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A Role for Ecotones in Generating
Rainforest Biodiversity

Thomas B. Smith,” Robert K. Wayne, Derek J. Girman,
Michael W. Bruford

Gene flow and morphological divergence were measured among 12 populations of a

common species of rainforest passerine. Po

pulations in the forest and the ecotone (the

transition zone between the African rainforest and savanna) are morphologically diver-
gent, despite high gene flow, and morphological differences between habitats are as
large as those found between related species. In contrast to past theories of rainforest
speciation, which emphasize geographic isolation, these results suggest that natural
selection may play an important role in generating rainforest biodiversity. Because
ecotone habitats may be a source of evolutionary novelty, greater attention should be
paid to their conservation in order to preserve the processes that may be important to

maintain rainforest diversity.

The exchange between populations of in-
dividuals who succeed in reproducing,
which is commonly called gene flow, is
widely viewed as a constraining force on
evolution by natural selection (1, 2). Con-
sequently, most theories of differentiation
and speciation have focused on isolated or
partially isolated small populations in
which founder effect, drift, inbreeding, and
selection interact to cause evolutionary
change that is free from the homogenizing
effects of gene flow (3). Frequently, selec-
tion is implicitly assumed to be too weak to
cause appreciable morphological change,
given modest rates of immigration [but see
(2, 4)]. However, few studies have estimat-
ed levels of gene flow and divergent selec-
tion simultaneously (2). The vast transition
zone or ecotone between the African rain-
forest and savanna, which is often greater
than 1000 km wide (5), offers a unique
model system to test ideas about the influ-
ence of selection on phenotypic divergence.
Populations existing in forest patches in
ecotones should experience divergent selec-
tion relative to central rainforest popula-
tions because these regions have smaller
amounts of rainfall and experience greater
annual fluctuations in environmental vari-
ables (6). For many rainforest bird species,
food quality and habitat structure in eco-
tones differ dramatically from those in the
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central forest (7, 8), which suggests that
selection might explain the widespread
occurrence of phenotypically unique eco-
tone populations and races (8—10). How-
ever, phenotypic divergence in ecotones
may have a variety of causes. If ecotone
forests have been genetically isolated,
phylogenetic history, founder effect, ge-
netic drift, and inbreeding could have
contributed substantially to the observed
pattern of divergence. In contrast, if gene
flow has been high—in excess of a few
migrants per generation (I)—then selec-
tion is strongly implicated as the cause of
phenotypic divergence.

We examined morphologic and genetic
divergence between six ecotone and six
central rainforest populations of the little
greenbul (Andropadus virens) (Fig. 1) (11).
We measured divergence in five morpho-
logic characters (Table 1) that have been
shown to have high heritability in birds
(12) and that have a close correlation with
feeding ecology, flight performance, and fit-
ness (7, 13). Genetic exchange within and
between regions was based on allele fre-
quencies of eight microsatellite loci and was
expressed as the parameter Nm, the number
of migrants per generation (Fig. 2). The
central forest and ecotone populations dif-
fer significantly in four of five morphologi-
cal characters (Table 1), whereas only one
trait differed significantly between the eco-
tone sites and two traits differed significant-
ly between the forest sites. The larger values
of wing length in ecotone forests are con-
sistent with the need for greater aerody-
namic efficiency in more open habitats be-
cause of increased vulnerability to aerial
predators (14). Similarly, the larger values
of bill depth are likely to reflect differences
in the feeding performance and relative fit-
ness of ecotone phenotypes (7). Upper
mandible length does not differ significant-

ly between forest and ecotone sites, which
suggests that body size differences alone do
not explain the larger values of wing length
and bill depth in ecotones.

Large values of morphologic divergence
may reflect selection, phylogenetic history,
genetic drift, founder effect, or inbreeding in
physically isolated ecotones or a combina-
tion of these factors. To address this, we
compared pairwise values of multidimen-
sional morphologic distance with pairwise
values of Nm. Assuming an island model of
migration, Nm can be related to F_, the
correlation between random gametes within
a population relative to gametes of the total
population, as 1/(1 + 4Nm) (15). We cal-
culated pairwise values of G, an extension
of F for multiple loci with multiple alleles
(16). We computed morphologic divergence
as the multidimensional Euclidean distance
between population means of normalized
measurements of five characters (Table 1).
Values of Nm were large among all popula-
tions, generally between one and eight mi-
grants per generation (Fig. 2). Multivariate
morphological divergence between ecotone
and forest populations was three to five times
greater than that between ecotone-ecotone
or forest-forest populations when gene flow
was low (Nm < two migrants per genera-
tion) but decreased to a similar value when
gene flow was high (Nm > seven migrants
per generation). The correlation between
Nm and morphologic divergence (Fig. 2) is
significant for ecotone-forest populations
(r = —0.58 and P < 0.004 for Mantel’s test),
with the regression line y = —0.22x + 4.08,
but is nonsignificant for forest-forest or eco-
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Fig. 1. Map of Cameroon showing the ecotone
and forest habitats (27) and the locations of the 12
sampling sites (77). Ecotone populations are
those existing in forest patches embedded in sa-
vanna habitats. Forest populations are those ex-
isting in the contiguous rainforest. The sampling
sites in the contiguous forest were at least 10 km
from major roads or large human settlements; the
sampling sites in the ecotone consisted of patch-
es of rainforest surrounded by savanna. These
often, but not exclusively, consisted of gallery
forests.
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tone-ecotone comparisons (r = 0.02 and
0.04, respectively, and P > 0.10 for Mantel’s
test). These data show that some ecotone
populations are highly divergent morpholog-
ically despite substantial gene flow between
them and populations in the central rainfor-
est (Fig. 2). Because morphologic divergence
and gene flow are significantly correlated
only in ecotone-forest comparisons, where
environmental variables differ, natural selec-
tion is likely the primary factor causing phe-
notypic divergence (I, 2). If drift were re-
sponsible for morphological divergence,
within-habitat comparisons would show an
amount of morphological divergence per
unit of gene flow that was similar to that
seen in between-habitat comparisons, which
is not the case. Furthermore, if genotype-
environment interactions were responsible
for morphological divergence, all ecotone-
forest comparisons would show a similar de-
gree of morphological divergence regardless
of gene flow. Finally, geographic distance
and gene flow are not significantly correlated
in ecotone-ecotone, forest-ecotone, and for-
est-forest comparisons, which indicates an
absence of isolation by distance. A corre-
lation between the two variables would be
expected if limited dispersal and drift were
important causes of differentiation. Addi-
tionally, the finding of low values of mor-
phologic divergence in ecotone-ecotone
and forest-forest comparisons, despite a
wide range in the values of Nm, suggests
uniformity in the intensity and direction-
ality of selection within ecotone and forest
habitats.

Because rates of gene flow based on mi-
crosatellite data may be higher because of
the influence of high mutation rates and the
parallel evolution of same-size alleles (17),
we also calculated Nm on the basis of a
limited study of mitochondrial control re-
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gion sequences. We assessed variability in
293 base pairs of region 1 of the avian
control region using published primers
LGL2 and H417 (18). We sampled a total
of 64 individuals from three ecotone and
four central rainforest populations (in-
cluding Wakwa, Bétaré Oya, Tibati,
Ndibi, Nkwouak, Zoebefame, and Kribi)
(see Fig. 1). Results indicate high gene
flow between populations; the average
pairwise value of Nm was 1.1 migrants per
generation, which is less than the value of
5.1 based on microsatellite data but of the
same magnitude. Moreover, the sequence
divergence between populations was low
but genotype diversity was high, suggest-
ing recent population expansion. We
found 25 sequences in 64 individuals; the
average sequence divergence between for-
est localities was 1.1%, between forest and
ecotone localities it was 0.95%, and be-
tween ecotone localities it was 0.82%.
Laboratory experiments involving Dro-
sophila have shown that intense directional
selection on morphologic traits in the pres-
ence of gene flow often results in prezygotic
isolation (4). These studies support the di-
vergence-with-gene-flow model of specia-
tion, which asserts that divergent selection,
through linkage between reproductive traits
and those traits under selection, results in
speciation (4). Although we do not demon-
strate evidence of reproductive isolation be-
tween populations of A. wvirens, the magni-
tude of morphological differences between
ecotone and forest populations is as large as
that found between sympatric congeneric
species (Fig. 3) (19). Consequently, our
data support a central component of the
divergence-with-gene-flow model of specia-
tion by suggesting that despite large
amounts of gene flow, selection is suffi-
ciently intense to cause morphologic differ-

ences similar to those separating reproduc-
tively isolated species. The divergence-
with-gene-flow model of speciation pre-
dicts, using the same logic that has been
used for classical allopatric speciation, that
such persistent divergent selection may lead
to reproductive isolation, but here the se-
lective differences accelerate the process.
In conclusion, we suggest that ecotones,
when geographically large, are habitats in
which populations may diverge from their
rainforest counterparts. The generality of
our results is supported by patterns of mor-
phological divergence documented for
many avian species, showing that major
contact zones between species and subspe-
cies are concentrated in ecotones (8—10),
and it supports previous assertions that eco-
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Fig. 2. The relation between Nm and multivariate
morphologic divergence. Open circles represent
pairwise comparisons between populations in for-
est patches occurring in the ecotones and contig-
uous forest populations, solid triangles represent
populations occurring in the forest patches within
the ecotone, and solid squares represent popula-
tions occurring in the contiguous rainforest (see
Fig. 1; sites 2 and 12 were excluded because of
low sample sizes).
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Table 1. Character sizes of adult A. virens from forest and ecotone sites in Cameroon. Characters that s © TEP/GRA
differ significantly between forest sites include weight and wing length (P < 0.01, multivariate analysis of 238 L
variance); between ecotone sites, only tarsus length differs significantly (P < 0.001). All measurements {'3’ GRIEPICURe S ANSILAT
were taken by Thomas B. Smith with dial calipers except mass, which was measured with a 50-g Pesola £ 5 L
spring scale. The measurements were taken as follows: wing length, from the carpal joint to the tip of the § o CURILAT
longest primary; tarsus length, from the tibiotarsal joint to the distal undivided scute; upper mandible o ©MON/TEP MON/ANS ®
length, the chord length from the point where the culmen enters the feathers of the head to the tip; bil g 4L @ VIR ECOVIR FOR ®MON/GRA
depth, in the vertical plane level at the anterior edge of the nares. Juveniles that were distinguishable g
from adults on the basis of their yellow gape were excluded; however, because males and females are E MONILAT® @ 1ON/CUR
indistinguishable, the sexes were combined for analysis. S 2 L eeRLATe ®ansicuR
c
8 © GRA/ANS
Forest Ecotone g o ' ' Y !
Character df F P 6 5 10 15 20 25
n Mean = SE n Mean + SE Percent difference in mass (g)
Weight (g) 45  224+0399 60 2480335 102 219 <0.001 E;?'W‘";'eﬁ'gye;fggﬁfc'chwn'ggggﬂft;‘paeg?eg %?22?,28
Wing length (mm) 45 70.9 = 0.453 61 76.8 = 0.468 102 84.57  <0.001 padus gracilis (GRA), A. ansorgei (ANS), A. cur-
Tarsus length (mm) 45 19.2 = 0.126 61 20.2 = 0.112 102 31.19  <0.001 rostris (CUR), A. fatirostris (LAT), A. montanus
Upper mandible 45 121=0121 61  11.9=0121 102 126 02656 oonS o o
length (mm) (MON), A. tephro/aemus (TEP), and the ecotone
Bill depth (mm) 44 42+0087 61 4320038 102 631 0014 @and forest populations of A virens (VIRECO/
Multivariate Wik's 99 20.53 <0.001 VIRFOR). Character means for A. virens are from
lambda Table 1, and those for the other species are from
(22); all are for adults, with the sexes combined.
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tones are potentially important regions of
differentiation and speciation that conceiv-
ably may enrich the biodiversity of tropical
rainforests (9). Three observations lead to
this conclusion. First, as we have shown for
the little greenbul, divergent selection rath-
er than drift or other factors has most likely
caused morphologic differentiation in eco-
tone populations. Second, the magnitude of
divergence in fitness-related characters is
similar to that found between reproductive-
ly isolated species, which suggests that se-
lection differences are large between eco-
tone and forest habitats. Third, laboratory
experiments suggest that such divergent se-
lection may sometimes lead to reproductive
divergence. Our results suggest that eco-
tones may be integral to the production and
maintenance of biodiversity in tropical
rainforests. This contrasts with past theories
of rainforest speciation that have focused
on within-rainforest vicariance mechanisms
(20). Currently, because ecotones may ex-
hibit less species richness than central rain-
forest habitats, comparatively less attention
is paid to conserving them. If further re-
search supports the role of ecotones as cen-
ters for speciation, their dynamics will need
to be preserved so that rainforest biodiver-
sity can be sustained and replenished.
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Macrophages as a Source of HIV During
Opportunistic Infections

Jan M. Orenstein,” Cecil Fox, Sharon M. Wahl

The source of increasing viremia that characterizes the latter stages of human immu-
nodeficiency virus (HIV) disease has remained a paradox because it occurs at a time
when lymphoid tissue is quantitatively and qualitatively impaired, and the patients’ CD4
T lymphocytes are steadily declining. Here, macrophages, both infected and uninfected
with common opportunistic pathogens of HIV disease such as Mycobacterium avium
complex and Pneumocystis carinii, were identified as highly productive sources of HIV in
coinfected lymph nodes. These observations indicate that tissue macrophages are not
only infected with HIV, but that common pathogens of HIV disease can dramatically
increase their production of virus. Thus, prevention or successful treatment of op-
portunistic coinfections, or both, potentially benefits the patient twofold by limiting the
pathology caused by opportunistic infection and by controlling induction of HIV

replication.

Opportunistic infections (Ols) and rising
levels of circulating human immunodefi-
ciency virus—type 1 (HIV-1) are hallmarks
of progressing HIV-1 disease (). After in-
fection with HIV-1, a variably paced loss of
CD4 T lymphocytes leads to immunodefi-
ciency and increasing susceptibility to a
broad range of opportunistic viral, bacterial,
fungal, and protozoal pathogens. A direct
correlation between Ols and HIV-1 expres-
sion in vitro is paralleled by emerging in
vivo evidence (2). Infections with common
opportunistic pathogens, such as herpesvi-
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rus type-1, Mycobacterium avium complex,
and M. tuberculosis are accompanied by
mostly reversible increases in HIV-1 vire-
mia (2—4). Bacterial pneumonia, an in-
creasing cause of morbidity and mortality in
HIV-1 infection, is also associated with in-
creased circulating HIV-1 (5).

The source of the increased circulating
HIV-1 has remained a puzzle because pro-
gression of HIV-1 disease is also charac-
terized by involution of lymphoid tissue.
Lymph nodes characteristically display
progressive loss of germinal centers, leav-
ing little if any remaining follicular den-
dritic cell-associated virus and only scat-
tered productively infected CD4" lym-
phocytes. The role of the long-lived, mo-
bile phagocyte as a source of virus during

IV-1 disease has been considered mini-
mal, as few if any productively infected
cells expressing monocyte/macrophage
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