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ALLOZYMIC GENETIC STRUCTURE AND NATURAL HABITAT
FRAGMENTATION: DATA FOR FIVE SPECIES OF AMAZONIAN

FOREST BIRDS!
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Abstract. 1 studied allozymic variation in five species of Amazonian birds at two geo-
graphic scales. At a local scale (all sites within 200 km of one another), I included samples
from six sites, three within continuous forest and three in natural forest fragments thought
to be several thousand years old. I examined both genetic variation and differentiation to
determine whether there were genetic effects related to forest fragmentation. At this local
scale, I found little evidence in the allozymic data that clearly suggested genetic structure
had been affected in any uniform pattern among species. However, there was genetic dif-
ferentiation at this level and estimated gene flow (Nm,, from private alleles) was low relative
to what is reported in other avian studies. At the regional level, I compared samples from
sites that were 500-1,500 km from one another from two Amazonian areas of endemism
(Inambari and Rond6nia). Four of the five species exhibited substantial differentiation be-
tween samples from the two areas of endemism, consistent with other studies of genetic
differentiation in Neotropical forest understory birds.
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INTRODUCTION

The Neotropics harbor some of the most spe-
cies-diverse ecosystems on earth, yet we know
little about genetic structure of populations
there. Although birds are among the better-stud-
ied South American vertebrate groups, intraspe-
cific genetic structure at any scale has been as-
sessed in few of the over 3,000 species that oc-
cur on the continent.

Studies focusing on Neotropical forest species
often have found greater genetic differentiation
among populations than has been observed in
better-studied temperate birds (Capparella 1988,
Brawn et al. 1996, Brumfield and Capparella
1996). The ultimate reason for the difference
may lie with the higher degree of sedentariness
of Neotropical species. In contrast to the major-
ity of temperate birds, most Neotropical birds do
not migrate seasonally, and although dispersal
has almost never been estimated for Neotropical
species, it is assumed to be low especially for
inhabitants of the forest understory (Greenberg
and Gradwohl 1997). Neotropical forest species
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also are affected by human activity (Canaday
1995) and do not recolonize isolated forest frag-
ments (Willis 1979, Stouffer and Bierregaard
1995). Coupled with data on increased intraspe-
cific genetic structure, these studies suggest that
many Neotropical species may be more suscep-
tible to the effects of forest fragmentation than
other birds.

The predicted effects of population fragmen-
tation on genetic differentiation and variation are
well known (Templeton et al. 1990, Saunders et
al. 1991). Populations of sufficiently small size
will lose genetic variation over time, and isolat-
ed populations receiving no gene flow will even-
tually differentiate from adjacent populations as
a result of genetic drift, natural selection, or
some combination of the two.

Allozymic studies have largely been replaced
by direct sequencing of DNA; however, allo-
zymes have provided important insight about the
effects of population fragmentation on genetic
differentiation between and genetic variation
within isolated populations. I gathered allozymic
data for five sedentary Amazonian understory
birds to investigate the effect habitat fragmen-
tation has on genetic structure at a local geo-
graphic scale. I present data on each species
from six sites within 200 km of one another.
Three of these sites are in continuous forest and
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three are in naturally formed forest fragments
isolated from one another and from continuous
forest by grassland and savanna. The goal at this
scale was to investigate the effects of natural
forest fragmentation on genetic structure. I also
present data on a regional scale where popula-
tions were separated by 500 to 1,500 km.

With these comparisons, I address the follow-
ing two predictions:

(1) Genetic isolation among populations in
fragmented habitats will exceed genetic isolation
found in populations separated by similar dis-
tances in continuous habitat (distances of less
than 200 km). Genetic isolation includes genetic
variation that occurs within populations (popu-
lation variation), and genetic differentiation that
occurs among populations (geographic varia-
tion). Both aspects provide insights into historic
levels of gene flow and other evolutionary pro-
cesses. At the local geographic scale, levels of
genetic variation and differentiation in each of
the five species should be a function of patch-
size and isolation. Lower genetic variation with-
in samples from forest fragments, as compared
to samples from continuous forest, would indi-
cate that forest fragmentation significantly de-
presses genetic variation owing to either in-
breeding effects or reduced immigration or both.
Congruent patterns of genetic differentiation in
the five species would implicate vicariant (frag-
mentation) events as important in shaping pop-
ulation structure. Thus, the multiple species ap-
proach makes comparisons possible even though
the actual history of fragmentation is not known.
This is an important point, because although the
forest fragments I studied are thought to be on
the order of thousands of years old, no data cur-
rently pinpoint the timing or pattern of their or-
igin (see below).

(2) Genetic isolation by distance between sites
in continuous forest habitat in South American
avian taxa will be greater than in comparable
North American taxa (distances of 500-1,500
km). In the only study with large sample sizes
and multiple populations of Amazonian birds,
Capparella (1988) demonstrated substantial in-
traspecific genetic differentiation in several spe-
cies across major rivers, suggesting that vicari-
ant events and not simply geographic distance
generate genetic differentiation in Amazonia.
Such high levels of genetic differentiation are
not often found in temperate bird species even
at a continental scale (e.g., Gavin et al. 1992).
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At this regional scale, my study investigates ge-
netic differentiation in additional avian taxa and
from a different region of Amazonia than that
studied by Capparella.

METHODS
STUDY SITES

The six local-scale collecting sites are in the vi-
cinity of the Serrania de Huanchaca, a 350-m
tall plateau of uplifted Brazilian shield located
in the northeastern corner of the Department of
Santa Cruz, Bolivia (Fig. 1). All sites occur in-
side the Parque Nacional ‘“Noel Kempff Mer-
cado” or in the adjacent Reserva Forestal Bajo
Paragua (Killeen and Schulenberg 1998). Three
sites (1-3) are in naturally formed forest frag-
ments on top of the Serrania. Three other sites
(4-6) are in continuous forest along the northern
and western sides of the plateau.

The Serranfa de Huanchaca is believed to
have been more forested in the past (O’Conner
et al. 1987), with current forest fragmentation on
top of the plateau occurring as a result of erosion
of the lateritic crust that once covered it. Today,
forest occurs only on remaining lateritic islands.
On the plateau’s eroded laterite, cerrado vege-
tation has invaded. Cerrado is a complex South
American savanna habitat (Goodland 1971) that
shares almost no floral or faunal species with
Amazonian forest understory. The age of the lat-
erite suggests that fragmentation could have be-
gun as long as 10,000 years ago (O’Conner et
al. 1987); however, the exact ages of the frag-
ments have not been determined. Initially, forest
fragments may have remained connected to con-
tinuous forest by the presence of gallery forest
along streams; today, however, long stretches of
these streams are bordered only by cerrado veg-
etation (Fig. 1). The fragments are currently sep-
arated from continuous forest by 5-30 km of
cerrado. Avian species composition in the forest
fragments at sites 1 (600 ha) and 2 (1,200 ha) is
very similar to that of continuous forest sites
(Bates and Parker 1998). In contrast, site 3 (350
ha), the smallest forest fragment, lacks many
forest species found at other sites, including one
of the five study species (see below).

Samples from two additional forest sites in the
Department of Pando, Bolivia (site 7) and the
Department of Loreto, Peru (site 8, Fig. 1) pro-
vide a regional-scale perspective on genetic
structure found among sites 1-6. Sites 7 and 8
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FIGURE 1. Sample localities at two geographic scales in western Amazonia. Sites 1-8 were sampled for all
five taxa. Sites 1-6 are the local-level study sites; sites 7 and 8 provide a regional perspective to genetic structure,
as they lie in a different avian area of endemism from sites 1-6 (see text). The inset is of the Serranfa de
Huanchaca region of the Department of Santa Cruz, Bolivia. Sites 1-3 lic in forest fragments on top of this
plateau, sites 4-6 lie in continuous forest below the plateau. Exact locations are: Site 1, 21 km SE of Catarata
Arco Iris (13°55'S, 60°45'W); Site 2, 25 km S of Catarata Arco Iris (13°55'S, 60°45'W); Site 3, ca. 45 km E
of the town of Florida (14°34'S, 60°40'W); Site 4, west bank of the Rio Paucerna, 4 km upstream from its
confluence with the Rio Itenez (13°43'S, 61°11'W); Site 5, Piso Firme (13°35’S, 60°55'W); Site 6, Los Fierros,
30 km E Aserradero Moira (14°25'S, 61°10'W); Site 7, BOLIVIA, Depto. Pando; ca. 12 km by road S Cobija,
ca. 8 km W on road to Mucden (11°9’'S, 68°58'W); Site 8, PERU, Depto. Ucuyali; ca. 65 km ENE Pucallpa,
(8°8'S, 74°2'W). Additional data on these sites can be found in Bates et al. (1991, 1992), O’Neill et al. (1991),
and Parker and Remsen (1987).

occur within Cracraft’s (1985) South Amazon or
Inambari area of endemism, whereas sites 1-6
lie on the western edge of the Rond6nia area of
endemism. Although there is forest connecting
these two centers today, they are hypothesized
to have been separated possibly during Pleisto-
cene and earlier (Haffer 1993, Rasédsinen et al.
1995).

STUDY TAXA

The species studied are common, widespread in-
habitants of the Amazonian forest understory.
These species are thought to maintain year-
round territories on the study sites as they do in
other parts of Amazonia (Terborgh et al. 1990)
and to have low levels of dispersal relative to
migratory temperate passerine birds. They rep-
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resent three major families of Neotropical su-
boscines (order Passeriformes). Glyphorynchus
spirurus, the Wedge-billed Woodcreeper (Den-
drocolaptidae), occurs in lowland forests from
southern Mexico to the southern edge of the
Amazon basin (all ranges from Peters 1951 or
Traylor 1979). Hylophylax poecilinota, the
Scale-backed Antbird, and Hypocnemis canta-
tor, the Warbling Antbird (both Thamnophili-
dae), both range throughout the Amazon basin.
Myrmeciza hemimelaena, the Chestnut-tailed
Antbird (Thamnophilidae), ranges throughout
southern Amazonia and north to southern Co-
lombia on the western edge of the Amazon ba-
sin. Leptopogon amaurocephalus, the Sepia-
capped Flycatcher (Tyrannidae), occurs from
Mexico to Argentina. In Amazonia, the species
is locally distributed along the eastern base of
the Andes, spreading out across the southern
part of the basin to the Rio Tapajos in central
Brazil. There is recognized morphologic varia-
tion (described subspecies) in several of the
taxa, corresponding to the Inambari and Ron-
do6nia areas of endemism (see above). For G.
spirurus, H. cantator, and L. amaurocephalus,
samples from sites 1-6 are representative of one
subspecies, and populations from sites 7 and 8
represent another subspecies. In M. hemimelae-
na, morphologic variation suggests a possible
cline (M. L. Isler, pers. comm.) between the two
groups of sites (1-6, 7 and 8), and H. poecili-
nota populations are considered morphologically
undifferentiated between the two sets of sites.

ALLOZYMES AND DATA ANALYSIS

Adult individuals of all species were captured in
mist nets and prepared as study skins or skeletal
specimens (deposited in the Louisiana State Uni-
versity Museum of Natural Science, LSUMNS).
Samples of heart, liver, and breast muscle col-
lected from each specimen were preserved in
liquid nitrogen (—196°C) less than 30 min after
death. Once transported to the LSUMNS, sam-
ples were stored in an ultracold freezer at —70°C
until prepared for biochemical analysis.

For allozymic analysis, homogenates of each
sample were prepared combining subsamples of
each tissue type. The majority of each tissue was
saved for extraction of mitochondrial DNA
(Bates 1993). Methods for starch gel electropho-
resis followed those of Richardson et al. (1986)
and Murphy et al. (1990). The buffer systems
employed were Amine-citrate, Tris-citrate (pH
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8.0), lithium hydroxide, and Poulik (following
Murphy et al. 1990). The computer program
BIOSYS-1 (Swofford and Selander 1981) was
used to calculate allele frequencies, heterozy-
gosity values, departures from Hardy-Weinberg
equilibrium, Nei’s (1978) and Rogers’ (1972)
genetic distances (D), and to construct UPGMA
phenograms from matrices of Rogers’ D (genet-
ic distance matrices, tables of gene frequencies
and UPGMA trees are available from the author
or from The Field Museum archives). The de-
gree of genetic population structure was esti-
mated by computing Wright’s (1978) Fg, using
a computer program written by G. E Barrow-
clough, which corrects for sampling bias due to
finite sample size. I also used this program to
calculate hierarchical Fgy; values. Populations
were grouped for these analyses into samples
from isolated fragments (sites 1--3), continuous
forest (sites 4—6), fragments and nearby contin-
uous forest (sites 1-6), and across broad geo-
graphic distances (sites 1-8).

I tested for concordance between geographic
distance and Rogers’ D using Mantel’s (1967)
test in the computer program NTSYS-pc, ver-
sion 1.40 (Rohlf 1988). This was done by com-
paring matrices of Rogers’ (1972) D for all five
species with matrices of straight-line geographic
distances between sites (Gabriel networks; Ga-
briel and Sokal 1969). Because gallery forests
may persist along streams as cerrado habitat ex-
pands, gallery forests could have served as cor-
ridors for avian dispersal between fragments and
forest. Thus, the most recent gallery forest con-
nection between forest fragments and continu-
ous forest sites has probably not been a straight-
line connection. To account for this possibility,
I constructed a second geographic distance ma-
trix considering stream drainages as connections
between sites. To take into account multiple
comparisons of matrices, I used corrected prob-
ability values by dividing the original probabil-
ity value by the number of comparisons (Doug-
las and Endler 1982). In the case of the regional-
scale geographic analysis, the cotrected proba-
bility value was 0.05/7 or 0.007, corresponding
to a t-value of 2.58. The probability values for
the local geographic level also were adjusted ac-
cordingly (for both H. cantator and L. amauro-
cephalus, the number of comparisons possible
for these species at the regional and local geo-
graphic levels was six and four, respectively).
Finally, Mantel’s tests were used to compare ge-
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netic distance matrices between the five species
at the local geographic level (sites 1-6).

Estimating gene flow. 1 estimated gene flow
(Vm) using private alleles (Slatkin 1985). Values
of p(l), the conditional average frequency of pri-
vate alleles at each site, were determined from
tables of allele frequencies. I used equation (14)
of Slatkin and Barton (1989):

log,o [P(D] = alog,o(Nm,) + b

where a = —0.49 and b = —0.95 when the num-
ber of individuals sampled is 10, and solved the
equation for Nm,;. Because values for ¢ and b
were determined based on simulations with a
sample size of 10, Nm,, was adjusted so that
Nm., = (10/N,,)Nm,;, where N, is the mean
sample size per site. To avoid potential biases in
estimates of Nm due to small sample sizes, 1
included only sites represented by six or more
individuals. Following Slatkin (1985), I per-
formed a “‘jackknife” procedure for each spe-
cies in which single populations were sequen-
tially removed and Nm calculated from the re-
maining populations. This permits assessment of
the contribution each population sample makes
to the overall estimate of Nm, and identifies pop-
ulations that make a disproportional contribution
to the overall estimate of Nm.

RESULTS
NUMBERS OF LOCI AND SAMPLE SIZES
I collected allozyme data for 23-30 presumptive
loci for most individuals of all species (tables of
allele frequencies available from the author or
from The Field Museum archives). For the three
species in which only 23-25 loci were scored,
at least 5 additional loci were examined for a
portion of the sample (generally 25 individuals);
although in these cases, all individuals surveyed
were monomorphic, I did not include these other
loci in analyses. I excluded one locus from anal-
yses of two species (LA-2 for Myrmeciza hem-
imelaena and for Glyphorynchus spirurus) be-
cause scoring of individuals was inconsistent.
Sample sizes at sites varied (Table 1), and in
two species, no samples were collected at one
site. Hypocnemis cantator did not occur at site
3 (see below), and Leptopogon amaurocephalus
was recorded at site 6 (Bates et al. 1991), but
not collected.

OVERALL ALLOZYMIC VARIATION

Heterozygosity varied among species (all indi-
viduals in a species pooled), from 11.1 = 4.3 in

G. spirurus to 2.7 * 1.9 in H. cantator (Table
1). The mean percentage of polymorphic loci
among sites 1-6 ranged from 16% and 17% for
H. cantator and M. hemimelaena, respectively
to 38% and 39% in G. spirurus and Hylophylax
poecilinota, respectively. Leptopogon amauro-
cephalus was intermediate with 30% of loci be-
ing polymorphic. As with heterozygosity and
percentage of polymorphic loci, values for the
mean number of alleles per locus were higher in
G. spirurus, H. poecilinota, and L. amauroce-
phalus than in M. hemimelaena and H. cantator
(Table 1).

ALLOZYMIC VARIATION AT THE LOCAL
GEOGRAPHIC SCALE

Levels of intraspecific allozymic variation at
study sites 1-6 were not consistent with predic-
tions for forest fragment populations relative to
continuous forest populations. Two of the three
standard measures of genetic variation (hetero-
zygosity and number of alleles per locus)
showed no reductions in the isolated populations
of the forest fragments (site 1-3, Table 1). In
fact, heterozygosity was often higher in the for-
est fragments than in continuous forest. The
third measure, the percentage of polymorphic
loci, was often lower than average in the three
forest fragment populations (particularly for site
3) relative to the continuous forest sites (Table
1). However, low percentages of polymorphic
loci for forest fragments were no lower than
those for some of the continuous forest popula-
tions of the same species.

HIERARCHICAL Fg; ANALYSES

Fyr values at the local level (sites 1-6) were
markedly lower than values at the regional level
(sites 1-8), and Fg; values calculated from less
inclusive groupings to assess the effects of forest
fragmentation at the local level were, with few
exceptions, lower still (Table 2). For H. poeci-
linota, the Fg; value for forest fragments (sites
1-3) was higher than the Fg; value for contin-
uous forest sites (sites 4—6, Table 2), a result
consistent with forest fragmentation leading to
increased genetic isolation of populations. For L.
amaurocephalus, the Fgy value for the forest
fragments was slightly higher than that for con-
tinuous forest sites. However, in the other three
species, Fy; values for forest fragments were not
higher than Fg; values for continuous forest
sites. In G. spirurus, for example, the Fg; value
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TABLE 2. Hierarchical F; values (+ SE), corrected for small sample size, calculated across several geographic
levels. Gs = G. spirurus, Hc = H. cantator, Mh = M. hemimelaena, Hp = H. poecilinota, La = L. amauro-

cephalus.

Gs Hce

Mh Hp La

Sites 1-8 0.141 = 0.037
Sites 1-6 (Huanchaca region) 0.053 = 0.017

0.238 = 0.068% 0.211 + 0.078 0.177 = 0.048
0.050 = 0.017° 0.090 = 0.043 0.058 = 0.015

0.056 = 0.016°
0.032 = 0.014°

Sites 1, 2,3, 5 0.022 = 0.010 0.031 = 0.016 0.080 = 0.051 0.062 = 0.016 0.035 + 0.018
Sites 1-3 (fragments) 0.021 = 0.013 0.022 £ 0.012¢ 0.086 = 0.054 0.054 £ 0.019 0.019 % 0.009
Sites 4—6 (forest) 0.047 = 0.017 0.020 = 0.016 0.084 = 0.047 0.029 *= 0.014 0.012 = 0.006°

4 Only seven sites sampled.
b Only five sites sampled.
¢ Only two sites sampled.

for the three continuous forest sites is almost
twice the value for forest fragments.

At the regional scale (sites 1-8), Fg; values
ranged from 0.238 in H. cantator to 0.056 in L.
amaurocephalus (Table 2). Values for the other
three species exceeded 0.140, suggesting sub-
stantial differentiation at the regional level,
which can be attributed primarily to allele fre-
quency shifts between populations from the
Rondonian region (sites 1-6) and sites from the
Inambari region (sites 7 and 8). In H. cantator
for instance, large frequency shifts occur be-
tween populations from sites 1-6 and those from
sites 7 and 8 at GOT-1, PGM-2, and SOD-1. The

TABLE 3. t-values from Mantel tests of matrices of
Rogers’ (1972) genetic distances and geographic dis-
tances (km) between sites. Correlation coefficients are
given in parentheses. The matrices compared are avail-
able from the author. Comparisons at the local scale
were made using a Gabriel network of straight-line
geographic distances between sites, and by measuring
the distance between sites based on connections along
streams. For the streamside matrix, birds are assumed
to use streamside vegetation as corridors for movement
between sites, rather than straight-line paths.

Local scale
Regional  Gabriel Streamside
scale network  corridors
Species (sites 1-8) (sites 1-6) (sites 1-6)
G. spirurus 2.90** 0.85 —-1.00
(0.83) 0.26) (—0.33)
H. cantator 3.46%* -2 11 —1.93b
0.90) (-0.64) (—0.443)
M. hemimelaena 3.14%*  —1.037 —0.90
(0.82) (—-0.313) (-0.29)
H. poecilinota 2.79%* 0.31 —0.61
(0.79) 0.08) (—0.17)
L. amaurocephalus  0.47* —1.23% —0.320
(0.10) 0.11) (=0.07)

4 Only seven comparisons possible.
b Only five comparisons possible.
** P < 0.006.

population at site 8 is apparently fixed for a
unique allele at GOT-1. In M. hemimelaena, the
samples from sites 7 and 8 are fixed for an allele
(“B”’) at GPI that appears at a frequency of
0.008 at sites 1-6 (once in the 114 alleles sur-
veyed). Glyphorynchus spirurus populations
from sites 7 and 8 exhibit a substantial frequen-
cy shift in alleles at LA-1 from those occurring
in populations from sites 1-6.

GENETIC DISTANCES

At the regional geographic scale (sites 1-8),
Mantel’s tests on Rogers’ (1972) genetic dis-

. tances resulted in significant 7-values (P < 0.01)

for four of the five species. Thus, there is a
strong correlation between genetic (Rogers’ D)
and Gabriel (straight-line) geographic distances
at this scale for all species except L. amauro-
cephalus (Table 3). When sites 1-6 were com-
pared alone, none of the five species showed sig-
nificant z-values, revealing no relationship be-
tween genetic distance and the straight-line geo-
graphic distances between sites (Table 3). The
Mantel’s tests comparing local-scale genetic dis-
tances and a geographic distance matrix that re-
flected corridors of riparian vegetation along
streams as possible routes of immigration and
emigration also resulted in no significant z-val-
ues for any of the five species. For the species,
Mantel’s tests were significant for 2 of 10 com-
parisons between pairs of matrices of Rogers’
(1972) D (between M. hemimelaena and H. can-
tator; and between H. poecilinota and L. amau-
rocephalus; Table 4).

In UPGMA phenograms of Rogers’ (1972) D
values (not shown), populations from sites 7 and
8 fall outside populations from the Huanchaca
region (sites 1-6) for all species except L. amau-
rocephalus. In L. amaurocephalus, some popu-
lations from the Huanchaca region (sites 1-6)
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TABLE 4. t-values from Mantel tests for matrix comparisons of Rogers’ (1972) genetic distances from sites in
the Serrania de Huanchaca region (sites 1-6). Correlation coefficients are given in parentheses. The matrices
compared are available from the author. Gs = Glyphorynchus spirurus, Hc = Hypocnemis cantator, Mh =

Myrmeciza hemimelaena, Hp = Hylophylax poecilinota,

La = Leptopogon amaurocephalus.

Gs Hc Mh Hp La
H. cantator? 0.41 (0.14) —
M. hemimelaena 0.42 (0.16) 1.96** —
(0.64)
H. poecilinota 1.55 (0.44) 0.80 0.07 —
(0.22) (0.02)
L. amaurocephalus® —0.27 (-0.07) —1.57 (—0.56) —0.55(-0.13) 2.12%* (0.57) —
2 Only five comparisons possible for these species.
** p < 0.006.
appear phenetically closer to populations from DISCUSSION

sites 7 and 8 than they are to other sites of the
Huanchaca. At the local geographic level, we
would expect to see continuous forest sites clus-
ter together relative to the forest fragments if
forest fragmentation leads to increased differ-
entiation in forest fragments. This occurs only
in H. cantator, but not in the other species. For
H. cantator and M. hemimelaena, whose dis-
tance matrices were significantly correlated us-
ing Mantel’s test (Table 4), it appears from the
phenograms that the significant Mantel’s test is
due primarily to site 1 being the most divergent
of the five sites for which data are available for
both taxa. A clear explanation of the other sig-
nificant between-species Mantel’s test, between
H. poecilinota and L. amaurocephalus (Table 4),
does not emerge from an examination of their
respective phenograms (not shown) which are
incongruent.

ESTIMATES OF DISPERSAL USING PRIVATE
ALLELES

Values of Nm,, for all five species (Table 5)
were less than 2.6 immigrants/generation. Jack-
knifed Nm,, values revealed a greater range of
values for Nm,,, demonstrating that some sam-
ples do have disproportionate effects. However,
only in G. spirurus and L. amaurocephalus did
any jackknifed values exceed 3.0. For H. can-
tator and M. hemimelaena, Nm., values were
less than 1.0. Private alleles for L. amauroce-
phalus were particularly numerous in forest
fragments, and this species had more private al-
leles overall (14) than the other species (G. spi-
rurus was next highest with 9).

OVERALL GENETIC VARIATION

Mean heterozygosity in birds has been estimated
to be 4.5-6.5% (Barrowclough 1983, Evans
1987). Two study species, Glyphorynchus spi-
rurus (11.1 * 4.3%) and Hylophylax poecilinota
(8.7 * 3.0%) had levels of mean heterozygosity
that were somewhat higher than this, whereas
heterozygosity for Hypocnemis cantator (2.7 =
1.9%) was low. Values for the other two species,
Myrmeciza hemimelaena (4.9 * 2.6%) and Lep-
topogon amaurocephalus (6.9 * 2.6%) were
typical. The percentage of polymorphic loci and
the number of alleles per locus showed similar
patterns, with G. spirurus, H. poecilinota, and L.
amaurocephalus exhibiting greater overall vari-
ation than H. cantator and M. hemimelaena (Ta-
ble 1). As with levels of heterozygosity, the
mean percentages of polymorphic loci at the lo-
cal level (sites 1-6) in G. spirurus (38%), H.
poecilinota (39%), and L. amaurocephalus
(30%) also were higher than the 22-24% aver-
age determined for birds (Corbin 1987, Evans
1987).

EFFECTS OF FOREST FRAGMENTATION ON
GENETIC STRUCTURE

I predicted that if gene flow was sufficiently low
among populations from forest fragments and
continuous forest relative to gene flow among
sites in continuous forest, then genetic variation
should be lost in the forest fragment populations
relative to the genetic variation in continuous
forest populations. In addition, increased genetic
differentiation also may have developed in forest
fragment populations. Although data sets for all
five species exhibit some aspects consistent with
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TABLE 5. Allozymic data, private alleles, and values of Nm,, based on the mean frequency of private alleles
[p(1)] for this study and for other studies of passerine birds conducted over local geographic areas. The equations
used are those appropriate to the mean sample size of the data set, following Slatkin and Barton (1989). Values
in parentheses for the study species give the lowest and highest Nm,, from a jackknife analysis in which each

population was sequentially removed (see text).

Mean Num- Num-
Num- Max. sample ber ber
ber distance size/ of loci of

of  between popu-

sur- private

Species (locality) sites sites (km) lation veyed alleles p(1) Ntteg Source
G. spirurus 5 200 106 24 9 0.071 2.53 This study
(2.00-4.51)
H. cantator 4 200 9.8 26 7 0124 0.88 This study
(0.83-1.73)
M. hemimelaena 6 200 106 30 6 0.173 0.39 This study
(0.13-1.68)
H. poecilinota 5 200 13.6 25 7 0.066 2.20 This study
(1.88-2.33)
L. amaurocephalus 5 200 73 23 14 0.089 2.21 This study
(2.06-3.05)
Sturnus vulgaris 6 550 49.7 24 7 0016 9.95 Ross 1983
(Great Britain)
Amphispiza belli navadensis 6*  ca.440 160 41 13 0.042 7.26 Johnson and
(eastern California/Nevada) Marten 1992
Passerella iliaca 6 175 16.8 14 3 0.041 4.64 Zink 1986
(eastern California)
Glyphorynchus spirurus 3 85 223 25 3 0182 0.24 Capparella 1987
(Peru)
Pithys albifrons (Peru) 3 85 13.0 31 2 0.042 5.71 Capparella 1987
Myrmoborus myotherinus 3 85 8.0 27 8  0.062 4.19 Capparella 1987
(Peru)
Pipra coronata (Peru) 3 85 30 31 3 0025 6.12 Capparella 1987

8 The six populations included are nos. 14—19 of Johnson and Marten (1992).

Number includes only variable loci.

genetic effects due to forest fragmentation,
shared patterns of decreased genetic variation
and increased genetic differentiation in forest
fragment populations were not observed. In ev-
ery analysis (measures of genetic variation, hi-
erarchical Fgy;, Mantel’s tests), one to several
species did not exhibit the predicted pattern, and
it was not always the same species that deviated
(Table 6).

In spite of a lack of a pattern common to all
species, aspects of these data sets that are con-
sistent with forest fragmentation affecting ge-
netic structure merit consideration because ““all-
or-none”’ predictions might be too strict. These
aspects include lower than average percentages
of polymorphic loci in the smallest forest frag-
ment (site 3) and increased genetic differentia-
tion among forest fragment populations relative
to continuous forest populations in some spe-
cies. I also mention the absence of H. cantator
from site 3 here, because this site is the one that

would be predicted to lose species first under
forest fragmentation models.

The percentage of polymorphic loci has been
shown theoretically (Nei et al. 1975) and empir-
ically (Leberg 1992) to be the most sensitive of
the three common measures of genetic variation
(heterozygosity and mean number of alleles per
locus are the other two) to population declines.
Percentages of polymorphic loci were lower in
site 3 samples than the averages for continuous
forest sites for three of the four species found
there (G. spirurus, M. hemimelaena, and L.
amaurocephalus, Tables 1 and 6). Site 3 is the
smallest forest fragment, and all things being
equal, these populations would be expected to
lose genetic variation more rapidly than those in
the larger fragments or continuous forest. How-
ever, in each of the three species, a population
from a continuous forest site also exhibited a
low percentage of polymorphic loci.

The absence of H. cantator from site 3 is
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TABLE 6. Summary of the agreement with predic-
tions concerning the genetic effects of forest fragmen-
tation for allozymic variation and differentiation in five
Amazonian forest birds from the Serrania de Huan-
chaca region (sites 1-6). Y = data for the species
match predictions, N = data do not match predictions.
Gs = G. spirurus, Hc = H. cantator, Mh = M. hem-
imelaena, Hp = H. poecilinota, La = L. amauroce-
phalus.

Gs Hc Mh Hp La

Genetic variation

Heterozygosity greater in for-

est fragments than in con-

tinuous forest N N N N N
Mean number of alleles per

locus greater in forest

fragments than in continu-

ous forest N N N N N
Percentage of polymorphic

loci greater in forest frag-

ments than in continuous

forest N N N N N
Percentage of polymorphic

loci at site 3 lower than

the mean value for contin-

uous forest sites Y Y* Y N Y

Genetic differentiation

Fgr values for forest frag-
ments greater than those
for continuous forest sites N N N Y N

Genetic distances for contin-
uous forest sites closer to
one another than to forest
fragment sites N Y N N N

Number of private alleles in
forest fragments greater
than in continuous forest
sites N N

Nm less than 3.0 Y Y

2 H. cantator did not occur at this site.

< Z
< Z
e

noteworthy, because this species favors treefalls,
light gaps, and forest edge more so than other
study species (Stotz and Bierregaard 1989).
These habitats were as plentiful at site 3 as at
other sites (pers. observ.). This species also is
one of a few forest birds that persists in 10-ha
man-made fragments near Manaus, Brazil
(Stouffer and Bierregaard 1995), and it was
common at the other five study sites in the Ser-
ranfa de Huanchaca region (Bates and Parker
1998). Furthermore, absence of H. cantator at
site 3 contrasted with the abundance of another
thamnophilid, Dysithamnus mentalis (Plain Ant-
vireo) at the site. Dysithamnus mentalis resem-
bles H. cantator in foraging ecology and mor-
phology (pers. observ.), and it was one of the
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most common understory species in the frag-
ment; yet, it was unrecorded in extensive sur-
veys at the other five sites (Bates and Parker
1998). It is possible that H. cantator has gone
extinct in the smallest forest fragment, although
there is no indication that this would be for ge-
netic reasons.

Different aspects of the data suggest increased
genetic differentiation in the forest fragments for
three of the species. The F¢; value calculated for
the three forest fragments in H. poecilinota is
higher than the value for continuous forest pop-
ulations (Table 2). This is also true in L. amau-
rocephalus, however, standard errors associated
with these values suggest that they are not dif-
ferent. Forest fragment populations in L. amau-
rocephalus also have a high number of private
alleles relative to those from the one continuous
forest site with enough individuals to use in the
estimations. This is also true in H. cantator. In
addition, branching patterns in the UPGMA
phenogram for H. cantator (not shown), show
the forest fragment populations to be more dif-
ferentiated from one another (basal) than contin-
uous forest populations. In spite of these obser-
vations, the allozymic data do not clearly sug-
gest that forest fragmentation has affected ge-
netic structure for any of the species.

GENETIC STRUCTURE WITHIN SEDENTARY
NEOTROPICAL TAXA

The second prediction was that genetic differ-
entiation in the species that I studied would be
greater than in comparable less sedentary tem-
perate zone taxa. Hackett and Rosenberg (1990)
summarized intraspecific genetic distance data
for allozyme studies of sedentary Neotropical
species and emphasized that these genetic dis-
tances were often greater than values reported
between congeneric species of temperate birds
(Barrowclough 1980). Mean Nei’s (1978) dis-
tance values between the Huanchaca sites (1-6)
and sites 7 and 8 are similar to intraspecific val-
ues for other Neotropical birds (Hackett and Ro-
senberg 1990). At this regional scale, all species
were not equally differentiated, as L. amauro-
cephalus exhibited much less differentiation
among sites than the other four species. This
species had the lowest Fg; value when sites 1-
8 were compared (Table 2), and it was the only
species that did not show a significant Mantel’s
test when genetic distances were compared to
geographic distances for sites 1-8 (Table 4). In
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addition, it was the only species in which pop-
ulation samples from sites 7 and 8 did not fall
outside the cluster of sites 1-6 in a UPGMA
phenogram (not shown). That L. amaurocephal-
us populations from the two areas of endemism
(Inambari and Rondo6nia) are much less differ-
entiated than are populations of the other study
species suggests that L. amaurocephalus popu-
lations may be connected through greater gene
flow between these sites. Alternatively, L. amau-
rocephalus may have spread across this region
more recently, and its populations have not had
time to differentiate. These allozyme results are
mirrored in mitochondrial DNA variation (Bates
1993).

GENETIC STRUCTURE AT THE LOCAL
GEOGRAPHIC LEVEL

My results also indicate substantial levels of ge-
netic differentiation among populations at the lo-
cal scale, even among sites in continuous forest.
Avian allozymic studies are not often conducted
at such scales, because most birds are thought
to be good dispersers, and levels of allozymic
divergence uncovered by many regional avian
studies have been low. Thus, detecting meaning-
ful allozymic structure at a local level in birds
appears unlikely.

In another region of the Amazon Basin, Cap-
parella (1987, 1988) demonstrated significant
genetic structure in five of six Amazonian birds
whose ranges were bisected by the Amazon Riv-
er or its tributary, the Napo River. He also pre-
sented data for five of these species from three
sites within 85 km of one another that were not
separated by a major river. Comparing my re-
sults to those of Capparella permits assessment
of local allozymic structure in Amazonian birds
from two different regions. Capparella reported
levels of heterozygosity and percentage of poly-
morphic loci similar to values published for oth-
er birds (Barrowclough 1983, Corbin 1987). In
my study, two species had higher than average
levels of overall genetic variation, and three spe-
cies had average or below average levels of var-
iation.

I found local-level Fg; values to indicate sub-
stantial allozymic differentiation even between
continuous forest sites (4—6). Fy values among
these sites ranged from 0.019 in L. amauroce-
phalus to 0.086 in M. hemimelaena (Table 2).
Capparella (1987) also reported local-level Fgp
values for five species that, with the exception

of the Black-faced Antbird (Myrmoborus myoth-
erinus, Fg; = 0.002), exceeded 0.01 and ranged
up to 0.098 in the Golden-headed Manakin (Pip-
ra erythrocephala). Capparella’s value for his
three population samples of G. spirurus (0.073)
exceeded the value (0.047) that I calculated for
sites 4—6 in this species. These values are com-
parable to those between different subspecies
and from sites hundreds of kilometers apart in
other avian studies (Barrowclough and Johnson
1988). From a subset of Hackett’s (1993) allo-
zyme data (her Table 1), I calculated Fg; values
for population samples of a subspecies of Bi-
colored Antbird (Gymnopithys leucaspis casta-
nea) collected at the same three Peruvian sites
Capparella studied. The F; value for these pop-
ulations also is high (0.291 *= 0.089). Thus, in
three different studies, Amazonian suboscines of
the forest understory exhibit high levels of ge-
netic differentiation, even over small geographic
distances. It is not yet known whether this level
of genetic differentiation also occurs in other
avian taxa in the Amazon such as non-passerines
and oscine passerines, or in other ecological
groups of birds such as canopy-inhabiting spe-
cies. High levels of differentiation are found in
Amazonian rodents (Patton et al. 1994),

ESTIMATED LEVELS OF GENE FLOW AT THE
LOCAL GEOGRAPHIC SCALE

Estimates of gene flow (Nm) in this study are
among the first for any Neotropical birds. Al-
though all samples used in the estimates are
from sites within 200 km of one another, Nm
was found to be less than 1.0 for H. cantator
and M. hemimelaena, and less than 3.0 in the
other three species (Table 5). These estimates are
low compared to Nm values reported in other
avian studies. For instance, Grant and Little
(1992) reported Nm (calculated from private al-
leles) to be 9.1 for Greywing Francolins (Fran-
colinus africanus) in a 60-km area, and Randi
and Alkon (1994) reported Nm values of 6-12
for Chukars (Alectoris chukar) from five sites in
Israel within a 300-km area. Local-level esti-
mates of Nm for other passerine birds are lack-
ing, but I calculated values for several species
from the literature (Table 5). These estimates of
Nm are, with one exception (G. spirurus from
Peru), also higher than values in my study.
Estimates of Nm greater than 1.0 have been
considered sufficient to maintain a panmictic
population (Franklin 1980, Slatkin 1985); how-
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ever, the generality of this value as a cutoff has
been questioned (Varvio et al. 1986, Wright
1987). Judging from Table 5 and from other al-
lozyme studies (Gavin et al. 1992, Johnson and
Marten 1992, Groth 1993), values based on pri-
vate alleles rarely are less than 3.0 in birds, even
when samples come from geographically distant
areas and from morphologically differentiated
populations. Thus, the values of Nm I observed
suggest gene flow at the local scale could be low
enough to permit differentiation of populations.

IMPLICATIONS OF GENETIC STRUCTURE IN
AMAZONIAN BIRDS

I found little support for the prediction that nat-
ural forest fragmentation affects genetic struc-
ture as measured by allozymes; however, all spe-
cies (with the possible exception of L. amauro-
cephalus) exhibited substantial levels of genetic
differentiation at both the regional and local
geographic levels relative to most birds. Mito-
chondrial DNA, which evolves at a faster rate
than allozymes, provides evidence that popula-
tions of three of the species (the three antbirds)
may indeed exhibit genetic effects related to the
forest fragmentation studied here (Bates 1993).

In addition to providing genetic information
within populations, Avise (1989) has suggested
that molecular data can be useful for conserva-
tion biology because they can identify ‘“‘phylo-
genetic discontinuities within and among spe-
cies.” Patterns of allozymic divergence at the
regional level are consistent with a genetic break
between the Rond6nian and Inambari regions for
four of the five species. This high level of dif-
ferentiation is seen in mitochondrial DNA data
for the same individuals (Bates 1993), and these
levels of divergence are as great as those found
between many morphologically differentiated
bird species. Substantiation of regional *“‘phylo-
genetic discontinuities” will require sampling
additional populations between those 1 studied;
however, my data are consistent with results for
other Amazonian species in which genetic dif-
ferentiation is much greater than that among
comparable populations of many other birds.
The sedentary nature of these birds may be the
primary reason for this structure; however, an
additional factor may be a relatively longer his-
tory in much of their present day distributions
(compared to temperate species, Dobzhansky
1950). From a conservation perspective, if the
high species diversity of tropical regions such as
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Amazonia is mirrored by levels of genetic struc-
ture similar to what I report, we may be under-
estimating the biotic richness of regions we al-
ready suspect are among the richest on earth.
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