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ABSTRACT

In this study I examined geographic variation in morphology and genetic population structure in
five putative subspecies of song sparrows (Melospiza melodia) in the San Francisco Bay region
(M. m. samuelis, M. m. maxillaris, M. m. pusillula, M. m. gouldii, and M. m. heermanni). My
first goal was to describe genetic population structure at microsatellite loci to assist with
conservation and management strategies for song sparrow populations in the San Francisco Bay
Area. I sampled nine populations from five putative subspecies and found low estimates of
differentiation between populations within subspecies (Fst analog: ®sc = 0.0122, p<0.0001, Rst
analog ®sc = 0.00433, p=0.05963) and between subspecies (Fst analog: ®ct =0.0137,p =
0.04985, Rst analog ®ct = 0.0174, p=0.09873) at microsatellite loci. Despite low estimates of
divergence, genetic structure at the subspecies level was indicated by the larger amount of
variance accounted for by subspecies than populations. I propose a Management Unit (MU)
consisting of the range of M. m. pusillula be prioritized for conservation efforts based on the
larger extent of genetic divergence shown by Cavalli-Sforza and Edward’s chord distance and
topology of the unweighted pair group cluster analysis which displayed 100% support of
bootstrap replicates across loci. Additionally, I propose the ranges of M. m. samuelis and M. m.
maxillaris be designated an MU despite low differentiation from M. m. heermanni, because it
remains possible that adaptive differences between these types were not identified with neutral
loci. The second goal of this study was to compare morphological and genetic estimates of
divergence in order to evaluate previous hypotheses proposed for differentiation. Fourteen
populations were included in a multivariate analysis of morphological traits and compared with
the genetic differentiation derived from microsatellite loci analysis in Chapter 1. In contrast to
the low genetic differentiation at microsatellite loci, morphological differentiation was high
between song sparrow subspecies. Due to the lack of concordance between estimates of
morphological and genetic divergence, selection or phenotypic plasticity in morphology are
implicated as causes for morphological differentiation among song sparrow subspecies. It is
probable that song sparrow subspecies in the San Francisco Bay region are recently diverged or
~ have high current gene flow and, therefore, that the rate of evolution at morphological traits
(assuming a heritable basis for those traits) is faster than at neutral loci.

Keywords: Melospiza melodia, song sparrows, conservation genetics, geographic variation,
population differentiation, microsatellites, AMOVA, analysis of molecular variance.
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CHAPTER 1

Analysis of variation at microsatellite loci in song sparrows (Melospiza melodia) of the San
Francisco Bay region: Implications for conservation

1.1 INTRODUCTION

The deterioration, fragmentation, and loss of natural environments has led conservationists to
protect and restore areas that remain relatively intact and harbour high biodiversity. Although
the importance of ecological and demographic factors in conserving biodiversity have been
emphasized (Caughley 1994; Lande 1988), genetic factors also play a role. Surveys of genetic
variation allow quantification of the extent and distribution of genetic variability crucial to
recognizing and maintaining biodiversity (Moritz 1994a; Moritz et al. 1996). Genetic surveys
also provide insight into the evolutionary processes that generate biodiversity (Smith and Wayne
1996) and aid in identifying unique populations with distinct evolutionary potential (Moritz
1994b). Genetic studies may also complement ecological and demographic studies related to
population viability. Loss of genetic variability has been linkgd to declines in fitness (Bouzat et
al. 1998), and the preservation of genetic variability may help species adapt to novel conditions

(Lande and Shannon 1996).

I examined genetic variation and population structure within and between five subspecies of
song sparrow (Melospiza melodia) in the San Francisco Bay region. This region, 70 by 100
kilometres in size, has several phenotypically distinct year-round resident subspecies of song

sparrow described. Three endemic subspecies are found in tidal salt marshes, each restricted to



one of three sub-bays of the greater San Francisco Bay (M. m. samuelis referred to as samuelis;
M. m. maxillaris, maxillaris; M. m. pusillula, pusillula). The Marin song sparrow (M. m. gouldii;
gouldii) occupies the uplands .surrounding these bays (Grinnell and Miller 1944) and the
Modesto song sparrow (M. m. heermanni, heermanni) occupies riparian habitats adjacent to the
east (Figure 1.1). Due to diking, landﬁlling, and conversion to salt evaporation ponds (Walton
1978), less than 15% of the original tidal salt marsh in San Francisco Bay remains (Marshall and
Dedrick 1994) and what is left is highly fragmented (Walton 1978). This dramatic decrease in
habitat size may threaten the long-term persistence of the tidal marsh song sparrow populations.
Although the song sparrows species as a whole is widespread and common, samuelis, maxillaris,
and pusillula have been recognized in the California Natural Diversity Database (CNDDB) as
endangered subspecies; ones in which survival and reproduction are in immediate jeopardy. In
addition, these three subspecies are federally and state listed as Special Concern Species, in
reference to the possibility of declining populations levels, limited range, and other threats that

may make them vulnerable to extinction.

Previous research on song sparrows has found marked patterns of geographic structure in
plumage and morphology but encountered difficulty detecting structured variation in other traits.
Marshall (1948b) studied over 2,000 study skins of song sparrows from the San Francisco Bay
region and described well-ordered geographic structure in plumage and morphology. However,
Mulligan (1963) studied song variation in tidal marsh song sparrows and found that each bird
had a unique repertoire of songs and that variation among birds was so great that differences

between subspecies could not be resolved (Mulligan 1963). Ferrell (1966) used variation in

erythrocyte antigen frequencies and also found variation among populations to be more than




twice that observed among subspecies. Variation between subspecies was explained largely by
variation between populations (Ferrell 1966). In addition, studies on song sparrows across North
America using molecular methods have had difficulty finding concordance between genetic
variation and subspecific designations based mainly on morphology. In particular, extensive
studies using variation in mitochondrial DNA (mtDNA) revealed no clear patterns between
variation in haplotypes and morphology (Hare and Shields 1992; Zink and Dittman 1993; Zink

and Blackwell 1996; Fry and Zink 1998).

In this study I used hypervariable tandem repeat nuclear loci (microsatellites) to study
differentiation in song sparrows under the assumption that their high mutation rates and large
numbers of alleles (Goldstein et al. 1995) might provide more sensitive estimates of divergence
than mtDNA. Microsatellites have been found to be more appropriate for detecting fine scale
structuring than other molecular markers in polar bears (Ursus maritimus; Paetkau et al. 1995),
brown trout (Salmo trutta; Estoup et al. 1998), and introduced fire ants (Solenopsis invicta; Ross
et al. 1999). In birds, hypervariable .markers have been shown to be effective for detecting fine
scale structure in red grouse (Lagopus lagopus scoticus; Piertney et al. 1998) and savannah

sparrows (Passerculus sandwichensis; Freeman-Gallant 1996).

Clarifying the amount of differentiation and the degree of genetic structure among song sparrow
populations and subspecies would aid in determining conservation units and appropriate
management actions. In particular, since the upland subspecies are not threatened and the tidal

marsh subspecies are, I was interested in genetic differentiation between populations in the two

habitats. This study was designed such that two populations within each tidal marsh subspecies




were sampled and compared to an upland population nearby (Figure 1.1). First, I asked whether
the upland song sparrow populations (gouldii and heermanni) were different in microsatellite
allele frequencies from tidal marsh song sparrow populations (samuelis, maxillaris, and
pusillula). Second, I asked if there were differences in allele frequency betweeh tidal marsh
populations. Also, to clarify the existing subspecific designations on which current conservation
status is based, [ examined the differentiation and extent of genetic structure that could be
accounted for by subspecific designations. I did this by partitioning the genetic variance among
subspecies, among populations within»subspecies, and within populations. Finally, I examined
genetic relationships between populations to identify populations that are genetically divergent
and of unique conservation value, and to identify groups of populations that may be consideged

conservation units.
1.2 MATERIALS AND METHODS

Birds were sampled March-May, 1999, during the breeding season from tidal salt marshes and
surrounding freshwater riparian areas in the San Francisco Bay region (Table 1.1, Figure 1.1).
Adults were captured in mist nets, measured, sampled for blood, and released. Twelve blood
samples were also taken from nestlings (one per nest) at Petaluma Marsh (PM). I sampled a total
of 215 birds from nine different populations, two populations from each of the three tidal marsh

subspecies, and three from the upland subspecies.

The tidal marsh subspecies sampled were the Samuel’s song sparrow (samuelis) found in San

Pablo Bay, the Suisun song sparrow (maxillaris) in Suisun Bay, and the Alameda song sparrow




(pusillula) in South San Francisco Bay. The corresponding freshwater upland populations
sampled for each tidal marsh subspecies were the Marin song sparrow (gouldii) from the uplands
surrounding San Francisco Bay and the Modesto Song Sparrow (M. m. heermanni; heermanni)
whose range borders maxillaris to the east and inhabits freshwater riparian areas of northern

California’s Central Valley (Grinnell and Miller 1944; Marshall 1948b) (Figure 1.1).

DNA extraction and microsatellite amplification

_Blood was collected from the brachial vein in heparinized capillary tubes after puricturing with a
27G Y% needle. Blood was then transferred to 1 ml of 1X lysis buffer (Applied Biosystems
Division of Perkin Elmer, Inc., Foster City, CA; ABI) and stored at 4° C. DNA was extracted
using standard phenol/chloroform extraction methods.” Twenty-five microlitres of blood was
added to 233 ul of extraction buffer (1X TNE, 1M Tris-HCI, Proteinase K, 25% SDS) and
incubated overnight at 37° C. The next day, 150 ul of 6M NéCl was added and the solution was
centrifuged at 3000 rpm. The supernatant was collected and remaining pellet discarded. This
was followed by a phenol/chloroform (1:1) extraction and spin at 3000 rpm and 4°C. The
second extraction consisted of just chloroform followed by a spin at 3000 rpm and 4°C. The
DNA was then precipitated using 700 ul of 100% ethanol, the DNA pellet was washed with -20°
C 70% ethanol, dried, and resuspended in 50ul of 1X TE buffer (10 mM Tris, ImM EDTA, pH

7.4).

Nine microsatellite loci were amplified with the primers listed in Table 1.2. MME 1, MME 3,

MME 7, MME 12, ESCU 1, GF 2.35, and PSAP 335 were amplified and sized at the University

of Wisconsin, Madison. PCR reactions were carried out separately for each locus and consisted



of approximately 25 ng of template DNA combined with 1X PCR reaction buffer (500mM KCl,
100 mM Tris-HC1 (pH 9.0), 1.0 % Triton X-100), 0.2 mM dNTPs, 1.5-2.0 mM MgCl,, 0.2 uM
forward and reverse primer, 0.75-1.5 units of Promega Tag DNA polymerase, and water to a
total reaction volume of 25-50 ul. Thermocycling conditions were 94 °C for 1 minute, annealing
temperature for 1 minute, 72 OC for 1 minute, repeated 35 times. Annealing temperatures and
magnesium concentrations for each locus are listed in Table 1.2. The forward primers were
fluoro-labelled at the 5’ end with various fluorescent labels (HEX, 6-FAM, or TAMRA)
depending on the loci. PCR products were analyzed on an Applied Biosystems model 373A
automated sequencer. PCR products from multiple loci were combined in each lane with an
internal sized ROX standard (ABI) and resolved oﬁ a 6% polyacrylamide gel, 0.4 mm thick. Up
to 4 Loci (total of 2 ul PCR produéts) were combined in each lane so and PCR products
separated based on the colour and size. Results were analyzed using the GENESCAN (version
1.1) software and viewed using GENOTYPER (version 2.0; ABI). The ROX standard was used ’
to accurately size the length of the alleles therefore the genotype of the two alleles reflects the

size in base pairs.

MME 2 was amplified and sized in the Genetic Data Centre, ‘Department of Forest Sciences,
University of British Columbia. PCR reactions consisted of approximately 20 ng of template
DNA combined with 1X PCR reaction buffer (500 mM KCl, 100 mM Tris-HCI, 15 mM MgCl,,
pH 8.3), 0.2 mM dNTP’s, 0.05 uM forward and reverse primer, 0.03 uM M13 dye-labelled
primer, and 1.0 units of Roche Tag DNA polymerase. The forward primer was synthesized with

an M13 tail for product labelling during the PCR reaction with the M13 dye-labelled primer.

Thermocycling conditions for MME 2 consisted of touchdown PCR with five cycles each of an




annealingb temperaturé of 58 °C, 57 °C, 56 °C, and 20 cycles of 53 °%C. PCR products were run on
a Licor 4200 DNA analyzer, 7% polyacrylamide gel, 0.4 mm thick. Known alleles that were

sized and run in Madison were combined into an “allelic ladder” which was run every ten sample
lanes to facilitate sizing of alleles on the Licor. Therefore, allele length represents the number of

base pairs comparable to the Madison genotypes.

MME 3 and MME 7 are Z-linked, therefore females are hemizygous and appear as homozygotes.
In order to include MME 3 and MME 7 in the analyses, females were coded as “missing data”
for the second allele and included with the remaining loci in all subsequent analyses. The

‘ femaining loci are inherited in Mendelian fashion (Jeffery et al. 2000).

Hardy-Weinberg Equilibrium and Linkage Disequilibrium

Nei’s (1978) unbiased estimate for expected heterozygosity and observed heterozygosity were
calculated using BIOSYS-2 (Swofford et al. 1997), sfep VARIAB. The program GENEPOP
Version 3.1d (updated from version 1.2; Raymond and Rousset 1995b) was used to estimate
allele frequencies, test for departures from Hardy-Weinberg qquilibrium (HWE), and test for
linkage disequilibrium. Testing for HWE in microsatellite data sets aids in detecting
nonamplifying alleles (Paetkau et al. 1997) and internal genetic structure, which would result in a
Wahlund effect (Hartl and Clark 1997). In a previous study Jeffery et al (2000) observed allelic
dropout at MME 2 and MME 12 caused by three phenomena: 1) dropout related to DNA
concentration; 2) dropout related to DNA extraction; 3) dropout due to unknown reasons.

GENEPOP Version 3.1d employs a Markov chain method to estimate p-values for departure

from HWE using the method of Guo and Thompson (1992) and Fisher’s exact test to test the null




hypothesis that genotypes at two different loci were independent of one another (Raymond and
Rousset 1995b). Exact tests are most appropriate for hypervariable markers such as
microsatellite loci because they are appropriate even when large numbers of rare alleles are
present (see Rousset and Raymond 1995 and reference therein). Significance of multiple P-

values were combined using Fisher’s method.

Genetic population and subspecific structure

Heterogeneity of allele frequencies between population pairs was examined using the Fisher
exact test as described by Raymond and Rousset (1995a; GENEPOP Version 3.1d) with
significance of multiple p-values adjusted by a sequential Bonferroni correction (Rice 1989).
The null hypothesis tested is that the distribution of alleles across populations is homogeneous.
The degree of population differentiatiqn between subspecies and between populations was also
examined by partitioning of genetic variance in an analysis of variance framework (Weir and
Cockerham 1984) using Arlequin version 2.000 (Schneider et al. 2000). Two sets of statistics
were calculated, @ - statistics that employed differences in allele frequencies only (analogous to
F;statistics) and @ - statistics (analogous to R-statistics; Slatkin 1995) which used an analysis of
molecular variance (AMOVA) and accounted for variance in size between pairs of alleles
(Excoffier et al. 1992). Estimation of overall population differentiation was calculated as Fst and
Rst. A hierarchical model was then used to partition variation into three components: “v;'ithin
populations” (@sr), “among populations/within groups” (®sc), and “among groups” (Ocr)

(Excoffier et al. 1992). A permutation approach is used to test the significance of the variance

components and @ - statistics (Excoffier et al. 1992). In this study, groups represented the




putative subspecies (localities in parentheses, abbreviations listed in Table 1.1); gouldii (MM,

LG), pusillula (DM, PB), samuelis (PM, SC), and pusillula (DM, PB).

Because of their high polymorphism, microsatellites can give a downward-biased estimate of Fst
(Hedrick 1999). Measures that are not biased by polymorphism include the rare alleles method
of estimating Nm (Barton and Slatkin 1986) and genetic assignment tests (Cornuet et al. 1999).
Therefore, differentiation between subspecies was also estimated by calculating the effective
number of migrants (Nm) by the private alleles method (GENEPOP version 3.1d; Barton and
Slatkin 1986). Additionally, an assignment test using GENECLASS (Piry and Cornuet 1999)
was used to assign individuals to the subspecies where their genotype is most likely to occur

following the likelihood approach of Paetkau et al. (1995).

Genetic divergence

Genetic divergence among populations was estimated using Dce, Cavalli-Sforza and Edward’s
chord distance (1967). Dce was calculated using the GENEDIST program in PHYLIP version
3.57c (Felsenstein 1995). Takezaki and Nei (1996) advised that correct tree topology was more
likgly to be obtained using a distance measure independent of mutation models. In addition, Dce
has a lower sampling error and makes no assumptions about -constant population size or mutation
rates among loci (Takezaki and Nei 1996). The magnitude of this distance is not proportional to
evolutionary time, however, it has been found to resolve close relationships more accurately
(Angers and Bernatchez 1998; Paetkau et al. 1997; Takezaki and Nei 1996). Unweighted pair

group cluster analysis (UPGMA; program NEIGHBOR) was used to construct a tree of

relationships between populations for comparison to morphological relationships. Loci were




bootstrapped using BIOSYS-2 (Swofford et al. 1997) and consensus tree of 100 distance
matrices were combined using NEIGHBOR and CONSENSE in PHYLIP version 3.57¢
(Felsenstein 1995). The bootstrapped consensus tree was rooted with the Pacific Northwest
subspecies M. m. morphna (site Burn’s Bog (BB), British Columbia, Canada) and only used 8
loci (i.e. it did not include Psap 335). As an alternative way to visualize the relationships
between the populations, I performed a principal components analysis on the allele frequencies
using PCA-GEN version 1.2 (Goudet 1999). The principal components analysis used a subset of
the genetic data used in the previous analyses (e.g. analyses. did not include MME 3 or MME 7)

due to the computer programs’ inability to incorporate individuals with missing data.
1.3 RESULTS

San Francisco Bay populations of song sparrows showed substantial variation at all
microsatellite loci with the number of alleles per locus ranging from 10 (MME 3) to 27 (GF
235), and an average of 17 alleles per locus (Table 1.3). Average heterozygosity was high and
ranged from 0.762-0.846 (Table 1.3). Allelic drop-out was observed in a previous study at MME
2 and MME 12. In the present study, significant deviations from HWE were detected at GF 235
(combined probability over all populations using Fisher’s method = 0.0032, Chi-square = 38.6

18 df). This deviation was the result of a significant heterozygote deﬁcieﬁcy (p<0.0001, S.D.=
0.0000, score test). The cause of this heterozygote deficiency is unknown. However, GF 235
showed some differential amplification of alleles, with larger alleles amplifying less well, and
this could have caused some mis-scoring of heterozygotes as homozygotes. Nevertheless, the

decision to include GF 235 had little effect on the significance of the analyses. Two populations
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also showed a significant deficiency of heterozygotes across all loci, RR (p=0.0233, S.D. 0.0061)
and SC (p=0.0276, S.D. 0.0064; Fisher’s exact test). Significant linkage disequilibrium was

detected in 3 out of 36 possible pairwise loci comparisons, which is about as expected by charice.

Genetic subspecific and population structure

Heterogeneity in allele frequencies across all loci was detected among all but five population
comparisons after sequential Bonferroni correction. Population comparisons not significantly
differentiated from each other included pairwise comparisons of populations of samuelis,

maxillaris, and heermanni, which comprise collectively Northern San Francisco Bay and CO

from California’s central valley (e.g. CO & PM, CO & SC, GS & RR, PM & SC, RR & SC).

Differentiation was weak between populations based on estimates of population variance to the
total variance, but statistically significant (Fst = 0.02288, p<0.0001; Rst = 0.02757, p<0.0001),
as was differentiation among subspecies (Table 1.4). Additionally, -differences between
subspecies accounted for a larger percentage of the total variance in allele frequency than
differences between populations among subspecies, especially for the Rst analog statistics (Rst:
among subspecies = 1.88%, p = 0.0987, among populations within subspecies = 0.28 %, p =
0.000; Fst: among subspecies = 1.38%, p = 0.0499, among populations within subspecies = 1.18
%, p=0.0596). Arlequin calculates ®-statistics, analogous to Cockerham’s F-statistics
(Cockerham 1969; Cockerham 1973). Values for @cr (the between subspecies measurement of
differentiation) were 0.0137 for the Fst analog (significant at p<0.05), and 0.0174 for the Rst
analog. ®gc (the between populations among subspecies measurement of differéntiation) was

0.0122 for the Fst analog and 0.00433 for the Rst analog. Importantly, the amount of variance
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accounted for by subspecies compared with the total variation was greater than 50% (®ct / (dct

+ ®sc) = 0.53).

I also calculated two estimates of differentiation that are not biased by high polymorphism, the
private alleles estimate of Nm and a genetic assignment test. These estimates indicated high
gene flow despite evidence of genetic structure. The private alleles method, corrected for
population size, gave an average estimate of 7.78 immigrants per generation between
populations. However, the assignment test correctly assigned individuals to their presumptive

subspecies 60.19% of the time (comparing 5 groups, Table 1.5). Notably, individuals from

pusillula were assigned to the correct population 83.9% of the time.

23

Genetic divergence

Pairwise comparisons in divergence based on Dce showed relatively higher genetic distances for
pairwise comparisons including pusillula thaﬁ for other putative subspecies. The greater
divergence of pusillula was emphasized by the topology of the population UPGMA tree
calculated from the pairwise Dce matrix which showed two major groups, a pusillula group, and
one that contained all the others (Table 1.6, Figure 1.2). The branch separating pusillula from
the other populations was supported by 100% of bootstrap replicates. The distinctness of
pusillula was also confirmed by a principal components énalysis of allele frequencies and
emphasized by its differentiation from the closest upland population (LG), which grouped with

the remaining upland subspecies.
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-~ 1.4  DISCUSSION

This study corroborates mtDNA studies that have failed to detect marked genetic differentiation
between morphologically distinct subspecies of song sparrow (Hare and Shields 1992; Zink and
Dittman 1993; Zink and Blackwell 1996; Fry and Zink 1998). My analysis of genetic variation
at hypervariable loci in song sparrows also indicated low differentiation between populations in
the San Francisco Bay region. However, low fixation indices can be expected with highly
polymorphic loci that have large numbers of alleles and high heterozygosities (Hedrick 1999).
High polymorphism can result in downward-biased estimates of Fst given the same amount of
divergence (Charlesworth 1998) by as much as an order of magnitude assessed by less variable
markers (Hedrick 1999). Despite this expectation, another method of estimating differentiation
not biased by high polymorphism, the private alleles method of estimate Nm, also indicated low
differentiation with gene flow of seven migrants per generation. Slatkin (1987) estimated that

only for values of Nm < 1 will genetic drift result in fixation.

Birds generally display low estimates of divergence compared with other vertebrate classes
(Barrowclough 1983). Barrowclough (1983) found the mean Fst among populations within
species for birds to be 0.02 (using allozyme loci), in comparison to other non-avian vertebrate
classes wherein Fst ranged .from 0.11-0.38. The extent of differentiation found within song
sparrows in the San Francisco Bay region (Fst = 0.02288, p<0.0001; Rst = 0.02757, p<0.0001)
was therefore similar to other estimates for birds. In addition, the level of differentiation that I

found is of the same order of magnitude as those found within some species of marine fish (meém

Fst = 0.062; Waples 1998). However, the level of differentiation found in this study is lower




than in red grouse (Lagopus lagopus scoticus, Rst = 0.157; Piertney et al. 1998), another study

that considered a similar geographic scale and used microsatellites.

Despite the low level of genetic differentiation, I obtained important information concerning
delineation of conservation units. First, I wanted to determine if upland populations were
differentiated from tidal marsh populations. Microsatellite allele frequencies were significantly
different between the upland populations of gouldii and the tidal marsh populations. Second, I
examined differentiation among the tidal marsh populations and found significant differences in
allele frequencies between pusillula and the northern bay tidal marsh populations (maxillaris and
samuelis). Third, I estimated the amount of genetic structure attributable to subspecific
designations. Evidence of genetic structure among putative subspecies was found. The amount
of microsatellite variation (1-2 %) occurring within subspecies was significantly greater than
zero. Moreover, the amount of allelic variance accounted for by subspecies comprised more than
50% of the among group variance measured (®ct / (dct + @sc) = 0.53). Additionally, the
assignment test was moderately successful and assigned 60% of individuals to subspecies.
Finally, the UPGMA dendrogram constructed from Dce showed separation of pusillula and the
remaining populations. Comparisons of the heterogeneity in allele frequency between
populations indicated significant differences between pusillula and gouldii, and between
pusillula and a combined samuelis-maxillaris-heermanni group. This suggests that pusillula has
diverged significantly from sister taxa in the region. Although the other song sparrow
populations are not well resolved, further clustering into three groups, based on significant

differences in allele frequencies, pitsillula, gouldii and samuelis-maxillaris-heermanni may be

warranted.




The song sparrows in the San Francisco Bay region have been studied extensively by previous
researchers interested in plumage and morphological variation, erythrocyte antigen frequencies,
and variation in song type (Aldrich 1984; Ferrell 1966; Marshall 1948b; Mulligan 1963).
Overall, these studies demonstrate a lack of concordanc¢ between phenotypic traits, which brings
into question the significance of current subspecific designations. However, the subspecies
designation was historically meant to be a taxonomic device convenient for classifying
geographic variability within species. Despite its misuse for a variety of other purposes, it was
not an evolutionary unit (Mayr 1969). The traditional designation was used when 75% of
individuals in one population could be distinguished from individuals of another population
based on plumage or morphology (Mayr 1969). This sort of application resulted in the
designation of subspecies of song sparrows in the San Francisco Bay region (Grinnell 1909;

Grinnell 1913).

Grinnell first applied subspecific designations to populations of song sparrows that were
morphologically distinct in the San Francisco Bay area and that occupied ecologically different
habitats. However, an extensive study of plumage variation and morphology led Marshall
(1948b) to conclude: “Because of the lack of correspondence between the various gradients for
colour and measurements, entirely different races could be designated on the basis of some other
character gradient”(p. 254). Marshall observed clinal variation emanating out from peaks of
differentiation in plumage colour and morphological measurements in the bay song sparrows.
Additionally, the geographic location of those peaks and the clinal variation of characters in the

bay changed based on the character being examined. Despite these difficulties, the subspecific
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designations of the tidal marsh song sparrows have remained and for this study serve as a basis

for testing predictions of genetic structure based upon approximate morphological distributions.

My analysis of genetic structure tested for subspecific groupings and did find a significant
amount of variance accounted for by subspecies. A closer examination of the subspecific
groupings revealed that the divergence of pusillula was relatively high compared to all other
population comparisons in Dce, and was supported across loci by 100% of bootstrap replicates
(Figure 1.2). Secondarily, tests of differences in allele frequencies between population
comparisons indicated two further groupings are warranted, samuelis-maxillaris-heermanni and

gouldii.

One of the goals of this study was to define conservation units in order to guide management
decisions. Conservation below the species level is focused primarily on maintaining
intraspecific variation to conserve biodiversity as well as the evolutionary processes responsible
for generating it (Moritz 1994b). The U.S. Endangered Species Act of 1973 together with the
Distinct Population Segment (DPS) amendment in 1978 protects distinct species, subspecies, and
populations. Since designation provides large financial resources as well as immediate
protection from hunting, habitat exploitation, and other anthropogenic impacts that threaten
population viability, much debate surrounds the criteria used to designate units of management

and conservation (O'Brien and Mayr 1991).

The criteria and justification for designation of conservation units can be divided into two

separate ideas which Moritz et al. (1995) describes as: 1) gene conservation, for the maintenance
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of genetic diversity, and 2) molecular ecology, where patterns of genetic diversity are used to
complement ecological studies. Gene conservation seeks to maintain the genetic structure and
preserve the evolutionary potential of species. This approach sought mainly to identify
populations with independent evolutionary trajectories (Moritz 1994b). To this end, several
definitions (O'Brien and Mayr 1991; Moritz 1994b) attempt to incorporate meaningful criteria to
identify groups of populations with distinct evolutionary potential. Most of these are based on
phylogenetic distinctness. Subspecific designation now attempts to reflect long-term historical
gene-pool separations as indicated by concordance at multiple independent loci (Avise and Ball
1990; Ball and Avise 1992), this is because phylogenetic partitioning results from accumulation
of differences due to the lack of gene flow (O'Brien and Mayr 1991). Currently, the explicit
criteria for designation as a subspecies are: “members of a subspecies share a unique geographic
range or habitat, a group of phylogenetically concordant phenotypic characters, and a unique

natural history relative to other subdivisions of the species” (O'Brien and Mayr 1991; pp. 1188).

Another widely used criterion for designation of conservation units is the Evolutionarily
Significant Uﬁit (ESU) (e.g. Firestone et al. 1999; Moritz and Faith 1998; Pierson et al. 2000;
Wenburg et al. 1998; Zhu et al. 1998). Ryder (1986) originally described an ESU as: 1) a set of
populations that is morphologically and genetically distinct from other similar populations; and
2) a set of populations with a distinct evolutionary history. However, Moritz et al. (1995)
advocated the use of phylogeographic patterns to define ESU’s to identify populations that were
isolated historically and have potential for independent evolution. Moritz’s (1994b) criteria for
designation was based solely on genetic criteria: “ESUs should be reciprocally monophyletic for

mtDNA alleles and show significant divergence of allele frequencies at nuclear loci” (p. 373).
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The song sparrows of the San Francisco Bay region display a lack of concordance between
different phenotypic characters (song variation, blood group frequencies, morphology, plumage),
as well as microsatellite variation. All differences between populations examined so far
comprise quantitative rather than qualitative distinctions. No phylogenetic differences between
the subspecies in San Francisco Bay have yet been established. This suggests that song sparrow
populations in San Francisco Bay lack long-term historical isolation. However, the conservation

of song sparrow populations in San Francisco Bay is still justified under molecular ecoldgy.

The second conservation unit, based on molecular ecology, was deemed by Moritz et al. (1995)
as the Management Unit (MU). MU’s are populations or groups of populations that are

. functionally separate and therefore the criteria for MU’s aim at identifying the geographic scale
for monitoring and managing populations (Moritz et al. 1995). The only criterion for a MU is
statistically significant divergence of allele frequencies. The qualitative divergence of allele
frequency is irrespective of the phylogeny of alleles. The results from my analysis. on song
sparrow populations in San Francisco Bay indicate three groupings, which are divergent in

microsatellite allele frequencies, pusillula, gouldii, and samuelis-maxillaris-heermanni.

One difficulty when identifying MU’s based on statistically significant differences in allele
frequencies is distinguishing between statistically significant and biologically significant
differences (Hedrick 1999; Waples 1998). For instance, with larger sample sizes and the higher

sensitivity of hypervariable loci, very small differences in allele frequency are expected to be

judged as statistically significant (Moritz et al. 1995). To avoid attributing biological




significance to statistical significance in weakly diverged groups, Moritz (1995) recommended

integrating genetic and ecological evidence.

Ecological evidence strengthens the argument for establishing conservation units based on the
groupings listed above. Despite some clinal variation, extremes of subspecific designations still
differ markedly in plumage and size (Aldrich 1984; Ferrell 1966; Grinnell 1909; Grinnell 1913;
Marshall 1948b). Samuelis is small in size and blackish olive in dorsal coloration. It is the
blackest subspecies of song sparrow in North America (Marshall 1948b). Pusillula, is slightly
smaller than samuelis, has a yellowish-grey dorsal color and is the only song sparrow subspeciés
with a yellowish wash to the belly (Marshall 1948b; Ridgeway 1899). In addition, pusillula has

been shown to maintain their bodyweight while drinking saline solutions, whereas gouldii were

. unable to do so (Basham and Mewaldt 1987). Maxillaris is the largest of the tidal marsh

subspecies with a laterally flared bill at the nostrils. It is similar in coloration to gouldi but more
blackish-brown on the dorsal surface (Marshall 1948b). Gouldi is intermediate in size between
maxillaris and the other two marsh subspecies. It has a reddish brown dorsal coloration (Marshall

1948b).

The marked difference in phenotypic traits, despite low estimates of genetic divergence at
microsatellite loci, beg the question: How can morphological differences be maintained in the
face of high gene flow? Several explanations may account for the weakly resolved pattern of
variation at microsatellite loci and large amount of variation in plumage and morphology: 1)
recency of divergence and insufficient lineage sorting, due possibly to large effective population

sizes and short geological time scale; 2) high current gene flow at neutral loci, but strong
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selection at loci controlling morphological or plumage characteristics; 3) high current gene flow
but low historical gene flow with low present-day differentiation being a result of introgression
between subspecies or; 4) high gene flow with morphological and plumage variation resulting
from phenotypic plasticity. If the last explanation were responsible for the observed pattern of
genetic and phenotypic divergence in Bay song sparrows, it becomes difficult to attribute
biological significance to the statistically significant differences in allele frequencies that I
found. However, if there is a heritable component to morphology, and observed variation in
morphological traits is the result of selection, then the divergence of populations in
morphological and plumage characteristics strengthens the biological significance of my genetic

results because adaptive traits may not be measured at neutral loci (Karhu et al. 1996).

The conservation status of song sparrow populations in San Francisco Bay as MU’s rest on
significant differences in microsatellite allele frequencies and possible adaptive differences in
morphology. Moritz et al. (1995) proposed to include both ESU’s and MU’s as Distinct
Population Segments protected under US Endangered Species Act. Among the putative
subspecies studied here, pusillula is the most threatened by habitat loss and fragmentation
(Marshall and Dedrick 1994). In addition, the diversion of freshwater into South San Francisco
Bay has resulted in a reduction in salinity that has been accompanied by changes.in plant
composition of the salt marshes, which may result in changes in the selective pressures (Basham
and Mewaldt 1987). These factors combined with the divergence in microsatellite allele

frequencies found in this study suggest a prioritization of pusillula for conservation efforts.
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The next task for conservationists is to figure out what to do with the grouping of samuelis-
maxillaris-heermanni. Marshall described strong clinal variation in phenotypic traits that could
be seen as evidence of an equilibrium between gene flow and natural selection in tidal marshes
along the northern part of San Francisco Bay. Along the northern part of San Francisco Bay is a
salinity gradient created by the drainage of the Sacramento-San Juaquin Delta through Suisun
Bay, the Carquinez Straight, San Pablo Bay, exiting out the Golden Gate. These changes in
salinity are accompanied by changes in tidal marsh vegetation along this gradient (Atwater et al.
1979). If the differences in morphology and plumage Marshall described are heritable and the
result of local adaptation and selection, then it seems logical to make an arbifrary break in the
MU according to habitat. However, until further work is conducted on the heritability of
morphology and plumage colouration, and the potential for directional selection to act on these
traits differently in relaﬁon to habitat, the designation of a separate MU for samuelis and

maxillaris remains weak.

My analysis of variation at microsatellite loci in song sparrows in the San Francisco Bay region
revealed low levels of differentiation between populations and subspecies. However, significant
differences in allele frequencies clustered song sparrow populations into three MU’s, pusillula,
gouldii, and samuelis-maxillaris-heermanni. 1 propose pusillula be prioritized for conservation
efforts based on the larger amount of genetic divergence shown by Dce and greater extent of
habitat loss and alteration. Additionally, I propose samuelis-maxillaris be designated an MU

despite low differentiation between heermanni and samuelis-maxillaris due to possible adaptive

differences which may not have been detectable given my use of neutral loci.
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Table 1.4. Results of AMOVA for song sparrow microsatellite loci.

Among subsp. Among pops within subsp. Within pops.

Locus OCT % variance ®DSC % variance ~ ®ST % variance
Mme 1 Fst 0.0109 1.09 0.0022 0.22 0.0131 98.69
Mme 3 0.0457* 4.57 0.0146** 1.39 0.0596** 94.04
Mme 7 0.0196 1.96 0.0084** 0.83 0.0278** 97.22
Mme 8 0.017* 1.70 0.0068** 0.67 0.0237** 97.63
Mme 12 0.0078 0.78 -0.0019 | -0.18 0.0060 99.41
Escu 1 0.0094 0.94 0.0257** 2.55 0.0349%** 96.51
Gf 235 0.0072 0.71 0.0130** 1.29 0.0200%** 98.00
Psap 335 -0.0077 -0.77 0.0326** 3.29 0.0252** 97.49
Mme 2 0.0200 1.99 0.0098** 0.96 0.0295%* 97.05
Total 0.0137* 1.38 0.0122** 1.18 0.0257** 97.44
Mme 1 Rst 0.0111 1.11 -0.0111 ~ -1.10 0.0001 99.99
Mme 3 0.1838** 18.38 -0.0238**  -1.94 0.16433**  83.57
Mme 7 0.0900 9.00 0.0494** 4.49 0.1350** 86.50
Mme 8 0.0288* 2.88 -0.0053 -0.51 0.0237 . 97.63
Mme 12 0.0020 0.20 - -0.0078 -0.78 -0.0058 100.58
Escu 1 -0.0065 -0.65 0.0159 1.60 0.0095 99.05
Gf 235 -0.0163 -1.63 0.0116 1.17 -0.0046 100.46
Psap 335 0.0069 0.69 -0.0121 -1.21 -0.0051 100.51
Mme 2 0.1128* 11.28 0.0293** 2.60 0.1388 86.12
Total 0.0174 1.88 0.00433 0.28 0.0217** 97.84

*p<0.05, **p<0.001.
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Figure 1.1. Subspecies locations and sampling sites. The purported range of samuelis (sites PM

- and SC) is San Pablo Bay, maxillaris is Suisun Bay (sites GS and RR), and pusillula is San
Francisco Bay (sites PB and DM). Gouldii is found in the upland habitats surrounding the bay
(sites MM and LG) and heermanni is located to the east of Suisun Bay (site CO). Adapted from
Marshall (1948b).
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Figure 1.2. Cavalli-Sforza and Edwards (Cavalli-Sforza and Edwards 1967) chord distance
UPGMA (Sneath and Sokal 1973) phenogram calculated from 8 microsatellite loci.
Numbers to the right of branch indicate bootstrap support over 100 replicates.
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CHAPTER 2

Comparison of morphological and microsatellite variation in Song Sparrows (Melospiza
melodia) in San Francisco Bay

2.1 INTRODUCTION

Populations change over time as a result of two evolutionary processes, random genetic drift and
natural selection. Both forces are potentially constrained by gene flow, which can reduce
differentiation by moving genes between populations (Slatkin 1987). Although theoretical
predictions about the importance of gene flow in evolution are clear, the effects of gene flow on
genetic structure in natural populations is less well understood (Slatkin 1987). Historically, the
study of geographic variation in phenotype and morphology has been central to understanding
evolutionary processes, under the assumption that morphology reflected an underlying genetic
structure (Mayr 1942; Mayr 1963). However, several recent studies have reported discordant
patterns of genetic and morphological variation in plants (Podolsky and Holtsford 1995), fish
(Turner 1974), and butterflies (Nice and Shapiro 1999) and in many species of birds (4Agelaius
phoenicues, Ball et al. 1988; Molothrus ater, Ball and Avise 1992; Quiscalus quiscula, Zink et
al. 1991; Carduelis spp., Seutin et al. 1995; Picoides pubescens, Ball and Avise 1992; Melospiza
georgiana, Greenberg et al. 1998; and Zenaida macroura, Ball and Avise 1992). These studies
raise questions about the causes of geographic variation in morphology and our ability to link

process with patterns of geographic variation in phenotype.

In this study I compared geographic variation in morphology and genetic differentiation at

microsatellite loci to indirectly assess the extent of gene flow and examine the evolutionary
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forces acting on song sparrows (Melospiza melodia) in the San Francisco Bay region. This
region has four phenotypically distinct year-round resident subspecies of song sparrow described
which provide a basis for studies of geographic variation. Three endemic putative subspecies are
found in tidal salt marshes, each restricted to one of three sub-bays of the greater San Francisco
Bay. The Samuel’s song sparrow (M. m. samuelis) resides in San Pablo Bay, the Suisun song
sparrow (M. m. maxillaris) in Sui.sun Bay, and the Alameda song sparrowi (M. m. pusillula) in
South San Francisco Bay. The Marin song sparrow (M. m. gouldii) occupies the uplands

surrounding these bays (Grinnell and Miller 1944; Figure 1). These described song sparrow

-subspecies differ markedly in plumage and size at their greatest extent of phenotypic divergence.

The Samuel’s song sparrbw is the blackest of all song sparrow subspecies in North America, the
Suisun song sparrow has the thickest bill, and the Alameda song sparrow is one of the smallest
subspecies and has a light dorsal colour and yellowish wash to the belly (Aldrich 1984; Marshall
1948b). In addition to these four named subspecies, I also studied the Modesto Song Sparrow
(M. m. heermanni;, heermanni) whose range borders maxillaris to the east. Heermanni inhabits
freshwater riparian areas of California’s Central Valley (Grinnell and Miller 1944; Marshall

19438b).

The source and maintenance of morphological differentiation among song sparrows in the San
Francisco Bay region has been noted by many evolutionists (Grinnell 1913; Huxley 1942; Mayr
1963; Miller 1947; Miller 1956) and this has focused attention on the ecology, behaviour, and
phenotypic variability of this group (Johnston 1956a; Johnston 1956b; Marshall 1948a; Marshall
1948b). However, no studies of the population genetic structure of Bay song sparrows or the

potential concordance of genetic and morphological variation have been conducted. In this
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study, I compared morphological and microsatellite variation in song sparrows in the San
Francisco Bay region. Furthermore, I related morphological and genetic divergence to
geographic distance and environmental differences in salinity in San Francisco Bay in order to
investigate potential microevolutionary processes responsible for differentiation in this regton. 1
now review briefly some of the evidence from earlier work that identifies potential mechanisms

of differentiation in song sparrows in the San Francisco Bay region.

Mechanisms for differentiation in song sparrows

Two attributes of song sparrow species and the San Francisco Bay region geography are likely to
have contributed to the microgeographic differentiation in this area. First, song sparrows possess
a niche of moderate width. They characteristically inhabit vegetation found near pennane‘nf
water such as streams, tidal sloughs, or coastlines (Marshall 1948a). This enables them to
disperse into and take advantage of several different habitats, possibly with different associated
selective pressures (Miller 1956). Second, the environments in the San Francisco Bay region
form a mosaic of different isolated habitats in a small geographical area, some of which are
habitable by song sparrows (riparian, coastal sage scrub, tidal salt marsh) and some that are not -
(dry grassland, open water) (Figure 2.1). It is possible, therefore, that the San Francisco Bay
song sparrows exist in an arena of allopatric populations, éubject to divergent selective forces

(Marshall 1948a; Marshall 1948b).

Another attribute of the San Francisco Bay region that may constrain evolutionary forces acting

on song sparrows is the young geological age of the tidal marshes surrounding San Francisco




Bay. Approximately 10,000 years ago the ocean entered the Golden Gate as the glaciers
retreated and sea levels rose, and the current water level was reached about 5,000 years ago
(Atwater 1979). The tidal marshes surrounding San Francisco Bay are probably 4,000-6,000
years old with South San Francisco Bay marshes being a bit younger, approximately 2,000 years
old (Atwater et al. 1979). The apparent restriction of song sparrows to specific habitats, the
spatial configuration of those habitats, and the ybung geological history of the region provide a

framework within which drift, selection, and gene flow may facilitate local differentiation.

Based on prior studies of phenotypic differentiation, several mechanisms have been proposed
which may have resulted in geographic variation in song sparrows in San Francisco Bay. These
include: a) drift due to small effective population size (Miller 1947); b) geographic isolation
preventing gene flow between populations (Marshall 1948a; Mayr 1942); c) strong selective
forces favouring differentiation in morphological traits despite high levels of gene flow (Aldrich
1984; Zink and Dittman 1993); and d) phenotypic plasticity of morphological traits (Smith 1998;
Zink and Dittman 1993). The extent of gene flow has a large impact on which evolutionary
force will dominate in producing differentiation. If gene flow is extremely restricted then
isolated neighbourhoods can be produced even in continuous habitaf, and differentiation between
neighbourhoods might be expected due to random genetic drift. If gene flow is less restricted,
then barriers such as expanses of open water and unsuitable habitat may be required to facilitate
differentiation. In this situation, moderate selection could also encourage differentiation between |
geographically isolated populations wherein environmental forces select for particular
morphological traits. If gene flow throughoﬁt the region were high, then very strong selection

would have to exist to produce phenotypic differentiation. In all these cases, morphological
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differentiation unrelated to heritable variation in traits may also exist as a developmentally
plastic response to environmental variation. None of these mechanisms is mutually exclusive
and several of them may be operating to varying degrees. The purpose of this study is to provide
insight into evolutionary processes causing phenotypic differentiation in song sparrows in the
San Francisco Bay region. Conclusive evidence on evolutionary processes causing
differentiation will have to come from detailed experiments examining actual selective forces
within habitats in the San Francisco Bay region and an establishment of the environmental and

heritable component of phenotypic variation in song sparrows in this region.

Random Genetic Drift

Population gene frequencies can change due to random processes alone (Slatkin 1987). Genetic
drift can be a powerful evolutionary force, particularly in small populations when restricted gene
flow limits the introduction of new alleles and random sampling of individuals can predominate.
For example, microgeographic variation in genetic structure of house mice (Mus musculus)
inhabiting barns on a single farm was attributed in part to genetic drift in small populations
(Selander 1970). Divergence due to random genetic drift and small effective population size on
the microgeographic scale has also been noted iﬁ other species (brown trout, Salmo trutta,
Estoup et al. 1998; brook charr, Salvelinus fontinalis, Angers et al. 1995; woodmouse, Apodemus '
sylvaticus, Markov and Chassovnikarova 1999) including other bird species (Blondel et al. 1999;
Freeman-Gallant 1996; Piértney et al. 1998). In his study of variation in erythrocyte antigen
frequeﬁcies in Bay song sparrows, Ferrell (1966) found random fluctuations in blood group
frequencies that may have resulted from drift. Supporting the idea that Bay song sparrows are

relatively isolated genetically, Johnston (1956) reported a median juvenile dispersal distance in
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samuelis of 185 meters, with 81% of juveniles settling within 360 meters of their natal territory.
These are among the shortest dispersal distances recorded for song sparrows (Arcese 1989;
Johnston 1956b). A negative correlation between population differentiation and dispersal
distance has been found in a variety of organisms (see Bohonak 1999 for a review, e.g. marine
organisms, Palumbi 1995; phytophagus insects, Peterson and Denno 1998; plants, Govindaraju
1988). Although these findings are generally consistent with the idea that small effective
population size has influenced differentiation in song sparrows in the San Francisco Bay region
some authors ‘have suggested that geographic barriers to dispersal may be necessary to limit gene

flow in the region.

Geographic Isolation

Marshall (1948b) proposed that differentiation in Bay song sparrows resulted mainly from
geographic isolation due to physical barriers preventing effective dispersal and gene flow. He
studied geographic variation in plumage across song sparrow populations within each-putative
subspecies and along the riparian corridors that connect the upland and tidal marsh habitat. In
particular, he found areas within the range of each tidal marsh subspecies wherein populations
appeared to be most distinct in their subspecific plumage characteristics. Surveying outward
from those centres, Marshall found that plumage characteristics became less distinct and
eventually intergraded predictably with adjacent subspecies based on their geographic
connectedness. He concluded that interbreeding occurred among subspecies where they came
into contact, and especially where upland and tidal marsh habitat were juxtaposed. In arriving at
this conclusion, Marshall also made the unstated assumption that plumage variation among types

reflected heritable variation in colouration.
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Physical barriers to dispersal have resulted in genetic differentiation in bluegill sunfish (Lepomis
macrochirus) between reservoirs and in a flightless waterstrider (4quarius remigis) between
streams (see Avise 1994 for review). In birds, genetic differentiation due to physical barriers to
dispersal has been found at small geographic scales in the red grouse (Lagopus lagopus scoticus,
Piertney et al. 1998) and savannah sparrow (Passerculus sandwichensis; Freeman-Gallant 1996).
However, if song sparrows possess extremely high vagility then physical barriers to dispersal
may not prevent gene flow, in that case, strong selection may be necessary to cause marked

differentiation in phenotypic traits.

Selection

Strong selection for locally adapted genotypes may lead to phenotypic differentiation even in the
presence of large amounts of gene flow (Endler 1977). For instance, despite the potential for
large amounts of gene flow, selective differences between populations have resulted in
morphological differentiation in the little greenbul (Adndropadus virens; Smith et al. 1997) and to
population specific variation in the timing of breeding in the blue tit (Parus caeruleus; Blondel et
al. 1999). Important ecological differences clearly exist between habitats of song sparrows in the
San Francisco Bay region, and some authors have suggested that these differences have been
sufficient to promote local adaptation by divergent selection. Basham and Mewaldt (1987)
compared salt tolerance of upland gouldii, which inhabits freshwater riparian areas, and tidal salt
marsh-living pusillula. They found that pusillula better maintained its bodyweight when

drinking saline solutions than did gouldii, and concluded that pusillula possessed adaptations that

enabled it “to utilize hyperosmotic solutions, as least as saline as those found in San Francisco




Bay,” whereas gouldii did not (Basham and Mewaldt 1987; p. 708). The annual tide cycle might
also select for earlier breeding in marshes as compared with upland habitats. A primary cause
for nestling mortality is tidal flooding (Johnston 1956a). Tidal marshes in San Francisco Bay
experience two high and two léw tides daily, with tide height varying throughout the year. The
fact that salt marsh song sparrows breed on average 15 days earlier than upland song sparrows
has been offered as evidence of local adaptation to avoid flooding. By breeding earlier the major
nesting effort for tidal marsh song sparrows coincides with the lowest tides of the spring season

and therefore avoids a primary cause of mortality for nestlings (Johnston 1954; Johnston 1956a).

Strong natural selection was proposed by (Zink and Dittman 1993) to accouﬁt for the marked
differentiation in morphology observed in song sparfows across North America despite a lack of
genetic structure found at mitochondrial DNA (mtDNA). Ferrell (1966) also suggested that
clinal variation in morphology within the San Francisco Bay song sparrows might be the result
of variation in local selection pressures. However, for selection to cause adaptive divergence in
phenotypic traits, those traits must be heritable. Thus, an alternate hypothesis to explain
phenotypic differentiation in morphology is that morphological traits are i)henotypically plastic

and subject to environmental factors throughout the bay region.

Phenotypic plasticity

Apparent subspecific differences in morphology could result if song sparrows show phenotypic
plasticity in response to variation in habitat (Smith 1998; Smith and Zach 1979). Examples of
differentiation resulting from phenotypic plasticity have been found in tadpoles (Rana sﬂvdtica;

Van Buskirk and Relyea 1998), freshwater snails (Physa heterostropha; DeWitt 1998),
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stickleback fish (Gasterosteus spp.; Day et al. 1994), skinks (Bassiana duperreyi; Elphick and

Shine 1998), and pocket gophers (Thomomys bottae; Patton and Brylski 1987).

James (1982) used reciprocal transplant experiments on red-winged blackbirds (4gelaius
Pphoenicues) to show that regional differences in morphology werebnon-genetic. In song
sparrows, Smith (1993) also found that morphological variation between two subspecies of song
sparrows was due to a developmental response to environmental variation. Smith transplanted
nestlings of the eastern sierra subspecies to nests of gouldii in San Francisco Bay and found that
nestlings diverged towards the foster population in morphology and exhibited high levels of
environmental flexibility particularly in bill depth and width. Smith’s transplant experiment
combined with an allometric analysis of song sparrow morphology led her to conclude that body
size was environmentally plastic in song sparrows. She hypothesized that local environment

influences body size to produce dramatic chariges in the suite of allometrically related traits.

In contrast to these experiments, however, Smith and Dhondt (1980) showed by reciprocal
transplant Qithin a single song sparrow population, that wing, tarsus, bill length, and bill depth
were all significantly heritable. Overall, therefore while heritable variation in morphology exists
in at least some populations of song sparrows, phenotypic plasticity is also present and may

respond to the environment.

Clearly, random genetic drift, geographic isolation, selection, and phenotypic plasticity may all

contribute to differentiation in song sparrows in the San Francisco Bay region. However,

comparing genetic and morphological variation in this region may aid in assessing gene flow




between the song sparrow subspecies and the impact of gene flow on phenotypic differentiation.
Furthermore, I related the morphological and genetic divergence to geographic distance and
environmental differences in salinity in San Francisco Bay in order to investigate more directly

the relationship between geography, environment and differentiation.

I address the following predictions with my analysis: First; under the hypothesis that apparent
morphological and genetic differentiation is due to random genetic drift, I predicted that random
fluctuations in morphology and allele frequencies between populations would be observed and
would bear no relation to geographic separation. Second, if differentiation in song sparrows is
due primarily to geographic isolation, I predicted morphological and genetic divergence among
populations should be concordant. That is, dendrograms based on microsatellite measures of
differentiation should match generally those based on morphological measures. Concordance
between genetic and morphological distances would also be supported by a Mantel’s test
rejecting the null hypothesis of no correlation between matrices. Third, under the hypothesis that
divergent selective forces between tidal salt marsh and freshwater riparian have resulted in
phenotypic differentiation, there is no prediction of concordance between morphological and
genetic divergence. In addition, correlation of morphological divergence with an environmental
gradient, such as salinity, would be consistent with the selection hypothesis. Howevet, the fourth
hypothesis, that apparent differentiation is developmental in origin and results from phenotypic
plasticity also predicts a lack of concordance between morphological and genetic divergence and
a similar concordance with an environmental gradient. If phenotypic plasticity in body size were

primarily responsible for apparent differentiation among song sparrow subspecies, then
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differences in shape between apparent subspecies might be small or absent. Divergence in shape

that is not related to overall size may result from selection in different environments.
. 2.2  MATERIALS AND METHODS

Birds of four putative subspecies from 14 different populations were sampled March-May, 1999,
during the breeding season from tidal salt marshes and surrounding freshwater riparian areas in
the San Francisco Bay region. Adults were captured in mist nets, measured, sampled for blood,
and released. Twelve blood samples were also taken from nestlings (one per nest) at Petaluma
Marsh (PM). The subspecies and locations from which birds were sampled are listed in Table

2.1 and shown on Figure 2.1.

For morphometric analysis, a total of 257 males from 14 populatioﬁs were measured. Males
were sexed by the presence of a cloacal protuberance or a heterozygous genotype according to z-
linked loci. Seven morphological traits on each bird were recorded with digital callipers and
electronic balance: weight to nearest 0.1 g (WGHT), unflattened wing to nearest | mm (WING),
taréometatarsus length to nearest 0.01 mm (TAR), tail to nearest 1 mm (TAIL), bill length to |
nearest 0.01 mm (from nares to tip of bill; BLGTH), bill width to nearest 0.01 mm (at nares;
BWDTH), and bill depth to nearest 0.01 mm (nares to mandibular ramus; BDPTH). For

complete descriptions of measurements taken see Pyle (1997). All measurements were made by

the author to minimize observer bias.




For the genetic analysis, a total of 215 birds from four putative subspecies and nine populations
were included: MM, LG (gouldii); PB, DM (pusillula); PM, SC (samuelis); GS, RR (maxillaris);
CO (heermanni). Blood was collected and nine microsatellite loci, MME 1, MME 2, MME 3,

MME 7, MME 8, MME 12, ESCU 1, and GF 235, amplified as described in Chapter 1.

Multivariate analysis of morphology and discrimination between subspecies

A principal components analysis (PCA) on the log-transformed covariance matrix was first
performed to determine if subspecies grouped morphologically. Once groupings were
established, multivariate analysis of variance (MANOVA) was used to determine the statistical
significance of differences between population means. Geographic differentiation between sites
was examined using canonical variates analysis (CVA), a multiple group discriminant analysis.
CVA was performed on the log-transformed variables using the DISCRIM and CANDISC
procedures in SAS version 6.12 (SAS institute 1996). Interpretation of significance tests in a
multivariate analysis is dependent on two assumptions, multivariate normality and
homoscedasticity of populétion variance-covariance matrices (Dillon and Goldstein 1984).
Multivariate normality was approximated using tests of univariate normality (UNIVAR
procedure) in SAS and equality of variance-covariance matrices was checked using Bartlett’s
modification of the likelihood ratio test (DISCRIM procedure, METHOD=NORMAL,
POOL=TEST, SLPOOL=0.05; Morrison 1976). The reliability of the discriminant function was
evaluated by splitting the data set in two, using half to create the function and the other half to

validate it.
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In her study of phenotypic variation in song sparrows, Smith (1998) proposed that multivariate
body size might be phenotypically plastic. In order to discriminant between subspecies based on
shape, excluding the contribution of size to the between group differences, a muitiple group
principal components analysis (MGPCA) may be performed followed by a CVA on only the
shape components (MGPC scores 2-7; Thorpe 1983; Thorpe 1988). To perform this analysis, all
measurements were log-transformed prior to analysis to linearize variables, stabilize variances,
and preserve allometries. MGPCA was performed using the PRINCOMP procedure in SAS,
using the within-group (in this case, population) pooled variance-covariance matrix. After
determination that all variables were positively correlated with MGPC1, indicating that MGPC1
corresponded to overall body size, MGPC1 was removed from the analysis and a CVA on

MGPC2-7 was performed using the CANDISC procedure (SAS institute 1996).

The results from the genetic assignment test (GENECLASS; Piry and Cornuet 1999), employed
in Chapter 1 to assign individuals to the subspecies where their genotype is most likely to occur,

were used for a genetic comparison to the morphological discriminant analysis.

Subspecific and population structure

A nested analysis of variance was used to examine the contribution of between subspecies,
between population, and within population variances to the total variance in morphological traits
(ANOVA; SAS institute 1996). The contribution of the components to the between group

variation is assessed by their F-score (between/within group variance; Thorpe 1983).
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The analysis of microsatellite variation was taken from Chapter 1 to compare with the
morphological analysis of varjance. In brief, Arlequin version 2.000 (Schneider et al. 2000) was
used to calculate ® -statistics analogous to F-statistics (that employed differences in allele
frequencies only) and R-statistics (Slatkin 1995; that used an analysis of molecular variance
(AMOVA) and accounts for variance in size between pairs of alleles; Excoffier et al. 1992).
Genetic variance among populations in the total sample were calculated (Fst, Rst) as well as a
hierarchical calculation which was used to partition variation into three components, “within
populations” (®@st), “among populations/within groups” (®sc) and “among groups” (Pcr)

(Excoffier et al. 1992).

Morphological and genetic divergence

Morpholoegical divergence between populations was estimated using Mahalanobis D? calculated
between populations in canonical variable space. The squared distance between two groups in
variable space can be calculated by their Euclidean or Pythagorean distance, however, this
measure does not take into consideration correlations between variables. Mahalanobis distance§
are normalized by the pooled within-group variance and were chosen because they incorporate
the effects of variable correlations (Campbell and Atchley 1981). Distances were jackknifed
over individuals by randomly selecting 80% of the data set and recalculating the distances ten
tfmes. Unweighted pair group cluster analysis (UPGMA) was used to examine relationships
between populations in morphology. A consensus tree of ten distance matrices were combined

using NEIGHBOR and CONSENSE in PHYLIP version 3.57c (Felsenstein 1995).

Dce, Cavalli-Sforza and Edward’s chord distance (1967), was taken from Chapter 1 to compare

with morphological divergence (calculated using the GENEDIST program in PHYLIP version
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3.57c; Felsenstein 1995). Genetic relationships between populations were constructed using

UPGMA (program NEIGHBOR) and compared to morphological relationships.

Matrix correlations

Associations between morphological, genetic, and geographic distance matrices were examined
using Mantel (1967) tests and partial Mantel tests (Manly 1991). In addition, a dissimilarity
matrix of differences in salinity between sites was used to investigate the possible role of
environment in differentiation (Smith 1999). Although differences in salinity between sites may
result in different selective preésures on song sparrow physiology due to differences in salt
tolerance (Basham and Mewaldt 1987), salinity is also correlated with vegetation differences
between sites (Atwater et al. 1979). Mantel procedures use random permutations of matrix rows
and columns to estimate whether an association between two distance matrices is stronger than
that due to chance (Sokal and Rohlf 1995). First, genetic'and morphological distance matrices
were compared to each other and then to the geographic and salinity matrices individually.
Second, Partial Mantel tests, which allow multiple matrices to be compared simultaneously, were
used to examine correlations between genetic and morphological matrices while controlling for
the effects of geography and salinity respectively. Calculations were carried out using the
FORTRAN subroutine found in Manly (1991). Distances were first standardized to a mean of
zero and variance of one and the significance of the estimated coefficients and R* was

determined by approximating the randomization distribution by the observed values and 1000

other values obtained by permuting the rows and columns of the dependent matrix.




2.3  RESULTS

Song sparrows in the San Francisco Bay region display a large amount of morphological
variation in the measurements reported here (Table 2.2) and in principal component scores
derived from these measurements (Figure 2.2, Table 2.3). Moreover, these data suggest that
populations that I sampled separated roughly along putative subspecific lines. Results from the
MANOVA showed all subspecies centroids to be significantly different at p=0.0001 (Wilks’
Lamda = 0.06998, Pillai’s Trace = 1.5678, Hotelling-Lawley Trace = 5.6636, 28 df; Bonferroni
adjusted p-level = 0.005). Subspecific mean values of single traits also differed markedly (all
p<0.0001, univariate ANOVA). Variance-covariance matrices were similar across groups (Chi-
square = 110.826, 112 df, p>0.05). Four significant tests for uﬁivariate normality rejected the
null hypothesis of normality at p = 0.05, but no test Was significant at the Bonferroni adjusted
level (p = 0.0014). Nevertheless, as three of the four offending tests were for wing
measurements, I performed the CVA with and without wing included. The classification of birds
identified to correct subspecies was 77.98 % with wing included and 74.3% without (Table 2.4).
A plot of canonical axes 1 and 2 show grouping of populations to subspecies, although maxillaris
populations were less grouped (Figure 2.3). Despite a slight decrease in the reliability of the
discriminant function when the size axis was excluded, discriminant analysis of only the shape
components (MGPC 2-7) still showed that 71.65% of birds were identified correctly to
subspecies. The genetic assignment test was less reliable, but still-correctly assigned individuals

to their presumptive subspecies 60.19% of the time (comparing 5 groups, Table 2.4).
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Subspecific and population structure

I found substantial subspecific differentiation in morphologicél traits by nested ANOVA (Figure
2.4). Subspecies accounted for 74.2% of the variance in bill depth, 62.9% of the variance in bill

width, and approximately 50% of the variance in weight, wing, tail length, bill length, and tarsus.
In contrast, population within subspecies accounted for 0-5% of the variance for wing, weight,

tail length, and tarsus, but ~10% of the variance in bill width and depth.

The analysis of microsatellite variation by AMOVA indicated that most of the variation occurred
within populations (97-98%), whereas only ~1% variance occurred among subspecies (Figure
2.4). Differentiation between subspecies, ®cr, was 0.0137 for the Fst analog (which was
significant at p<0.05), and 0.0174 for the Rst analog, slightly larger than the values between

populations, ®gc, which were 0.0122 for the Fst analog and 0.00433 for the Rst analog.

Morphological divergence

Mahalanobis distances indicated the divergence of populations and subspecies in canonical
variate space (Table 2.5). A UPGMA cluster dendrogram based on Mahalanobis distances
showed groupings of sampled populations into recognized subspecies except for RR (M. m.
maxillaris), which groups with CO (heermanni), and SB (maxillaris), which groups with gouldii
(Figure 2.5). I calculated the dendrogram and jackknife estimates to illustrate the relationships
between populations, however, it is necessary to point out that dendrograms artificially force
data to conform to an hierarchical arrangement when it is doubtful that such an hierarchy exists
at the intraspecific level. In addition, sample sizes for these analyses were low (11-25

individuals). As a result, jackknife estimates across individuals may be unreliable.
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Topology of the UPGMA dendrogram calculated from the pairwise Dce matrix was not
concordant with the morphological dendrogram derived from Mahalanobis distances. The
morphological dendrogram displayed short branch lengths between populations and long branch
lengths separating each of the subspecies. Although the genetic dendrogram displayed short
branch lengths between populations for the three tidal marsh subspecies, gouldii showed
comparatively shorter branch lengths separating populations. Topology of the genetic
dendrogram displayed populations grouped into pusillula group, and one that contained all the

others (Figure 2.5).

Comparison of morphology and genetics

No correlation was found between morphological and genetic distance matrices (r = 0.115) and
the coefficient of correlatién was weakly negative when controlling for geography (r = -0.156) or
salinity (r = -0.049). However, I did find significant positive correlations between genetic
distances and morphological distances and geographic and salinity distances (Table 2.6). The
associations between the genetic and morphological distances and the geographic and salinity
distances were strong, despite the lack of correlation between the geographic and salinity
distances themselves, suggesting salinity and geographic variation were independent estimates of

different factors.
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24  DISCUSSION

Compafisons of morphological variation and microsatellite variation in song spafrows in the San
Francisco Bay region consistently showed greater differentiation between subspecies in
morphology than at neutral loci. The discriminant analysis based on morphological traits
identified correctly ~75% of individuals to putative subspecies, while the genetic assignment test
identified 60% to correct subspecies (Table 2.3). The proportion of variance accounted for by
subspecies in morphological traits ranged from 45-74%, however, ~1% of the microsatellite
variation was among subspecies (Figure 2.4). Finally, the UPGMA dendrogram based on
Mahalanobis distances displayed relatively long branch lengths between subspecies compared
with between populations within subspecies. However, the UPGMA dendrogram based on Dce
showed one long branch length between pusillula and the remaining populations, with branch
lengths separating populations of the ofﬁer subspecies being of approximately equal length
(Figure 2.5). Matrix correlation tests indicated a lack of concordance between morphological

and genetic distances.

Many biologists have remarked on the amount of morphological differentiation on a
microgeographic scale demonstrated by the song sparrows of the San Francisco Bay region
(Marshall 1948a). Factors cited as potentially responsible for this differentiation include non-
adaptive variation due to small effective population size (Miller 1947), spatial isolation as a
prelude to their present ecological differentiation (Marshall 1948a; Mayr 1942), and continued

isolation due to habitat selection and ecological preferences (Grinnell 1913; Huxley 1942).

Studies performed by Marshall (1948a, 1948b), Johnston (1956a, 1956b), Ferrell (1966), and




Mulligan (1963) were all aimed at investigating the ecological and evolutionary processes
responsible for differentiation. This study compares genetic and morphological structure and
adds insight to previous hypotheses based on phenotypic differentiation; these will be addressed

in the discussion that follows.

Random genetic drift

If random genetic drift due to small population size and highly restricted gene flow were the
primary cause for differentiation in song sparrows, I predicted random fluctuations in allele
frequencies and morphological measurements. The results of this study agree with Marshall
(1948b) in that morphological traits do not show random fluctuations. Also low differentiation
between populations and a high Nm of seven migrants per generation indicate that gene flow is
high between populations. Therefore it is unlikely that random genetic drift has played a
dominant role in the subspecific differentiation in song sparrows in San Francisco Bay.
However, Marshall had previously noted drift might have played a substantial role in
morphological differentiation of a particular population, SB (maxillaris). 1 did not sample SB at
microsatellite loci and therefore cannot add genetic insight into that hypothesis. However, SB is
unusual in that it groups closely with gouldii morphologically (Figure 2.5). The tidal marsh of
the SB population has recently undergone changes in vegetation due to freshwater runoff from an
adjacent suburb (Marshall and Dedrick 1994), this may have altered the evolutionary forces
responsible for the distinctness of the population previously. The changes in this population

warrant closer examination.
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Geographic Isolation

Based on the well-structured variation in plumage, Marshall (1948b) focused on isolation and
prevention of gene flow by geographic barriers as the major factor responsible for subspecific
differéntiation. If geographic isolation were the primary cause for subspecific differentiation in
song sparrows in the San Francisco Bay region then I predicted a similar pattern of divergence
between morphological and microsatellite analysis. However, I found a lack of concordance
between morphological and genetic structure, which makes it unlikely that spatial isolation alone
was the major force responsible for subspecific differentiation. Ferrell (1966) also set out to
study the influence of avenues and barriers to gene flow and he found no correlation between

apparent degree of isolation and statistically significant divergence of blood group frequencies.

Lack of concordance between genetic structure at a highly polymorphic neutral marker and
morphological divergence makes selection or phenotypic plasticity necessary to account for the
differences. If drift were the major factor in differentiation, all loci should be similarly affected.
However, if selection influenced differentiation, then the loci under selection would be affepted
while non-selected loci would diverge due to drift. Therefore, differences in patterns of
divergence measured by genetic or morphological traits should only result from selection or

phenotypic plasticity (Slatkin 1987).

Selection

If the rate of morphological divergence were greater than the rate of divergence at neutral loci,
then selective pressures between sites may differ and must be large enough to result in

divergence morphologically despite lack of divergence at neutral microsatellite loci. If selection
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has a major influence on morphology there should be evidence for heritability of morphological

traits and differential environmental conditions causing habitat specific selective forces.

Other studies have found heritability of morphological traits in birds (Larsson et al. 1997; Merila
et al. 1998; Merila J 1996). Previous studies on an insular population of song sparrows in British
Columbia (M. m. morphna) also describe heritable variation in morphological traits (Smith and
Dhondt 1980; Smith and Zach 1979). Heritability for tarsus length was moderately high (h* =
0.317, Smith and Zach 1979; h* = 0.71, Smith and Dhondt 1980; h* = 0.90, Smith and Dhondt
1980), while heritability for bill measurements varied widely (bill length h? =-0.04 - 0.71; bill
depth h* = 0.39 — 1.23; bill width h® = 0.30 ~ 0.59, Smith and Dhondt 1980; Smith and Zach
1979). These studies have demonstrated that heritable variation in morphology is available for
selection to bperate in this song sparrow population and selection on morphological traits in

nature has been documented in one song sparrow population (Schluter and Smith 1986).

Other evidence for selective differences between subspecies can be found in the morphological
allometric trajectories. In her study of allometry in the song sparrow, Smith (1998) concluded
that “the salt marsh [maxillaris] bill length represents an alteration of deveiop‘mental integration
with respect to other song sparrows and thus highlights the action of evolutionary forces.”
Although there is evidence that body size may be plastic in vertebrates (Patton and Brylski 1987,
Smith and Patton 1988)., there is also evidence that it is significantly heritable (Thorpe and
Leamy 1983). Song sparrows in San Francisco Bay differed not just in size, which may have an

environmental influence but also in shape. The results of my discriminant analysis revealed that
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the song sparrows found in San Francisco bay can be assigned to correct subspecies 72% of the

time based on shape variables alone.

If morphological differences between subspecies are a result of selective forces, then
environmental conditions should be different in each of the respective subspecies habitats. The
subspecies with the greatest evidence of differentiation, pusillula, is particularly tolerant of
drinking water much more saline than can be tolerated by upland subspecies (Basham and
Mewaldt 1987). Interestingly, I found that both morphological and genetic divergence were
correlated with salinity of seawater within San Francisco Bay. Vegetation within marshes may
also differ depending on the salinity. Brackish marshes found in Suisun Bay are often dominated
by common tule (Scirpus acutu;v), Olney’s bulrush (Scirpus olneyi), cat-tails (Typha spp.),
common reed (Phragmites communis) and arroyo willow (Salix lasiolepis) as opposed to the
common pickleweed (Salicornia pacifica) and California cordgrass (Spartina foliosa) dominated
marshes of San Pablo and South San Francisco Bay (Atwater et al. 1979). The difference in
vegetation could also affect the dominant types of food available to song sparrows in each major
sub-bay, and, thus, contribute to selection on bill morphology. Furthermore, tidal marsh
vertebrates compared with upland species tend towards greyish or blackish coloration
(Greenburg and Droege 1990; Grinnell 1913) that may be a result of selection based on substrate
colour due to the oxidized and gleyed soils of tidal salt marshes. In this study, both

morphological and genetic divergences were correlated with salinity, which supports selection as

a major force in subspecific differentiation.




Further research could focus attention on the mechanism of selection in tidal marsh song
sparrows. Additionally, an examination of genetic markers that may reflect adaptive differences
such as quantitative trait loci (QTL) and major histocompatibility complex genes (Hedrick

1996), could estimate differentiation at selected loci.

Phenotypic plasticity

Finally, it is also possible that differences in morphology not attributable to differences at neutral
loci may be ecophenotypic in origin (James 1982). If subspecific differences are primarily due
to phenotypic plasticity then I predicted a lack of concordance between morphological and
genetic divergences, the same prediction as for selection. However, I also predicted that most of
the subspecific variation would be due to the size component (MGPC 1), which was not
supported by this study. A common garden or reciprocal transplant experiment examining the
genetic and environmental basis for differences in morphology would be valuable in determining
more conclusively if selection or phenotypic plasticity were the main cause for subspecific

differentiation.

Other population genetic studies on other birds have found weak differentiation at microsatellite

.loci despite strong phenotypic differentiation (e.g Graputto et al. 1998). In song sparrows, lack

of differentiation in mtDNA across North America and the Aleutian Islands was attributed to the
recency of divergence among clades, and hypothetically a faster rate of evolution in phenotypic
compared to molecular traits (Hare and Shields 1992; Zink and Dittman 1993). The weak
differentiation observed between song sparrow subspecies in the San Francisco Bay region may

result either from recent differentiation or from current high gene flow. The formation of tidal

53




marshes in the San Francisco Bay region is geologically recent (2,000-4,000 years old), therefore
any differentiation detected would have been of recent origin. However, although the amount of
variance in microsatellite allele frequency accounted for by subspecies was over half the among
group variance, the low estimates may indicate that there is still gene flow present between
populations. Regardless, the large amount of differentiation in morphological traits results from
either different selective forces on morphology between the various song sparrow habitats of the
San Francisco Bay region, or from developmental differences associated with the differences in

habitat.
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CONCLUSION

Based on significant differences in microsatellite allele frequencies and greater divergence at
Dce I propose that the range of pusillula be designated a Management Unit. Additionally, I
propose the ranges of samuelis and maxillaris be deéignated a MU despite low differentiation
between heermanni and samuelis-maxillaris because it remains possible that adaptive differences
between these types were not identified with ﬁeufral loci. Estimates of divergence based on
morphological traits and microsatellite loci analysis were not concordant among subspecies of
song sparrows in the San Francisco Bay region. Whereas morphological traits indicated highly
sfructured variation in morphology, microsatellite loci analysis showed weak differentiation
between subspecies. Low estimates of divergence indicate recency of differentiation between
song sparrow subspecies in the San Francisco Bay region or high current gene flow. In any case,

both differences in selection between habitats or phenotypic plasticity in morphological traits

could each account for geographically structured morphology.
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Table 2.6. Simple regression coefficients of morphological, genetic, geographic, and salinity
distance matrices. * indicates Mantel parameter value exceeded during 1000 iterations less than
50 times (p<0.05). Genetic and morphological distance matrices not correlated. However, each
is correlated with geography and salinity.

Morphology Genetic Geographic
Genetic 0.115
P Geographic 0.404* 0.533*
Salinity 0.451* 0.342* -0.062
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Figure 2.1. Subspecies locations and sampling sites. The purported range of samuelis (sites CC,
PM, and SC) is San Pablo Bay, maxillaris is Suisun Bay (sites SB, GS, and RR), and pusillula is
San Francisco Bay (sites PB, DM). Gouldii is found in the upland habitats surrounding the bay
(sites MM, TV, SP, and LG) and heermanni is located to the east of Suisun Bay (site CO). The
range of gouldii and the salt marsh subspecies are separated by uninhabitable dry hillsides (in
white), however riparian streams join the two habitats providing possible corridors for dispersal.
Adapted from Marshall (1948b).
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Figure 2.4. Hierarchical decomposition of variance components (%) for seven morphological
traits from nested ANOVA adjacent to variance components derived from hierarchical AMOVA
of 9 microsatellite loci. Variance between subspecies is high in morphological traits but low in

microsatellites.
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Figure 2.5. A) UPGMA dendrogram of 14 song sparrow populations based on Mahalanobis
distances derived from discriminant analysis of seven morphological traits. Numbers to the right
of the branch indicate jackknife support out of 10. B) Cavalli-Sforza and Edwards (Cavalli-
Sforza and Edwards 1967) chord distance UPGMA (Sneath and Sokal 1973) phenogram
calculated from 8 microsatellite loci. Numbers to the right of branch indicate bootstrap support
over 100 replicates.

A.

= GS, M. m. maxillaris

S — RR, M. m. maxillaris
CO, M. m. mailliardi
LG, M. m. gouldii
[ SP, M. m. gouldii

5 U MM, M. m. gouldii

. SB, M. m. maxillaris
' TV, M. m. gouldii
[ DM, M. m. pusillula

10
T PB, M. m. pusillula

5 —

TL, M. m. samuelis

9
' CC, M. m. samuelis
| SC, M. m. samuelis

— PM, M. m. samuelis

10

BB, M. m. morphna

MM, M. m. gouldii

66 LG, M. m. gouldii

43 CO, M. m. mailliardi

GS, M. m. maxillaris

64

57

RR, M. m. maxillaris

100 | 40

PM, M. m. samuelis

55

SC, M. m. samuelis

PB, M .m pusillula

100

DM, M. m. pusillula

66




LITERATURE CITED

Aldrich, J. W. 1984. Ecogeographic variation in size and proportions on song sparrows
(Melospiza melodia). American Ornithologists’ Union, Washington DC.

Angers, B., and L. Bernatchez. 1998. Combined use of SMM and non-SMM methods to infer
fine structure and evolutionary history of closely related Brook Charr (Salvelinus
fontinalis, Salmonidae) populations from microsatellites. Molecular Biology and

Evolution 15:143-159.

Angers, B., L. Bernatchez, A. Angers, and L. Desgroseillers. 1995. Specific microsatellite loci
for brook charr reveal strong population subdivision on a microgeographic scale. Journal

of Fish Biology 47:177-185.
Arcese, P. 1989. Intrasexual competition, mating system and natal dispersal in song sparrows.
Animal Behaviour 38:958-979.

Atwater, B. F. 1979. Ancient processes at the site of Southern San Francisco Bay: movement of
the crust and changes in sea level. Pp. 31-45 in T. J. Conomos, ed. San Francisco Bay:
The Urbanized Estuary. Pacific Division/American Association for the Advancement of

Science, San Francisco, CA.

Atwater, B. F., S. G. Conard, J. N. Dowden, C. W. Hedel, R. L. Macdonald, and W. Savage.
1979. History, landforms, and vegetation of the estuary's tidal marshes in T. J. Conomos,

ed. San Francisco Bay: The Urbanized Estuary. Pacific Division/American Association
for the Advancement of Science, San Francisco, CA.

Avise, J. C. 1994. Molecular Markers, Natural History and Evolution. Chapman & Hall, New
York, NY.

Avise, J. C.,, and R. M. Ball, Jr. 1990. Principles of genealogical concordance in species
concepts and biological taxonomy in D. Futuyma and J. Antonovics, eds. Oxford Surveys

in Evolutionary Biology. Oxford University Press, New York.

Ball, R. M., F. C. James, S. Freeman, E. Bermingham, and J. C. Avise. 1988. Phylogeographic
population structure of red-winged blackbirds assessed by mitochondrial DNA.

Proceedings of the National Academy-of Sciences, USA 85:1558-1562.

Ball,R. M. J,,and J. C. Avise. 1992. Mitochondrial DNA phylogeographic differentiation
among avian populations and the evolutionary significance of subspecies. Auk 109:626-

636.

67




Barrowclough, G. F. 1983. Biochemical studies of microevolutionary processes. Pp. 223-261 in
A. H. Brush and G. A. J. Clark, eds. Perspectives in Ornithology. Cambridge University
Press, New York.

Barton, and Slatkin. 1986. A quasi-equilibrium theory of the distribution of rare alleles in a
subdivided population. Heredity 56:409-415.

Basham, M. P, and L. R. Mewaldt. 1987. Salt water tolerance and the distribution of south San
Francisco Bay song sparrows. Condor 89:697-709.

Blondel, J., P. C. Dias, P. Perret, M. Maistre, and M. M. Lambrechts. 1999. Selection-based
biodiversity at a small spatial scale in a low-dispersing insular bird. Science 285:1399-
1402.

Bohonak, A. J. 1999. Dispersal, gene flow, and population structure. The Quarterly Review of
Biology 74:21-45.

Bouzat, J. L., H. H. Cheng, H. A. Lewin, R. L. Westemeier, J. D. Brawn, and K. N. Paige. 1998.
Genetic evaluation of a demographic bottleneck in the greater prairie chicken.
Conservation Biology 12:836-843.

Campbell, N. A., and W. R. Atchley. 1981. The geometry of canonical variate analysis.
Systematic Zoology 30:268-280. :

Caughley, G. 1994. Directions in conservation biology. Journal of Animal Ecology 63:215-244.

Cavalli-Sforza, L. L., and A. W. F. Edwards. 1967. Phylogenetic analysis: Models and
estimation procedures. American Journal of Human Genetics 19:233-257.

Charlesworth, B. 1998. Measures of divergence between populations and the effect of forces
that reduce variability. Molecular Biology and Evolution 15:538-543.

Cockerham, C. C. 1969. Variance of gene frequencies. Evolution 23:72-84.
Cockerham, C. C. 1973. Analyses of gene frequencies. Genetics 74:679-700.

Cornuet, J. M., S. Piry, G. Luikart, A. Estoup, and M. Solignac. 1999b. New methods
employing multilocus genotypes to select or exclude populations as origins of
individuals. Genetics 153:1989-2000.

Day, T., J. Pritchard, and D. Schiuter. 1994. Ecology and genetics of phenotypic plasticity: a
comparison of two sticklebacks. Evolution 48:1723-1734. S

DeWitt, T. J. 1998. Costs and limits of phenotypic plasticity: Tests with predator-induced

morphology and life history in a freshwater snail. Journal of Evolutionary Biology
11:465-480.

68




Dillon, W. R., and M. Goldstein. 1984. Multivariate Analysis: Methods and Applications. John
Wiley & Sons, New York, NY.

Elphick, M. J., and R. Shine. 1998. Long term effects of incubation temperatures on the
morphology and locomotor performance of hatchling lizards (Bassiana duperreyi,
Scincidae). Biological Journal of the Linnean Society 63:429-447.

Endler, J. A. 1977. Geographic variation, speciation and clines. Princeton University Press,
Princeton, New Jersey.

Estoup, A., F. Rousset, Y. Michalakis, J. M. Cornuet, M. Adriamanga, and R. Guyomard. 1998.
Comparative analysis of microsatellite and allozyme markers: a case study of
investigating microgeographic differentiation in brown trout (Salmo trutta). Molecular
Ecology 7:339-353.

Excoffier, L., P. E. Smouse, and J. M. Quattro. 1992. Analysis of molecular variance inferred
from metric distances among DNA haplotypes: application to human mitochondrial DNA
restriction data. Genetics 131:479-491.

Felsenstein, J. 1995. PHYLIP (phylogeny inference package). Version 3.57c. University of
Washington, Seattle, WA.

Ferrell, G. T. 1966. Variation in blood group frequencies in populations of song sparrows of the
San Francisco Bay Region. Evolution 20:369-382.

Firestone, K. B., M. S. Elphinstone, W. B. Sherwin, and B. A. Houlden. 1999.
Phylogeographical population structure of tiger quolls Dasyurus maculatus (Dasyuridae:
Marsupialia), an endangered carnivorous marsupial. Molecular Ecology 8:1613-1625.

Freeman-Gallant, C. R. 1996. Microgeographic patterns of genetic and morphological variation
in savannah sparrows (Passerculus sandwichensis). Evolution 50:1631-1637.

Fry, A.J.,and R. M. Zink. 1998. Geographic analysis of nucleotide diversity and song sparrow
(Aves: Emberizidae) population history. Molecular Ecology 7:1303-1313.

Goldstein, D. B., A. R. Linares, L. L. Cavalli-Sforza, and M. Felman, W. 1995. An evaluation
of genetic distances for use with microsatellite loci. Genetics 139:463-471.

Goudet, J. 1999. PCA-GEN for Windows version 1.2. Institute of Ecology, University of
Lausanne, Lausanne, Switzerland.

Govindaraju, D. R. 1988. Relationship between dispersal ability and levels of gene flow in
plants. Oikos 52:31-35.

69



Graputto, A., A. Pilastro, and G. Marin. 1998. Genetic variation and bill size dimorphism in a
passerine bird, the reed bunting Emberiza schoeniclus. Molecular Ecology 7:1173-1182.

Greenberg, R., P. J. Cordero, S. Droege, and R. C. Fleischer. 1998. Morphological adaptation
with no mitochondrial DNA differentiation in the coastal plain swamp sparrow. Auk
115:706-712.

Greenburg, R., and S. Droege. 1990. Adaptations to tidal marshes in breeding populations of
the swamp sparrow. Condor 92:393-404.

Grinnell, J. 1909. Three new song sparrows from California. University of California
publications in Zoology 5:265-269.

Grinnell, J. 1913. Note on the palustrine faunas of west-central California. University of
California Publications in Zoology 10:191-194.

Grinnell, J., and A. H. Miller. 1944. The Distribution of the Birds of California. Artemesia
Press

Guo, S. W., and E. A. Thompson. 1992. Performing the exact test of Hardy-Weinberg
proportions for multiple alleles. Biometrics 48:361-372.

Hanotte, O., C. Zanon, A. Pugh, C. Greig, A. Dixon, and T. Burke. 1994. Isolation and
charaterization of microsatellite loci in a passerine bird: the reed bunting Emberiza
schoeniclus. Molecular Ecology 3:529-530.

Hare, M. P., and G. F. Shields. 1992. Mitochondrial-DNA variation in the polytypic Alaskan
song sparrow. Auk 109:126-132.

Hartl, D. L., and A. G. Clark. 1997. Principles of Population Genetics. Sinauer Associates, Inc.,
Sunderland, MA.

Hedrick, P. W. 1996. Conservation genetics and molecular techniques: a perspective in T. B.
Smith and R. K. Wayne, eds. Molecular Genetic Approaches in Conservation. Oxford

University Press, New York.

Hedrick, P. W. 1999. Perspective: Highly variable loci and their interpretation in evolution and
conservation. Evolution 53:313-318.

Huxley, J. 1942. Evolution, the Modern Synthesis. Harper and Brothers, New York.

James, F. C. 1982. Environmental component of morphological differentiation in birds. Science
221:184-186.




Jeffery, K. J., L. F. Keller, P. A. Arcese, and M. W. Bruford. 2000. The development of
microsatellite loci in the song sparrow, Melospiza melodia and genotyping errors
associated with good quality DNA. Molecular Ecology In Press

Johnston, R. F. 1954. Variation in breeding season and clutch size in song sparrows of the
Pacific coast. Condor 56:268-273.

Johnston, R. F. 1956a. Population structure in salt marsh song sparrows. Part I. Environment
and annual cycle. Condor 58:24-44.

Johnston, R. F. 1956b. Population structure in salt marsh Song Sparrows. Part II: Density, age
structure, and maintenance. Condor 58:254-271.

Karhu, A., P. Hurme, M. Karjalainen, P. Karvonen, K. Karkkainen, D. Neale, and O. Savolainen.
1996. Do molecular markers reflect patterns of differentiation in adaptive traits of
conifers? Theoretical and Applied Genetics 93:215-221.

Lande, R. 1988. Genetics and demography in biological conservation. Science 241:1455-1460.

Lande, R., and S. Shannon. 1996. The role of genetic variation in adaptation and population
persistence in a changing environment. Evolution 50:434-437.

Larsson, K., K. Rattiste, and V. Lilleleht. 1997. Heritability of head size in the common gull
Larus canus in relation to environmental conditions during offspring growth. Heredity
79:201-207.

Manly, B. F. 1991. Randomization and Monte Carlo Methods in Biology. Chapman and Hall,
New York.

Markov, G., and T. Chassovnikarova. 1999. Epigenetic characteristics and divergence between
populations of Apodemus sylvaticus in Bulgaria. Folia Zoologica 48:63-67.

Marshall, J. T., and K. G. Dedrick. 1994. Endemic song sparrows and yellowthroats of San
Francisco Bay. Studies in Avian Biology 15:316-327.

Marshall, J. T. J. 1948a. Ecologic races of song sparrows in the San Francisco Bay region. Part
I. Habitat and abundance. Condor 50:193-215.

Marshall, J. T. J. 1948b. Ecologic races of song sparrows in the San Francisco Bay reglon Part
II. Geographic variation. Condor 50:233-256.

Mayr, E. 1942. Systematics and the Origin of Species. Harper and Brothers, New York.

Mayr, E. 1963. Animal Species and Evolution. Harvard University Press, Cambridge, MA.

Mayr, E. 1969. Principles of Systematic Zoology. McGraw-Hill Book Company, New York.




Merila, J., B. C. Sheldon, and H. Ellegren. 1998. Quantitative genetics of sexual size
dimorphism in the collared flycatcher, Ficedula albicollis. Evolution 52:870-876.

Merila J, G. L. 1996. Temporal stability and microgeographic homogeneity of heritability
estimates in a natural bird population. Journal of Heredity 87:199-204.

Miller, A. H. 1947. Panmixia and population size with reference to birds. Evolution 1:186-190.

Miller, A. H. 1956. Ecologic factors that accelerate formation of races and species of terrestrial
vertebrates. Evolution 10:262-277.

Moritz, C. 1994a. Applications of mitochondrial DNA analysis in conservation: a critical
review. Molecular Ecology 3:403-413.

Moritz, C. 1994b. Defining 'evolutionary significant units' for conservation. Trends in Ecology
and Evolution 9:373-375.

Moritz, C., and D. P. Faith. 1998. Comparative phylogeography and the identification of
genetically divergent areas for conservation. Molecular Ecology 7:419-429.

Moritz, C., S. Lavery, and R. Slade. 1995. Using allele frequency and phylogeny to define units
for conservation and management. American Fisheries Society Symposium 17:249-262.

Moritz, C., J. W. Wilmer, L. Pope, W. B. Sherwin, A. C. Taylor, and C. J. Limpus. 1996.
Application of genetics to the conservation and management of Australian fauna: four
case studies from Queensland in T. B. Smith and R. K. Wayne, eds. Molecular Genetic
Approaches in Conservation. Oxford University Press, New York.

Morrison, D. F. 1976. Multivariate Statistical Methods. McGraw-Hill, New York.

Mulligan, J. A. 1963. A description of song sparrow song based on instrumental analysis.
Proceedings XIII International Ornithological Conference, pp. 272-284.

Nei, M. 1978. Estimation of average heterozygosity and genetic distance from a small number
of individuals. Genetics 89:583-590.

Nice, C. C., and A. M. Shapiro. 1999. Molecular and morphological divergence in the butterfly
genus Lycaeides (Lepidoptera: Lycaenidae) in North America: evidence of recent
speciation. Journal of Evolutionary Biology 12:936-950.

O'Brien, S. J., and E. Mayr. 1991. Bureaucratic mischief: recognizing endangered species and
subspecies. Science 251:1187-1188.

Paetkau, D., W. Calvert, I. Stirling, and C. Strobeck. 1995. Microsatellite analysis of population
structure in Canadian polar bears. Molecular Ecology 4:347-354.

72




Paetkau, D., L. P. Waits, P. L. Clarkson, L. Craighead, and C. Strobeck. 1997. An empirical
evaluation of genetic distance statistics using microsatellite data from bear (Ursidae)
populations. Genetics 147:1943-1957.

Palumbi, S. R. 1995. Using genetics as an indirect estimator of larval dispersal. Pp. 369-387 in
L. McEdward, ed. Ecology of Marine Invertebrate Larvae. CRC Press, New York, NY.

Patton, J. L., and P. V. Brylski. 1987. Pocket gophers in alfalfa fields: causes and consequences
of habitat-related body size variation. American Naturalist 130:493-506.

Peterson, M. A., and R. F. Denno. 1998. Life-history strategies and the genetic structure of
phytophagus insect populations. Pp. 263-322 in S. Mopper and S. Y. Strauss, eds.
Genetic Structure in Natural Insect Populations: Effects of Host Plants and Life History.
Chapman and Hall, New York. :

Petren, K. 1998. Microsatellite primers from Geospiza fortis and cross-species amplification in
Darwin's finches. Molecular Ecology 7:1771-1788.

Pierson, B. J., J. M. Pearce, and S. L. Talbot. 2000. Molecular genetic status of Aleutian canada
geese from Buldir and the Semidi Islands, Alaska. Condor 102:172-180.

Piertney, S. B., A. D. C. MacColl, P. J. Bacon, and J. F. Dallas. 1998. Local genetic structure in
red grouse (Lagopus lagopus scoticus): evidence from microsatellite markers. Molecular
Ecology 7:1645-1654.

Piry, S. and J. M. Cornuet. 1999. GeneClass. Laboratoire de Modélisation et Biologie
Evolutive, Unité de Recherche en Lutte Biologique, Institut National de la Recherche
Agronomique, Montpellier, France.

Podolsky, R. H., and T. P. Holtsford. 1995. Population structure of morphological traits in
Clarkia dudleyana. 1. Comparison of Fst between allozymes and morphological traits.
Genetics 140:733-744. '

Pyle, P. 1997. Identification Guide to North American Birds. Part I. Columbidae to Paloceidae.
Slate Creek Press, Bolinas, CA.

Raymond, M., and F. Rousset. 1995a. An exact test for population differentiation. Evolution
49:1280-1283.

Raymond, M., and F. Rousset. 1995b. GENEPOP (version 1.2): population genetic software for
exact tests and ecumenicism. Journal of Heredity 86:248-249.

Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution 43:223-225.




Ridgeway, R. 1899. New species of American Birds. - iii. Fringillidae (continued). Auk 16:35-
37. .

Ross, K. G., D. D. Shoemaker, M. J. B. Krieger, C. J. DeHeer, and L. Keller. 1999. Assessing
genetic structure with multiple classes of molecular markers: a case study involving the
introduced fire ant Solenopsis invicta. Molecular Biology and Evolution 16:525-543.

Rousset, F., and M. Raymond. 1995. Testing heterozygote excess and deficiency. Genetics
140:1413-1419.

Ryder, O. A. 1986. Species conservation and systematics: the dilemma of subspecies. Trends in
Ecology and Evolution 1:9-10.

SAS institute, I. 1996. SAS system for Windows, Cary, NC, USA.

Schluter, D., and J. N. M. Smith. 1986. Natural selection on beak and body size in the song
sparrow. Evolution 40:221-231.

Schneider, S., D. Roessli, and L. Excoffier. 2000. Arlequin Ver. 2.000: a software for
population genetics data analysis. Department of Anthropology & Ecology, University of
Geneva, Switzerland.

Selander, R. K. 1970. Behavior and genetic variation in natural populations. American
Zoologist 10:53-66.

Seutin, G., L. M. Ratcliffe, and P. T. Boag. 1995. Mitochondrial DNA homogeneity in the
phenotypically diverse redpoll finch complex (Aves: Carduelinae: Carduelis flammea-
hornemanni). Evolution 49:962-973. :

Slatkin, M. 1987. Gene flow and the geographic structure of natural populations. Science:
236:787-792.

Slatkin, M. 1995. A measure of population subdivision based on microsatellite allele
frequencies. Genetics 139:457-462.

Smith, J. 1. 1993. Environmental influence on the ontogeny, allometry, and behavior of the sohg
sparrow (Melospiza melodia). Ph.D. Thesis. University of California, Berkeley, CA.

Smith, J. I. 1998. Allometric influence on phenotypic variation in the Song Sparrow (Melospiza
melodia). Zoological Journal of the Linnean Society 122:427-454.

Smith, J. N. M., and A. A. Dhondt. 1980. Experimental confirmation of heritable morphological
variation in a natural population of song sparrows. Evolution 34:1155-1158.

Smith, J. N. M., and R. Zach. 1979. Heritability of some morphological characters in a song
sparrow population. Evolution 33:460-467.

74




Smith, M. F., and J. L. Patton. 1988. Subspecies of pocket gophers: causal bases for geographic
differentiation in Thomomys bottae. Systematic Zoology 37:163-178.

Smith, R. 1999. http://water.wr.usgs.gov/forecast/hydroclirn/new/sal_map.htnﬂ.

Smith, T. B., and R. K. Wayne. 1996. Molecular Genetic Approaches in Conservation. Oxford
University Press, New York.

Smith, T. B., R. K. Wayne, D. J. Girman, and M. W. Bruford. 1997. A role for ecotones in
generating rainforest biodiversity. Science 276:1855-1857.

Sneath, P. H. A., and R. R. Sokal. 1973. Numerical Taxonomy. W. H. Freeman, San Francisco,
CA.

Sokal, R. R., and F. J. Rohlf. 1995. Biometry. W. H. Freeman and Company, New York.

Swofford, D. L., R. B. Selander, and W. C. Black, IV. 1997. Biosys-2. Department of Genetics
and Development, University of Illinois at Urbana-Champaign, Urbana, Illinois.

Takezaki, N., and M. Nei. 1996. Genetic distances and reconstruction of phylogenetic trees
from microsatellite DNA. Genetics 144:389-399.

Temple, M. J., J. M. Wright, M. Leonard. 2000. Psap 335 primer sequences, pers. comm.

Thorpe, R. S. 1983. A review of the numerical methods for recognising and analysing racial
differentiation. Pp. 404-423 in J. Felsenstein, ed. Numerical Taxonomy. Springer-Verlag,
Berlin Heidelberg.

Thorpe, R. S. 1988. Multiple group principal component analysis and population
differentiation. Journal of Zoology, London 216:37-40.

Thorpe, R. S., and L. Leamy. 1983. Morphometric studies in inbred and hybrid House mice
(Mus sp.): Multivariate analysis of size and shape. Journal of Zoology, London 199:421-
432.

Turner, B. J. 1974. Genetic divergence of Death Valley pupfish species: biochemical versus
morphological evidence. Evolution 28:281-294.

Van Buskirk, J., and R. A. Relyea. 1998. Selection for phenotypic plasticity in Rana sylvatica
tadpoles. Biological Journal of the Linnean Society 65:301-328.

Walton, B. J. 1978. The status of the salt marsh song sparrows of the San Francisco Bay
System, 1974-1976. Pp. 97. Department of Biological Sciences. San Jose State
University, San Jose, CA.

75



http://water.wr.usgs.gov/forecast/hydroclim/new/sal_map.html

Waples, R. S. 1998. Separating the wheat from the chaff: patterns of genetic differentiation in
high gene flow species. Journal of Heredity 89:438-450.

Weir, B. S., and C. C. Cockerham. 1984. Estimating F-statistics for the analysis of population
structure. Evolution 38:1358-1370.

Wenburg, J. K., P. Bentzen, and C. J. Foote. 1998. Microsatellite analysis of genetic population
structure in an endangered salmonid: the coastal cutthroat trout (Oncorhynchus clarki
clarki). Molecular Ecology 7:733-749.

Zhu, D., S. Degnan, and C. Moritz. 1998. Evolutionary distinctiveness and status of the
endangered Lake Eacham rainbowfish (Melanotaenia eachamensis). Conservation
Biology 12:80-93.

Zink, R. M., and R. C. Blackwell. 1996. Patterns of allozyme, mitochondrial DNA, and
morphometric variation in four sparrow genera. Auk 113:59-67.

Zink, R. M., and D. L. Dittman. 1993. Gene flow, refugia, and evolution of geographic
variation in the song sparrow (Melospiza melodia). Evolution 47:717-729.

Zink, R. M., W. L. Rootes, and D. L. Dittman. 1991. Mitochondrial DNA variation, population
structure, and evolution of the common grackle (Quiscalus quiscula). Condor 93:318-
329.

76




