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ABSTRACT.—We estimated genetic differentiation between morphologically distinct tidal
marsh populations of Swamp Sparrows (Melospiza georgiana nigrescens) and the more wide-
spread inland populations (M. g. georgiana and M. g. ericrypta). The tidal marsh populations
are consistently grayer with more extensive black markings (particularly in the crown), and
their bills are larger. These differences are variously shared with other species of salt marsh
birds and small mammals. We analyzed mitochondrial DNA sequences (5’ end of control
region, COII/t-lys/ ATPase8, and ND2) of Swamp Sparrows and found low levels of genetic
variation and no evidence of geographic structure. These results suggest a rapid and recent
geographic expansion of Swamp Sparrows from restricted Pleistocene populations. Mor-
phological differentiation has occurred without long-term genetic isolation, suggesting that
selection on the divergent traits is intense. The grayer and more melanistic plumage is prob-
ably cryptic coloration for foraging on tidal mud, which tends to be grayish as a result of
the formation of iron sulfides, rather than iron oxides, under anaerobic conditions. Received

14 May 1997, accepted 9 January 1998.

VERTEBRATES SHOW CONSPICUOUS ADAPTA-
TIONS to the distinct environment of tidal
marshes. For example, diurnal terrestrial spe-
cies tend toward grayish or blackish coloration
(Grinnell 1913, Von Bloeker 1932, Greenberg
and Droege 1990). In addition, emberizid finch-
es often have relatively large bills compared
with non-tidal populations (Greenberg and
Droege 1990). Tidal marsh populations often
are small and geographically restricted com-
pared with inland populations. This leads to
the question of how distinct morphological fea-
tures evolve in these populations in the face of
potential gene flow from larger inland popu-
lations. Few studies have addressed the degree
of geographic genetic structuring in species
with tidal and inland forms.

Swamp Sparrows (Melospiza georgiana) breed
in tidal marshes of Delaware and Chesapeake
bays and in inland fresh water wetlands within
formerly glaciated areas and occur only spo-
radically south of the glacial line, inhabiting the
few suitable postglacial bogs, brushy marshes,
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and wet meadows. Except for a few scattered
populations, a hiatus extends between the in-
land and coastal Swamp Sparrow populations
through the Piedmont of Maryland and Penn-
sylvania, leaving the only potential area of sig-
nificant contact in northern New Jersey and
southern New York State (Greenberg and Droe-
ge 1990: figure 1).

Coastal Plain Swamp Sparrows (M. g. nigres-
cens) have more extensive black coloration (e.g.
almost three times the area of black in the
crown), are generally grayer, and have bills that
average 29% greater in overall volume than
Swamp Sparrows from inland populations
(Greenberg and Droege 1990). In contrast to the
morphological differentiation between the es-
tuarine and the closest freshwater populations,
the interior subspecies (M. g. ericrypta and M.
g. georgiana) are morphologically quite uniform
across their ranges, with the two recognized
subspecies exhibiting only slight differences in
the degree of pale markings on the back.

Three possible scenarios can account for the
evolution of the nigrescens subspecies: (1) tidal
marsh populations have been genetically iso-
lated from other populations for a substantial
period of time; (2) selective pressures differ
and are of sufficient magnitude to cause strong
and rapid morphological divergence in the face
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Distribution of Swamp Sparrows and the nigrescens subspecies (AOU 1983, Greenberg and Droege

1990). M indicates sites where all specimens were non-nigrescens migrants. One migrant was also collected

immediately north of Delaware Bay.

of continued gene flow from inland popula-
tions and/or despite recent range expansions
that have not allowed sufficient time for mito-
chondrial DNA (mtDNA) divergence; and (3)
morphological differences are environmentally
induced (Von Bloeker 1932, James 1983, Price
and Pavelka 1996). To examine these scenarios,
we measured the degree of genetic differenti-
ation in rapidly evolving regions of mtDNA be-
tween the estuarine (M. g. nigrescens) and in-
land populations (M. g. ericrypta and M. g. geor-
giana) of Swamp Sparrows.

METHODS

Field collections.—Adult and nestling M. g. nigres-
cens were collected during the breeding season (June
and July) near Delaware Bay (Weeksville and Divid-
ing Creek, Cumberland County, New Jersey, n = 7)
and Chesapeake Bay (Black Marsh, Baltimore Coun-
ty, Maryland, n = 4; see Fig. 1). Members of inland
populations were collected during the breeding sea-
son from Finzel Swamp, Garrett County, Maryland
(M. g. georgiana, n = 5) and Clay County, Minnesota
(M. g. ericrypta, n = 2) or during migration (Edge-
water, Anne Arundel County, Maryland, n = 7; Di-
viding Creek, Cumberland County, New Jersey, n =
1; Minneapolis, Minnesota, n = 3). The subspecies
identity (i.e. nigrescens versus non-nigrescens) for all
migrants was verified based on the diagnostic fea-
tures determined by Greenberg and Droege (1990).
We could not ascertain whether migrants were M. g.

ericrypta or M. g. georgiana; however, it is likely that
the Maryland and Minnesota migrant samples rep-
resent birds that originated from eastern and more
western parts of the breeding range, respectively.
Adults were sacrificed, transported on dry ice to a
freezer at —60°C, and ultimately prepared as tissue
samples and study skins (see Greenberg and Droege
1990); nestlings were raised in captivity and pre-
pared as study skins when they died.

Mitochondrial DNA analyses.—Twenty-nine speci-
mens were analyzed: 11 M. g. nigrescens, 2 M. g. eri-
crypta, 5 M. g. georgiana, and 11 M. g. georgiana or er-
icrypta migrants. Sequences are available in Genbank
(accession numbers AF038817 to AF038824 for con-
trol region, AF061648 to AF061651 for COII/t-lys/
ATPS8, and AF061652 for ND2). Tissues from ANSP
were kept in DMSO buffer (Seutin et al. 1991) for a
short period of transport. Tissues were digested in
SET buffer (0.15M NaCl, 0.05M Tris, ImM EDTA, pH
8) with proteinase K and SDS, extracted with phenol-
chloroform, and centrifugally dialyzed (see Fleischer
et al. 1994). We also purified mtDNA from two in-
dividuals (one M. g. nigrescens and one M. g. georgi-
ana) with a sucrose step-gradient protocol (Spolsky
and Uzzell 1984, Tarr and Fleischer 1993). We am-
plified and sequenced from the purified mtDNA to
compare the sequences with those amplified from
whole genomic DNA of the same birds. This proce-
dure provided one way of identifying whether there
may have been transpositions of mitochondrial
genes to the nuclear genome.

We amplified sections of three different gene
regions of mtDNA using the polymerase chain re-
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action (PCR): (1) Control region (CR; 5’ end and part
of central domain); amplifications were made using
primers LGL2 and H417 (Tarr 1995), which amplify
what is usually the most variable segment of the pas-
serine control region (Marshall and Baker 1997). (2)
Cytochrome oxidase subunit II (COIL; 3’ end only)
through tRNA-lysine (t-lys) and ATPase subunit 8
(ATP8); this region was amplified using primers
CO2GQL (light strand, 3’ position 8929 of the Gallus
gallus sequence) and A6MNH (heavy strand, 3’ po-
sition 9240 of Gallus gallus sequence; G. Seutin and E.
Bermingham unpubl. data). (3) NADH dehydroge-
nase subunit 2 (ND2); amplifications were made us-
ing primers MetB (light strand, 3’ position 5233 of
the Gallus gallus sequence) and TrpC (heavy strand,
3’ position 6342 of the Gallus gallus sequence; G. Seu-
tin and E. Bermingham unpubl. data).

Amplification reactions for all primer sets includ-
ed the following components in a 25-pL total reac-
tion volume: 2.5 pL of Perkin-Elmer-Cetus 10X buff-
er, 0.8 mM dNTPs, 1.0 mM of each primer, 1 to 2
units of Taq polymerase, 2 mM of MgCl,, and 20 to
50 ng of template DNA. Cycle parameters were 1 min
at 94°C, 1 min at 50°C, and 2 min at 72°C, for 35 cy-
cles. Amplified products were separated in 2% low-
melting point agarose gels then excised and purified
from the agarose using Quiagen. Between 250 and
500 ng of purified product was used in a dye-labeled
terminator reaction with cycle amplification (ABI
Prism®). Unincorporated nucleotides were removed
by sephadex column and the product was concen-
trated under a vacuum. Products were loaded onto a
4.75% denaturing polyacrylamide gel and electro-
phoresed in an ABI 373 automatic sequencer. Se-
quences were run for both strands using each end
primer for the CR and COII/t-lys/ ATP8 regions, and
the two strands were aligned and compared for dis-
crepancies using SeqEd (Applied Biosystems Inc.
1992).

Verified sequences were aligned among individu-
als using SeqEd, and any differences among se-
quences were confirmed by close examination of as-
sociated chromatographs. Haplotypes were desig-
nated on the basis of identity of sequence for all gene
regions. The numbers of differences among haplo-
types were counted, and the proportional pairwise
differences among sequences were averaged to cal-
culate the nucleotide diversity (w from Nei 1987:
equation 10.6, equivalent to 6, or 4N, at equilibrium
in a neutral model). We also calculated the mean
number of segregating sites (p, of Nei 1987), which
was then used in equation 10.1a of Nei (1987) to cal-
culate 6.

A network was constructed among haplotypes
based on the minimum number of substitutions be-
tween haplotypes. Kimura two-parameter corrected
distances among haplotypes were calculated with
PAUP* (Swofford 1996), and these were used to con-
struct phylograms employing a neighbor-joining al-
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gorithm with a minimum evolution criterion in
PAUP* (Swofford 1996). Unrooted networks based
on cladistic (character) approaches were also con-
structed using PAUP* for comparison, although this
method may not be appropriate for population stud-
ies. We conducted analyses of molecular variance
(AMOVA 1.55; Excoffier 1995) by grouping sequenc-
es into four ““populations” (i.e. Minnesota M. g. geor-
giana/M. g. ericrypta; Garrett County M. g. georgiana;
migrant M. g. georgiana; and M. g. nigrescens). AMO-
VA analogues of Fg called ¢g were calculated
among all groups and tested for significant depar-
ture from zero with nonparametric permutation
methods (Excoffier et al. 1992). Average long-term
rates of gene flow (N, m) were estimated from these
Fgr analogues using Nei (1987: equation 13.79).

REsuULTS

DNA sequences.—We obtained up to 641-bp of
sequence for two regions of mtDNA for each of
29 individuals: 330 bp from the 5’ end of the
control region (274 bp of region I and 56 bp of
the central domain) and a segment containing
86 bp of COII, 70 bp (all) of t-lys, and 155 bp
(all but 6 bp) of ATP8 (311 bp total). In addition,
we amplified and obtained sequence for 450 bp
of ND2 from one individual each of M. g. geor-
giana and M. g. nigrescens. Thus, for one indi-
vidual from each of two subspecies we have as-
sessed a total of 1,091 bp of sequence from
three genes.

By sequencing three genes located at distant
points along the mtDNA molecule, each ampli-
fied with separate primer sets (most of which
were designed from cloned avian mtDNA se-
quences; Desjardins and Morais 1990), we re-
duced the probability that we inadvertently
amplified only nuclear copies of mitochondrial
genes. Nuclear copies usually evolve much
more slowly than mitochondrial versions (e.g.
Sorenson and Fleischer 1996); thus, one might
discover them because they are much less di-
vergent than expected. In this case, all three
regions showed relatively low variation, so the
test was not persuasive. However, we also
found no differences between sequences am-
plified from purified mtDNA and those ampli-
fied from genomic DNA preparations from the
same individual.

We aligned the Swamp Sparrow sequences
with those from other avian species to insure
that they have no unusual features indicating
they are pseudogenes. We aligned CR sequenc-
es (in SeqEd and then by eye) with those of two
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TABLE 1. Nine variable sites from among 330 bp of the mitochondrial control region and 311 bp of COIl/
t-lys/ ATP8 sequences from Swamp Sparrows. Numbers at top refer to base position in sequences used for
each segment. The first six sites are in the control region, site 139 is in the t-lys, and the last two are in
ATPS. For reference, site 17 is 12 bp into the control regions TAS, and site 139 is 54 bp from the start of
tRNA-lys. MD = Baltimore Co., Maryland; GR = Garrett Co., Maryland; MN = Clay Co. or Minneapolis
(migrants only), Minnesota; NJ = Cumberland Co., New Jersey; e = M. g. ericrypta; g = M. g. georgiana; n

= M. g. nigrescens, mig = migrant bird.
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other oscine passerines: the Chaffinch (Fringilla
coelebs, Fringillidae; Marshall and Baker 1997)
and the Apapane (Himatione sanguinea, Drepa-
nidinae; Tarr 1995). Alignments of these re-
vealed relatively high sequence conservation
between Swamp Sparrow CR and that of other
passerines, and we found both the putative TAS
element and the F Box (Tarr 1995, Marshall and
Baker 1997). The protein-coding and t-RNA
regions were aligned to chicken (Gallus gallus)
and/or passerine sequences for the COII, t-lys,
ATP8, and ND2 pieces, and no inappropriate
stop codons or other unusual features were
found.

DNA sequence varigtion.—Variation among
Swamp Sparrow sequences was remarkably
low, especially given the high substitution rates
typical for these gene regions in other taxa. In
641 bp from 29 individuals, we found only nine
variable nucleotide sites and eight haplotypes
(Table 1). No haplotype differed by more than
two substitutions from its most similar haplo-
type, and the maximum difference was four
substitutions. Nearly all individuals (24 of 29)
had one of three common haplotypes, two of
which were represented by members of all
three subspecies (Fig. 2). Thus, there was no
obvious geographical or subspecific structure
observable in the pattern of differentiation.

Six variable sites occurred in the control re-
gion, all of which contained transitions (two G:
A and four C:T changes). We found no variable

sites in the 86 bp of COII, one variable site in
the 70 bp of t-lys, and two variable sites in the
155 bp of ATP8 (Table 1). All three sites had
transitional changes (two A:G and one C:T),
thus resulting in an overall ts:tv ratio of 9:0.
Oddly, in the ATP8 gene the two changes were
in first and second codon positions, each re-
sulting in amino acid replacements (alanine:
threonine and serine:asparagine). Both of these
positions also differ between the Swamp Spar-
row and other species. Lastly, we found no vari-
able sites in 450 bp of ND2 for the two individ-
uals sequenced.

The average number of segregating sites (p,
of Nei 1987) for the control region is 0.0182, and
for the COIl/t-lys/ATP8 pieces combined is
0.0097. The p, combined for the 641 bp is
0.0140, which predicts a 8 of 0.0036 (Nei 1987).
The nucleotide diversity, =, for the two regions
(i.e. the average pairwise number of nucleotide
differences per site, and an alternative estimate
of 8; Nei 1987) is 0.0021 + 0.0011. This estimate
of 6 did not differ significantly from 6 estimat-
ed from p, above (Mann-Whitney U = 65.5, P
> 0.25). These small values of 8 indicate a low
level of variation and suggest a relatively small
long-term effective population size for the spe-
cies, or recent expansion from a population
bottleneck. The lack of a difference between the
two estimates may reflect the low power of our
test, or that the populations are in drift-muta-
tion equilibrium.
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1. nigrescens - NJ (5), MD (1)
georgiana - GR (1)

ericrypta - MN (1)

migrant - MD (4), NJ (1)

2. nigrescens - MD (2)
georgiana - Garret (2)
ericrypta - MN (2)
migrant - MD (1)

6. migrant - MD (1)

5. migrant - MN (1
66 g (1)

3. georgiana - GR (2)
migrant - MN (1) MD (1)

68

4. nigrescens - MD (1)

7. nigrescens - NJ (1)

8. nigrescens - NJ (1)

FIG. 2. Neighbor-joining tree (Saitou and Nei
1987) for the eight Swamp Sparrow haplotypes (n =
29 individuals) constructed in PAUP* from a matrix
of pairwise distances among mtDNA sequences. Dis-
tances were corrected using the Kimura two-param-
eter method and were calculated from 641 bp of con-
trol region and COIl/t-lys/ ATP8. The tree was esti-
mated in an exhaustive search with a minimum evo-
lution criterion; a 500-replication bootstrap was
applied to determine support for each node. Num-
bers on branches are majority-rule bootstrap percent
support for the node. Analyses using cladistic-par-
simony approaches yielded essentially the same tree
topology, and the same two branches were support-
ed in bootstrap consensus trees. MD = Baltimore
Co., Maryland; GR = Garrett Co., MD; MN = Clay
Co. or Minneapolis (migrants only), Minnesota; NJ
= Cumberland Co., New Jersey; e = M. g. ericrypta;
g = M. g. georgiana; n = M. g. nigrescens; mig = mi-
grant bird. In these latter cases, the exact subspecies
of an individual could not be determined, but it was
not M. g. nigrescens. Note the lack of structure ac-
cording to subspecies designation and geographic
region.

The lack of geographic structure was further
substantiated by the dendrogram based on the
neighbor-joining algorithm with the Kimura
two-parameter distances (Fig. 2). Results of the
AMOVA (Excoffier et al. 1992, Excoffier 1995)
revealed that nearly all of the variation in the
Swamp Sparrow mtDNA haplotypes was dis-
tributed within, rather than among, popula-
tions (pgr = 0.057, P = 0.208 for permutation
test of whether ¢, differs significantly from
zero). Assuming this value is equal to Fs; and
using equation 13.79 of Nei (1987), we estimat-
ed the long-term mean N.m for the study pop-
ulations to be 6.20 effective migrants per gen-
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eration, a value consistent with little or no dif-
ferentiation expected among populations. This
value is estimated under the assumptions of
neutrality of markers, a negligible mutation
rate, and genetic equilibrium. The last of these
may be violated if the Swamp Sparrow popu-
lations resulted from a relatively recent expan-
sion and are not yet in equilibrium. Such a vi-
olation would imply that some part of the 6.2
migrants per generation was due to expansion
and not to current levels of gene flow.

DiscussioN

Lack of genetic variation and structure.—QOur re-
sults support the findings of Balaban (1988)
that there is little geographic variation among
Swamp Sparrow populations in the southern
portion of the species’ range, including those
living in tidal marshes. The low genetic varia-
tion (mean divergence of 0.21% in 641 bp of se-
quence) suggests that populations were very
small prior to a rapid post-Pleistocene expan-
sion. A minimum rate calibration for ATP8 se-
quences from drepanidines based on ages of
Hawaiian islands is about 2.5% uncorrected se-
quence divergence per million years (R.
Fleischer et al. unpubl. data, Tarr and Fleischer
1993). Applying this calibration to 0.1% mean
divergence over just the ATP8 sequence implies
the most recent common mitochondrial ances-
tor in Swamp Sparrows was only 40,000 years
ago. Regardless of the potential errors of this
rate, and of our estimate of ATP8 divergence in
Swamp Sparrows, the coalescent point of
Swamp Sparrow mtDNA haplotypes appears
to be very recent.

The lack of geographic structure is to be ex-
pected for a migratory songbird whose range
was almost entirely covered by ice during the
Pleistocene, thus requiring a rapid expansion
in the past 10 to 15,000 years. Even the tidal
marshes of Delaware and Chesapeake bays are
postglacial features resulting from the flooding
of river mouths (Flint 1947). During the ice
ages, one or a few scattered populations of
Swamp Sparrows may have bred south of the
glaciers. This is not surprising considering the
generally xeric conditions of most of eastern
North America during this period (Webb et al.
1993). Similar post-Pleistocene expansion sce-
narios have been suggested to explain low lev-
els of mtDNA variation in other North Ameri-
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can birds (Ball et al. 1988, Zink and Dittmann
1993, Fleischer et al. 1995, Zink 1996).

Origins of morphological differentiation of tidal
marsh Swamp Sparrows.—The lack of genetic dif-
ferentiation between the tidal marsh popula-
tion and other populations and the existence of
strong morphological differences could result
if: (1) selection is relatively strong in these
traits (plumage color and bill size) and suffi-
cient heritable variation exists in these presum-
ably polygenic traits, or (2) the differences are
environmentally induced (Beebe 1907, Von
Bloeker 1932, James 1983, Zink and Remsen
1986). Regarding sufficient heritable variation,
mutation rates are effectively high in polygenic
traits (1073 or higher; Lande and Barrowclough
1987, Lynch 1988, Keightley et al. 1993), and
variability would be recovered more rapidly
for these traits than for mtDNA (effectively a
single locus) following a population bottleneck.

These two hypotheses represent adaptive
and nonadaptive explanations, respectively.
Although we are unable to reject completely
the environmental-induction hypothesis, we
note that the color pattern and bill morphology
of M. g. nigrescens reared from 3- to 4-day-old
nestlings indoors under very different condi-
tions (e.g. low humidity) and with very differ-
ent food than would be found in a salt marsh
were statistically indistinguishable from those
collected in the wild (Greenberg and Droege
1990) but significantly different from M. g. geor-
giana. This includes plumage characteristics
(i.e. proportion of black in the crown of males)
acquired during the prealternate molt follow-
ing nine months of captivity.

Experimental evidence suggests that geo-
graphic variation in bill shape has an environ-
mental component (James 1983). However,
with respect to differences in plumage, the dis-
tribution of rusty (i.e. phaeomelanic) versus
gray to black (i.e. eumelanic) coloration ap-
pears to be under strong genetic control in
birds (Smythe 1990). At this time, the adaptive
explanation, at least for plumage variation, ap-
pears most parsimonious. For a diurnal, terres-
trially foraging bird, selection on substrate col-
or-matching should be intense, although we
have no direct evidence on this point. Sharp
differences in substrate color exist between tid-
al and freshwater marshes resulting from fun-
damental differences in chemical processes.
Brackish or salt water has low levels of oxygen
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compared with fresh water, which causes soil
iron to be reduced through anaerobic processes
and forms grayish or blackish iron sulfides
rather than rusty-colored iron oxides (T. Jordan
pers. comm.). Terrestrial vertebrates exhibit
coloration that camouflages them on gray and
black exposed soils of tidal ponds and sloughs.
Given that inland and coastal Swamp Sparrows
are active on these strikingly divergent sub-
strates, rapid selection for color pattern should
occur despite an apparent absence of genetic
structuring of the population. Although other
salt marsh taxa exhibit much higher levels of
sequence divergence, and hence apparently
have been isolated in this habitat for longer pe-
riods (e.g. Large-billed Savanna Sparrow [Pas-
serculus sandwichensis rostratus], Zink et al.
1991; Seaside Sparrow [Ammodramus mariti-
mus], Avise and Nelson 1989; Saltmarsh Sharp-
tailed Sparrow [A. caudacutus], Rising and Av-
ise 1993; Clapper Rail [Rallus longirostris], R.
Fleischer unpubl. data), the Swamp Sparrow
estimates show that morphological adaptation
to this ecologically distinctive habitat can be
rapid, can occur in the face of substantial gene
flow, or both.
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