS), respectively. Many freshwater species that occupy narrow or broad distributions throughout

the Upper and Lower Mississippi, Ohio, Tennessee, Missouri, and Arkansas River basins, were designated as Mississippi Basin (MS).

Several species are confined to the Florida peninsula (FP), one species is widespread throughout the Great Lakes and St. Lawrence River

system (GL), one species is found in estuarine areas of the Pacific coast (PC), and one species is found in freshwater oases in watersheds

that drain to the Pacific and were designated Pacific Slope (PS).

physiologies. A high rate of character evolution (Fig. 5) results

in an inability to resolve ancestral states at deeper nodes with

any confidence. Parsimony indicates that hyperosmotic tolerance

is the ancestral physiological phenotype in this group, and that

more specialized freshwater-tolerant forms have evolved multiple

times (Fig. 4). Insofar as the tolerances of freshwater types are

captured within the tolerance range of more salt tolerant types, the

freshwater form can be considered a derived physiological spe-

cialist. That specialist types tend to evolve from generalist types,

rather than the reverse, is often the case (Futuyma and Moreno

1988), though a mechanistic explanation for this trend remains

elusive.

The Fundulus group is unusual among teleost fish in that

osmo-tolerant phenotypes are evolutionarily labile. Most clades

of teleost fish are either salt tolerant and marine/brackish dis-

tributed, or salt intolerant and exclusively freshwater distributed.

For example, four major clades of teleost fish (Cypriniformes,

Characiformes, Siluriformes, Gymnotiformes: ∼7000 species),

which together represent over one-quarter of known teleost fish

species, are confined to fresh waters. Similarly, many large clades
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Figure 5. Frequency histograms of the rate of character state transition estimated using maximum likelihood in the program BayesTraits.
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magnitude.

are exclusively marine-distributed, including Gadiformes, Lophi-

iformes, all orders of Stenopterygii, and all orders of Scopelomor-

pha. Apart from catadromous or anadromous taxa, few groups of

teleost fish span osmotic habitats, especially among species of

the same genus. Some groups mainly within Acanthopterygii ex-

ploit both fresh and brackish but not marine habitats, such as

cichlids and livebearers (Poeceliidae). In addition, there are a few

groups that span as diverse a salinity continuum as Fundulus, no-

tably sticklebacks (Gasterosteiformes), silversides (Atherinidae),

gobies (Gobiidae), sculpins (Cottidae), and pupfish (Cyprinodon-

tidae).

Evolutionary relationships have been defined for a few of

these groups that exploit diverse osmotic habitats, thereby allow-

ing examination of the evolutionary lability of osmotic tolerance

in comparison to Fundulus. However, representative comparative

physiological data are not available for any of these clades, so re-

alized osmotic niche must serve as a proxy for fundamental phys-

iological niches, thereby limiting scope for inference. Given this

limitation, one general trend that emerges is that freshwater types

tend to be derived from more salt-distributed types, and the rate

of evolution of different osmotic types appears unusually fast in

Fundulus compared to these other clades. For example, freshwater

breeding and life history evolved just once in freshwater sculpins

(Cottus), and the marine-associated life history and breeding habi-

tat is ancestral (Yokoyama and Goto 2005). Similarly, silverside

species vary in osmotic niche, and two major clades of freshwater

species derive from a marine ancestor (Bloom et al. 2009). Among

the North American pupfish the marine-distributed Yucatan pup-

fish appears basal and the maritime-distributed species form a

single clade (Echelle et al. 2005), and among the Eurasian pup-

fish the closing of the Tethys Sea split the brackish ancestral group

in two, each of which gave rise to freshwater-distributed clades

(Hrbek and Meyer 2003). Within the Rivuline fish only four of 254

species are salt tolerant (www.fishbase.org). Two of these, Rivulus

marmoratus and R. occellatus, are sister species and appear basal

(Murphy et al. 1999). Species within the livebearer genus Gam-

busia appear to evolve quickly between different osmotic types,

though no Gambusia appear nearly as hyper-tolerant as many Fun-

dulus species. Sister species G. affinis and G. holbrooki (Lydeard

et al. 1995) differ in hyperosmotic tolerance abilities based on

physiological data (Chervinski 1983; Nordlie and Mirandi 1996)

as do populations within G. affinis (Purcell et al. 2008). Several

other sister pairs differ in preferred habitats such as G. yucatana

(freshwater distributed) and G. puncticulata (brackish distri-

buted), and G. rhizophorae (brackish) and G. punctata (fresh).

The sequence of transition between osmotic character states

within Fundulus appears to be most consistent with ancestral salt

tolerance leading to derived salt intolerance. The parsimony anal-

ysis represented in Figure 4 indicates that brackish tolerance in

F. diaphanus is derived, though this is likely misleading because

the distribution of F. rathbuni is narrow and embedded within the

broad distribution F. diaphanus, implying that F. rathbuni (and

their salt-intolerant physiology) was derived from F. diaphanus.

Considering this, the general pattern of exclusive transition from

salt to fresh water tolerance appears retained within the genus.

Indeed, this apparent asymmetry in the evolutionary directional-

ity of osmotic tolerance transitions tends to be common across

diverse taxa. In all of the examples discussed above, freshwater

types are derived. Similarly, the most likely models of character

change indicate directionality from marine to fresh in needle-

fish, stingrays, drums, anchovies, and sticklebacks (Lovejoy et al.

2006; Kawahara et al. 2009). This appears to be the rule not

only in fish but other marine taxa as well, including for example

dinoflagellates (Logares et al. 2007), copepods (Lee 1999), and

cryptomonads (Shalchian-Tabrizi et al. 2008). One example of

an exception to this general pattern is within Gobioidei where an

early radiation likely derived the marine Gobiidae family from

freshwater ancestors (Thacker 2009). Perhaps the generally low
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rate of freshwater to marine reinvasion is mediated by competitive

exclusion. Alternatively, it may be difficult, genetically and mech-

anistically, to evolve a hyperosmotic and euryhalinic phenotype

from a hyposmotic/stenohalinic phenotype.

Although freshwater tolerances appear to have evolved mul-

tiple times independently within Fundulus, and evolved both in

ancient and more recent times, physiological tolerances among

freshwater types is surprisingly consistent. That is, the upper

salinity tolerance limit for “freshwater” types varies little among

species, converging at around 20 ppt (Fig. 3) for Fundulus and

for other derived freshwater fish including Gambusia holbrooki,

cutthroat trout, and many Australian species (Nordlie and Mirandi

1996; Wagner et al. 2001; Kefford et al. 2004). One might predict

that variation among similar but convergent physiologies would

be higher than variation among similar but shared ancestral physi-

ologies, although this is clearly not the case within Fundulus. This

is visually apparent in the physiology cluster diagram (Fig. 3); the

within-group sum of squared variance in hyperosmotic limits for

freshwater, tolerant, and marine types is 50, 243, and 442, re-

spectively. This implies that evolutionary derivation of freshwater

types, which appears to involve loss of hyperosmotic tolerance (in-

sofar as hyperosmotic types can also tolerate fresh water (Griffith

1974)), may involve common physiological mechanisms among

lineages that converge on this phenotype.

PHYLOGEOGRAPHY OF SALT TOLERANCE

The Gulf of Mexico coastal habitats and Gulf-associated fresh-

water drainages harbor much of the species diversity that ex-

ists within Fundulus. Most freshwater species diversity is dis-

tributed throughout the Mississippi River and Gulf Slope basins

(12 species; Fig. 4). In contrast, only one species is widespread

throughout Atlantic Slope or Great Lakes freshwater drainages

(F. diaphanus) and two additional species are confined to nar-

row and more southern east coast distributions (F. lineolatus

and F. rathbuni). This is consistent with the relative ages and

geological stabilities of Atlantic and Gulf-associated drainages.

Gulf-associated drainages tend to run along a north-south axis,

thereby offering retreat during periods of global cooling, whereas

Atlantic-associated drainages tend to run east-west. It is telling

that the only widely successful Atlantic Slope distributed species

(F. diaphanus) has high osmotic tolerance relative to other fresh-

water distributed species (Fig. 3). Similarly, estuarine communi-

ties along the Atlantic coast are dominated mainly by a single

species F. heteroclitus though diversity increases further south

as F. chrysotus and F. confluentus start to appear, whereas seven

species occupy Gulf coast estuaries.

Geographic distribution patterns support the model that spe-

cialized freshwater types are derived from more generalist highly

salt-tolerant physiologies. For sister taxa that vary between fresh

and salt-tolerant physiologies, the salt-tolerant species tends to

occupy very broad geographic distributions whereas the related

species with limited salt tolerance tends to occupy a much more

restricted but embedded geographical range. This pattern is illus-

trated by sister pairs F. diaphanus and F. rathbuni, L. parva and

L. goodei, and F. parvipinnis and F. lima. Brackish-tolerant F. di-

aphanus is widely distributed throughout the Upper Mississippi

basin, the Great Lakes watershed, and Atlantic slope watersheds

from Nova Scotia south to North Carolina, whereas freshwater

species F. rathbuni occupies a very restricted range primarily in

Atlantic slope drainages within North Carolina (Fig. 6). Sim-

ilarly, marine-tolerant L. parva is distributed in Atlantic coastal

areas from Massachusetts around the Florida peninsula and across

the Gulf of Mexico, whereas freshwater species L. goodei is con-

fined primarily to peninsular Florida. Finally, brackish-tolerant

F. parvipinnis is distributed in Pacific coastal habitats from cen-

tral California south through the Baja California peninsula in

Mexico, whereas the exclusively freshwater-distributed species

F. lima is known from only six oases systems in the southern part

of the Baja peninsula (though no physiology data exist to confirm

low osmotic tolerance for F. lima).

Limited physiological tolerance of hyperosmotic conditions

should limit the dispersal of species among watersheds separated

by brackish waters. Three types of phylogeographic comparison

support this expectation for Fundulus species. First, F. notatus

and F. olivaceus are distributed throughout the Mississippi River

basin and in Gulf Slope basins that drain directly to the Gulf

of Mexico. For each species, the Mississippi River populations

form one clade, whereas Gulf Slope populations (from the Mobile

basin in AL for F. notatus, and from the Pearl watershed in LA

for F. olivaceous) are most divergent ( Figs. 1 and 6). Second, for

Gulf Slope and Gulf Coastal species a consistent phylogeographic

break consistent with the Tombigbee River discontinuity (Wiley

and Mayden 1985; Avise 2000; Soltis et al. 2006) occurs near

Mobile Bay that separates freshwater sister species F. escambiae

to the east and F. nottii to the west, brackish-distributed F. conflu-

entus to the east and F. pulvereus to the west, populations of the

brackish distributed species F. grandis (corroborating results from

Williams et al. (2008)), and populations of the marine-distributed

species F. similis. Divergence across this phylogeographic break

appears to be stronger for freshwater Fundulus, intermediate for

estuarine species, and least severe for marine-tolerant species

(Fig. 1). Indeed, pairwise genetic distances (ML composite) are

largest across this break between freshwater F. nottii and F. es-

cambiae (average genetic distance 0.04), intermediate between

estuarine F. pulvereus and F. confluentus (average genetic distance

0.005) and between F. grandis populations (average genetic dis-

tance 0.007), and weakest among populations of marine-tolerant

F. similis (average genetic distance 0.003). This is consistent with

the expectation that, in coastally distributed habitats, species least

tolerant of high salinities should be most severely isolated by
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Figure 6. Map indicating distributions for select species (ovals) and sampling locations for individual specimens (boxed or circled

numbers). Open squares and open circles indicate locations for three Mississippi-basin distributed specimens of F. notatus (from IL, LA,

and OK: see Fig. 1) and F. olivaceus (from KY, TN, and OK: see Fig. 1), respectively. Closed square and closed circle indicate location for

one Gulf-slope distributed specimen of F. notatus (from AL: see Fig. 1) and F. olivaceus (from LA: see Fig. 1), respectively.

biogeographic boundaries relative to brackish or marine-tolerant

species. Finally, freshwater species distributions across coastal

slope drainages (freshwater basins that that are separated by brack-

ish coastal waters) are narrow. For example, freshwater species

F. lineolatus is confined to drainages in the Florida peninsula,

F. escambiae to Florida panhandle drainages west to Alabama, and

F. nottii to drainages west from Alabama to Louisiana (Fig. 6), and

reasonably long branch lengths separate these species (Fig. 1). In

contrast, salt-tolerant F. diaphanus occupies coastal slope fresh-

water habitats across a huge geographic range from Newfound-

land to South Carolina, and genotypes across this region are nearly

indistinguishable. These data support the expectation that exclu-

sively freshwater-tolerant taxa are more strongly isolated among

coastal sloping freshwater drainages relative to more brackish-

tolerant species.

The repeated evolution of freshwater types within Fundulus

represents repeated evolution of ecological specialization. Almost

all species within this group are capable of adjusting to hypoos-

motic conditions (Griffith 1974), but vary extensively in hyperos-

motic limits. That is, osmotic tolerance variation among Fundulus

species does not correspond to shifts in tolerance ranges toward

hypo- or hyperosmotic ends of a tolerance continuum, but rather

appears associated with expansions and contractions of degrees of

physiological plasticity. Indeed, marine-tolerant L. parva main-

tains fitness over a larger range of environmental salinities than

freshwater-tolerant L. goodei (Fuller 2008). This inherent plastic-

ity or physiological resilience probably contributed to the success

of Fundulus across such diverse geophysical habitats. Although

F. heteroclitus has been an important model for identifying the

mechanistic basis of osmotic acclimation (Karnaky 1986; Wood

and Marshall 1994; Evans et al. 2005), ongoing and future com-

parative studies within this group (Scott et al. 2004) hold promise

for accelerating our understanding of the genetic and biochem-

ical mechanisms that enable or limit evolutionary transitions in

physiology, and speciation, across osmotic habitats.
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