of estrogenic agents on reproduction may be
misleading and could mask our appreciation of
how global exposure to estrogenic xenobiotics
threatens wildlife, domestic animals, and our
own species.
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Rapid Infection of Oral
Mucosal-Associated Lymphoid
Tissue with Simian
Immunodeficiency Virus

Christiane Stahl-Hennig,’ Ralph M. Steinman,?
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The early events during infection with an immunodeficiency virus were followed
by application of pathogenic simian immunodeficiency virus atraumatically to
the tonsils of macaques. Analyses by virologic assays and in situ hybridization
revealed that the infection started locally in the tonsils, a mucosal-associated
lymphoid organ, and quickly spread to other lymphoid tissues. At day 3, there
were few infected cells, but then the number increased rapidly, reaching a high
plateau between days 4 and 7. The infection was not detected in the dendritic
cell-rich squamous epithelium to which the virus was applied; instead, it was
primarily in CD4™ tonsillar T cells, close to the specialized antigen-transporting
epithelium of the tonsillar crypts. Transport of the virus and immune-activating
stimuli across this epithelium would allow mucosal lymphoid tissue to function
in the atraumatic transmission of immunodeficiency viruses.

Virologic and immunologic events during the
initial period of human immunodeficiency vi-
rus—type 1 (HIV-1) infection have important
consequences for vaccine design and the even-
tual clinical course (/, 2). The level of virus or
set-point that develops after acute infection cor-
relates with the rapidity with which the disease
develops and acquired immunodeficiency syn-
drome (AIDS) appears (3). To observe early
events during the transmission of an immuno-
deficiency virus, and to establish the role of
mucosal-associated lymphoid tissue (MALT) at
body surfaces, we applied simian immunodefi-
ciency virus (SIV) directly to the surface of the
tonsils in macaques. We then followed the ki-
netics of virus multiplication and spread within
and from a single lymphoid organ.

'German Primate Center, 37077 Gottingen, Germany.
2Laboratory for Cellular Physiology and Immunology,
Rockefeller University, New York, NY 10021-6399,
USA. 3Bernhard Nocht Institute for Tropical Medicine,
20359 Hamburg, Germany.

This experimental design also provided in-
formation on the relative roles of two types of
tissue in the early replication of virus. One
tissue is the stratified squamous epithelium that
overlies the tonsils. It is rich in dendritic cells
(DCs) and comparable to the lining of the va-
gina and anus, tissues that are implicated in
genital transmission of HIV-1. The other tissue
is the lymphoid component of the tonsil and is
comparable to MALT found in the rectum. A
critical feature of MALT is a specialized epi-
thelial covering that contacts the underlying
lymphoid tissue and contains membranous or
microfold “M” cells. Antigens, including viri-
ons (4, 5), are transported through M cells
without the need for trauma or inflammation
(6-9). Beneath the epithelium lie numerous
DCs (10, 11), which are important for capturing
antigens and initiating T cell-mediated immu-
nity (12). There are many observations in tissue
culture indicating that DCs contribute to the
capture of HIV-1 and SIV and subsequent
transmission to T cells (/3-17).
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Fig. 2. Cell-associated viral load in various
lymphoid organs and blood in rhesus ma-
caques (A) at different time points after
tonsillar SIVmac251 infection or (B) at one
time point after iv infection. Mononuclear
cells were prepared by forcing the organs
through nylon sieves, and their viral load
was determined as described in Fig. 1. The
absence of a bar means that no virus was
detected; nd means the organ was not ob-
tained; ne means the culture could not be
evaluated because of contamination; dpi,
days post infection; Ln, lymph node; tons,
tonsil; cervic, cervical; occip, occipital; ret-
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in which the end point was not reached because of poor cell yield.
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We first administered pathogenic SIV-
mac251 to juvenile or adult rhesus monkeys
of either sex, by intravenous (iv) and tonsillar
routes (/8). For the latter, 200 to 3000 infec-
tious units were applied directly to the pala-
tine and lingual tonsils. To avoid trauma, we
touched the tonsils lightly with a cotton-wool
swab soaked with culture medium containing
cell-free virus (/9). Thereafter, the infection
was monitored in the blood (Fig. 1). Using
limiting dilution assays (20), we detected in-
fectious virus in peripheral blood mononu-
clear cells (PBMCs) of all animals within 1
week, and titres peaked at 3 to 4 weeks (Fig.
1A). SIV levels then fell but persisted for
more than a year (Fig. 1A). SIV antigen was
detected in the blood of all animals with
varying persistence over time (Fig. 1B). SIV-
specific antibodies appeared by week 3 after
infection in all monkeys (217), and the number
of CD4™ T cells fell shortly after the acute
stage of infection (Fig. 1C).

In the next experiment, two animals each
were monitored at days 2, 3, and 4, and one
animal at days 7 and 23. At each time point,
the animals were euthanized and lymphoid
tissues were taken for virology and histology
examination. Infectious virus at a very low
level was already detectable in the palatine
tonsil at day 2 in one of two animals. By day
3, virus was detectable in the tonsil in both

NA
day 23

day 7

day 4

day 3 Olingual tonsil

Wpalatine tonsil
day 2

0 5 10 15

day 23

DOspleen

Msubmandibular node

|

day 3 DO mesenteric node
Maxillary node
day 2
0 i 2 3 4 5

Number of RNA positive cells/mm?

Fig. 3. Summary of the number of infected cells
per square millimeter of section, according to in
situ hybridization of the indicated lymphoid
tissues, for all animals infected by the tonsillar
route. The absence of a bar means that no
infected cells were seen, for example, at day 2
in tonsils. NA, not available.

20 AUGUST 1999 VOL 285 SCIENCE www.sciencemag.org



animals and reached plateau levels on day 4
and 7 (Fig. 2A). Virus was detected in
PBMC:s in one of two animals at day 3 and in
both at day 4, but the titres of SIV were much
less than those seen in the tonsil at day 7 (Fig.
2A). Among the lymphoid tissues we exam-
ined, the submandibular and retropharyngeal
nodes that drain the tonsil had the most rapid
infection (Fig. 2A). By day 3-4, virus had
spread to the spleen and distal lymph nodes
(mesenteric, axillary), but replication was
slow at these time points. By day 23, virus
titres in distal lymphoid tissues reached the
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levels found in tonsils at day 4-7 (Fig. 2A).
Therefore, SIV infection was beginning lo-
cally in the tonsils and then spreading rapidly
to other lymphoid tissues.

We examined the intestine to rule out
uptake of swallowed virus into gut MALT.
Abundant virus was only found by day 23 by
in situ hybridization in the MALT of rectum,
duodenum, and small intestine, so it is un-
likely that swallowed virus was infecting the
monkeys. To verify that the rapid tonsil in-
fection was not due to trauma and entry of
virus into the blood, we infected an animal

with 2000 TCID,, intravenously and exam-
ined tissues at day 4. Infection was detected
in the tonsil, but its extent was similar to that
in spleen and only slightly greater than that in
PBMC:s and other lymphoid tissues (Fig. 2B)."
In contrast, application of SIV to the tonsil
yielded an infection that was much more
intense in tonsil than in spleen or blood (Fig.
2A), indicating that atraumatic application of
SIV to the tonsil infects the MALT directly
and not via the blood stream.

We measured the rate of infection in the
MALT by enumerating the infected cells in

Fig. 4. Localization and identifica-
tion of infected cells in different
tissues by in situ hybridization and
immunocytochemistry. (A) Rapid
productive infection in tonsil, 4
days after atraumatic application of
SIVmac. The section is stained in
red for CD1a, which marks imma-
ture DCs in the crypt epithelium
[CE; higher magnification in (F)],
and then counterstained with he-
matoxylin to outline the GC and
ELT. Even at this early time point,
there are numerous productively in-
fected cells, hybridizing strongly
with a radiolabeled antisense SIV
probe (black silver grains). Infected
cells are found along the CE, in ELT,
and less frequently in the GC. (B)
Same as (A), but the tonsil was
examined at day 7 and stained
brown for CD3 T cells. Black, pro-
ductively infected cells are located
in regions that are rich in T cells
(arrowheads), that is, in the ELT
rather than the GC. There are no
infected cells in or against the over-
lying stratified squamous epitheli-
um (arrow). (C) Same as (B), but the

section was stained in red for p55, a
marker of mature DCs that are
found in the deeper regions of the
tonsil. Most of the black, produc-
tively infected cells are located near
the CE and ELT, which lack the red
network of mature DCs expressing
p55 (arrow). (D) The sublingual ton-
sit at day 7 after infection. The
squamous epithelium of the tonsil,
except for one cell close to the ar-
row, is not infected, but many un-
derlying tonsillar lymphoid nodules
are full of heavily infected cells
(black profiles). (E) Double labeling
of the CE for cytokeratin (red) and
SIV RNA (black silver grains) after proteinase K pretreatment. Produc-
tively infected cells (for example, at arrows) abut the keratin-positive CE.
(F) Productively infected cells (black) in the CE are CD1a negative (red).
(G) Productively infected cells (black) in the extrafollicular T cell areas are
CD4™ (red, arrows). There is some loss in intensity of the radiolabel and
CD4 images because these lie in different planes of optical focus. (H)
Productively infected cells (black) lack the CD68 antigen (red) that is
abundant in macrophages and found in smaller amounts on DCs. (I) High
levels of infected, strongly CD68* (red) macrophages in an animal who
died of SIV infection. Because CD68* infected macrophages were diffi-
cult to identify between days 2 and 23 after atraumatic infection of the
tonsil, we autopsied an animal that had died from SIV infection. In this
animal, CD68+ infected cells were numerous as shown (arrow). (J)
Infected cells (arrow) in the efferent lymphatic of the tonsil at day 4 after
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atraumatic application of SIV to the tonsil. Infected cells in a lymphatic
could transmit the virus to the adjacent lymph nodes, for example, in the
cervical nodes. (K) Relatively low levels of infection in distal lymphoid
tissue at day 7 after atraumatic application of SIV to the tonsil. In this
section of inguinal node, the deep T cell-rich cortex (T) is marked by the
network of mature p55* DCs in red and occupies the entire center of the
section. It is surrounded by peripheral cortex with B cell follicles but no
red DCs. A single GC has several actively infected cells (arrows). (L) Same
as (J), but the gut-associated lymphoid tissue is illustrated in a section
of the colon. Only a single positive cell (arrow) is found. (M) Widespread
infection of distal lymphoid tissue in the duodenum 3 weeks after
atraumatic application of SIV to the tonsil. Original magnifications: (A
and B) X25, (C and D) X6.25, (E) X12.5, (F) X100, (G and H) X 157.5,
(1) X100, (J) x50, (K) X6.25, (L and M) x25.
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sections ‘using in situ hybridization with ra-
diolabeled antisense RNA probes (22). Some
infected cells were seen at day 3 in palatine
and lingual tonsils; however, the number of
infected cells then expanded rapidly, peaking
between days 4 and 7 (Fig. 3). Small numbers
of productively infected cells were observed
at day 7 in distal nodes, spleen, and MALT,
but only at day 23 were such cells numerous
(Fig. 3). .

Infected cells were noted in all compart-
ments of the tonsil (except for the stratified
surface epithelium), including the lympho-
cyte-rich lymphoepithelium (LE) of the
crypts (containing CDla™ immature DCs),
the germinal centers (GCs) of the B cell
follicles, and the outermost extrafollicular
lymphoid tissue (ELT) (Fig. 4A). When
counted, 86 and 89% of the infected cells
were in the ELT at days 4 and 7, respectively,
8% in the LE at both times, and 6 and 3% in
GCs. ELT is rich in CD3™" T cells (Fig. 4B),
but most infected cells were not in classical
deep T cell areas of the ELT, as defined by
the presence of mature DCs with the p55
marker (Fig. 4C).

A similar situation was noted in lingual
tonsil, which consists of many lymphoid nod-
ules, each connected to the pharynx by an
invaginating crypt. The number of infected
cells varied from one tonsil nodule to anoth-
er, but most nodules were infected, and in-
fected cells were numerous especially in p55-
negative regions of the ELT (Fig. 4D). In the
lingual tonsil at day 7, 74% of infected cells
were in ELT, 6% in LE, and 20% in GCs.

We expected that productive infection
with SIV would begin in stratified squamous
epithelium that constitutes the external cov-
ering of the tonsil (Fig. 4B), tongue (Fig. 4D),
and buccal cavity (217). This epithelium is
comparable to the surface of the vagina and
anus, and is rich in DCs that can capture and
transport immunodeficiency viruses (/3—17).
When we infected the monkeys, we applied
SIV directly to the tonsillar squamous epithe-
lium. Breaks in this epithelium also could
have provided a conduit for SIV to access
susceptible lymphocytes. However, infected
cells were not seen beneath the squamous
epithelium that directly covered the lymphoid
tissue at days 2 to 7 (for example, Fig. 4B),
except for one cell in the squamous epitheli-
um covering the tongue on day 7 (arrow, Fig.
4D), but they were abundant along many of
the crypts in lingual and palatine tonsils
(Figs. 4, A, €, and E). This observation sug-
gests that SIV accessed MALT directly
through antigen-transporting crypt epithelium
(for example, by means of antigen-transport-
ing M cells) after gentle application to non-
inflamed tonsils.

To identify the infected cells that hybridized
with antisense SIV RNA probes, we double
labeled the sections for RNA and different cel-
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lular antigens (23). The productively infected
cells were labeled for CD4 (Fig. 4G) and CD3
(21), but not for the immature DC marker CD1a
(Fig. 4F) and the macrophage marker CD68
(Fig. 4H). As a positive control for macrophage
infection, we studied a monkey who died from
SIV-AIDS. This CD4™" T cell-depleted animal
had many infected CD68* tonsillar macro-
phages (Fig. 41).

At day 3 and day 4, we also noted pro-
ductively infected cells in the efferent lym-
phatics of the palatine tonsil (Fig. 4J). The
lymphatics were engorged with lymphocytes
(“sinus lymphocytosis™) at these early time
points, suggesting that productively infected
cells can spread to adjacent lymphoid organs
via the efferent lymph (24).

The systemic spread of infection was also
followed. A few productively infected cells
were detected in both the follicular and ELT
of spleen (21), lymph nodes (Fig. 4K), and
MALT (Fig. 4L). By day 23, the infection
was active in all lymphoid tissues (Fig. 4M),
when SIV was trapped on follicular dendritic
cells of the GCs as described (24).

Ruprecht and colleagues have shown that
SIV can be transmitted by the oral route (24,
25), a route that is also implicated in HIV-1
transmission (/, 27). Our finding that MALT
is an explosive site for oral transmission of
SIV suggests that oral MALT or Waldeyer’s
ring is a potential site for HIV-1 transmission
during oral sex, parturition, and breast feed-
ing, and by extension, rectal MALT can me-
diate anogenital transmission. Two other
findings of our study were unexpected: (i)
infection expands rapidly within MALT,
peaking in the space of a few days, and (ii)
there is a lack of infection in the stratified
squamous epithelium that lines the pharynx
and surfaces of the palatine and lingual tonsil
(Fig. 4, B and D), even though it is this kind
of DC-rich epithelium that is thought to be
critical in sexual transmission across the va-
gina and anus.

The distinguishing feature of MALT is the
presence of a specialized overlying epitheli-
um through which antigens can be transport-
ed in the absence of any trauma [reviewed in
(6-9)]. In the gut-associated MALT, the
dome of the Peyer’s patches and solitary
lymphoid nodules are covered by a special-
ized columnar epithelium in which M cells
transport antigens including proteins, small
particles, and virions (4, 5, 7, 9, 28). In the
pharyngeal MALT or tonsils (nasal, palatine,
sublingual), there are deep invaginations or
crypts lined by a ramifying, keratinized, lym-
phocyte-rich epithelium with M cells (29,
30). M cells could have a second role beyond
virion transport, that is, the transport of anti-
gens and inflammatory stimuli that activate
DCs and T cells locally. This lymphoepithe-
lium was shown to be an active site for
chronic HIV-1 infection (10, 31), but it is

now evident that this is an efficient area for
transmission and acute infection as well
(Figs. 2, 3, and 4).

When studied at the single-cell level, the
infected cells were almost entirely CD4" T
cells. The infected cells could be double labeled
for viral RNA and for CD3 and CD4, but not
for the CD1a, p55, and CD68 antigens that are
abundant on immature DCs, mature DCs, and
macrophages, respectively. However, recent
tissue culture studies indicate that DCs can
initiate infection, but once begun, activated T
cells become the major site for infection (32),
presumably because T cells have much higher
levels of CD4 and CCRS5 than do DCs (33).
Possibly our in situ method would not detect
DCs with low levels of viral transcripts.

Our findings, by documenting the rapid de-
velopment of an infection with immunodefi-
ciency virus within MALT, emphasize new
demands for the development of an HIV-1 vac-
cine. Because viral replication is so robust,
reaching a plateau locally in 4 to 7 days and
systemically in less than 3 weeks, vaccine-
induced immune mechanisms have to be acti-
vated very quickly after mucosal transmission.
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Primate Center or imported from the United States
(Laboratory Animal Breeders and Services, Yemassee,
NC). Animal care was in accordance with guidelines of
the German Primate Center. Monkeys were of either
sex, had a body weight of 3.5 to 5 kg and were sero-
negative for. simian T cell lymphoma virus-type 1, D-
type virus, and SIV. Animals were housed in single cages
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20.

21.
22.

and monitored as described (34). All manipulations
(virus inoculation, physical exam, and venapuncture)
were performed under ketamine sedation. To compen-
sate for increased salivation during sedation, which
would enable an accelerated flux of applied virus to the
gastrointestinal tract, we injected intraveneously an
anti-cholinergic glycopyrroniumbromide just before vi-
rus inoculation. For atraumatic exposure of the palatine
and lingual tonsils, a cotton-wool swab was saturated
with phosphate-buffered saline, squeezed out, and then
saturated with an undiluted or 1:10 diluted cell-free
virus suspension. Thereafter, these tonsillar regions
were repeatedly touched lightly in three 5-min intervals
with freshly saturated swabs, finally applying a total
volume of ~50 to 80 wl of virus suspension. This
applied amount of virus was calculated by weighing the
swabs after use and corresponded to ~2000 to 3000
TCIDgo, with undiluted virus (which corresponds to
amounts used in many studies of urethral, rectal, and
vaginal transmission) and ~200 to 300 TCIDs, with the
diluted virus. At the time of inoculation, no obvious
lesions or gingivitis were observed in the oral cavity of
any of the animals used. To monitor long-term infection
by this route, we followed three macaques, two receiv-
ing undiluted virus and one 1:10 diluted virus, for a
longer period of time. To determine the site of virus
entry and virus spread, we euthanisized another eight
monkeys in the acute phase after tonsillar exposure,
two each on days 2, 3, and 4 and one each on days 7
and 23 after inoculation. Tonsillar infection was com-
pared with the iv route by infecting other animals
intravenously with a similar dose of 2000 TCID,, of the
same virus stock and monitoring them with virologic
assays for several weeks and by histology in one animal
on day 4. At necropsy lymphoid and nonlymphoid
organs were sampled from various body locations for
virus isolation, histology, immunohistochemistry, and in
situ hybridization.

Cell-associated viral loads were determined by limiting
dilution coculture with mononuclear cells from blood
and lymphoid organs (35). PBMCs were separated from
whole citrated blood by Ficoll density gradient centrif-
ugation. To prepare mononuclear cells from lymphoid
organs (tonsils, lymph nodes from different regions,
spleen, thymus, and Peyer's patches), we forced the
respective tissues through commercial nylon sieves
(100-pwm mesh, Falcon) and processed them like PBMCs
except for the density gradient centrifugation. This cen-
trifugation step was only necessary for spleen cells
because of the red blood cell contamination. After
separation of mononuclear cells, they were simulta-
neously cocultivated in declining concentrations with
human C81-66 T cells as indicators (35). Cultures were
monitored for syncytia formation, and intracellular an-
tigen was visualized by an immunoperoxidase assay
(36), with the modification that the T cells were ad-
hered to concanavalin A—coated microtitre plates in-
stead of poly-L-lysine—coated plates. All treated cells
were scored under a light microscope, with infected
cells being identified by a deep red-brown cytoplasmic
staining. The endpoint of the viral load was calculated
as described (35, 37). Heat-inactivated whole SIV lysate
was used in optimal concentrations to coat 96-well
microtiter plates to measure serum anti-SIV antibody
responses as described (36). Antigenemia was mea-
sured by a commercial HIV-1/HIV-2 antigen test (Inno-
genetics, Zwijndrecht, Belgium). To determine the ab-
solute CD4* T cell counts in blood, we stained PBMCs
with phycoerythrin-conjugated antibody to CD4 (OKT4,
Ortho Diagnostics Systems) and analyzed them on an
EPICS XL flow cytometer (Coulter) with gating on lym-
phocytes. CD4*+ T cell numbers were calculated by
multiplying white cell count times lymphocyte percent-
age in a blood smear times CD4™ T cell percentage by
fluorescence-activated cell sorting (FACS).

C. Stahl-Hennig et al., data not shown.

The 5-um-thick paraffin or cryostat sections were
placed on slides coated with 3-amino-propyl-trietho-
silane. Four sections from each tissue per time point
were hybridized with an 35S-labeled, single-stranded,
antisense RNA probe of SIVmac239 (Lofstrand Labs,
Gaithersburg, MD). It was composed of fragments of
1.4 to 2.7 kb in size, which collectively represent
~90% of the SIV genome. As a positive control,
‘cytospin prepartions of SIV-infected PBMCs were

www.sciencemag.org SCIENCE VOL 285 20 AUGUST 1999

REPORTS

hybridized, and as a negative control, a sense-strand
probe was used. Dewaxed paraffin sections were
boiled in a domestic pressure cooker in citrate buffer
pH 6.0 for 5 min, chilled down to room temperature,
rinsed in water containing 2% diethyl-pyrocarbonate,
and prehybridized for 2 hours at 45°C. The prehy-
bridization mixture consisted of 50% formamide, 0.5
M NaCl, 10 mM tris-HCl at pH 7.4, 1 mM EDTA,
0.02% Ficoll-polyvinylpyrrolidone, and 2 mg of tRNA
per milliliter. Prehybridization was followed by incu-
bation with the hybridization mixture (prehybridiza-
tion mixture, 10% dextran sulfate, and 2 X 10° dpm
of probe per milliliter) overnight at 45°C in a moist
chamber. After several washings in standard saline
citrate (SSC), the sections were digested with ribo-
nuclease at 37°C for 40 min, washed again in 2X SSC,
dehydrated, and dipped in Kodak NTB-2 emulsion.
Exposure at 4°C was for 2 to 3 days for frozen
sections and 7 days for paraffin sections. After de-
velopment in Kodak D-19, sections were counter-
stained with hemalaun, mounted, and examined with
an Axiophot Zeiss microscope equipped with epilu-

minescent illumination. Viral RNA—positive cells were -

counted with a 20X objective, a 3CD color camera,
and a PC-based image analysis system (KS400; Kon-
trol, Esching, Germany). Positive cells had >20 silver
grains, corresponding to a sixfold excess over back-
ground. Four entire sections were counted for each
recorded value to obtain a mean number of infected
cells per section and per unit area. The percentage of
infected cells was then recorded for the epithelial,
germinal center, and extrafollicular lymphoid tissue.
23. Immunolabeling was performed on paraffin-embed-
ded and cryostat sections according to the alkaline
phosphatase anti-alkaline phosphatase method. An-
tibodies included CD68 (Dako, macrophages), CK1
(Dako, cytokeratin), p55 (provided by E. Langhoff,
mature DCs), CD1a (Immunotech, immature DCs),
CD4 (Leu3a, Becton Dickinson; OKT4, Ortho Diagnos-
tics; and NCL, CD-4 1F6 Novocastra; all together),

CD8 (Leu2a, Becton Dickinson, and C8/144B, Dako;
together), and polyclonal CD3 (Dako, visualized with
the peroxidase anti-peroxidase method). Immunola-
beling was performed before in situ hybridization.
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Conservatism of Ecological
Niches in Evolutionary Time

A T. Petgrson,"* J. Soberén,? V. Sanchez-Cordero®

Theory predicts low niche differentiation between species over evolutionary
time scales, but little empirical evidence is available. Reciprocal geographic
predictions based on ecological niche models of sister taxon pairs of birds,
mammals, and butterflies in southern Mexico indicate niche conservatism over
several million years of independent evolution (between putative sister taxon
pairs) but little conservatism at the level of families. Niche conservatism over
such time scales indicates that speciation takes place in geographic, not eco-
logical, dimensions and that ecological differences evolve later.

Critical characteristics of species’ biology,
such as physiology, feeding ecology, and re-
productive behavior, define their fundamen-
tal ecological niches (/). In the early 1990s,
several theoretical community ecologists in-
dependently predicted that fundamental nich-
es of species under natural selection could
change, but slowly. Based on diverse models
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that coupled population and genetic dynamics
in heterogeneous environments, niche con-
servatism was predicted, because rates of ad-
aptation in environments outside of the fun-
damental niche would often be slower than
the extinction process (2).

However, little empirical evidence has
been assembled to address these theoretical
predictions (3). One study (4) that compared
population response surfaces to climatic con-
ditions in two closely related species of
beeches (Fagus spp.) showed that limiting
conditions for the presence of populations
were coincident. Another study (5) docu-
mented conservatism in geographic range
size in disjunct Asian and North American
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