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abstract: In 1967, Dan Janzen published “Why Mountain Passes
Are Higher in the Tropics” in The American Naturalist. Janzen’s sem-
inal article has captured the attention of generations of biologists and
continues to inspire theoretical and empirical work. The underlying
assumptions and derived predictions are broadly synthetic and widely
applicable. Consequently, Janzen’s “seasonality hypothesis” has proven
relevant to physiology, climate change, ecology, and evolution. To cele-
brate the fiftieth anniversary of this highly influential article, we high-
light the past, present, and future of this work and include a unique his-
torical perspective from Janzen himself.
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Prologue: Dan Janzen on How “Mountain
Passes” Came to Be

As stated in the acknowledgments of the original article (Jan-
zen 1967), the idea for “WhyMountain Passes Are Higher in
the Tropics” emerged during the 1965 (summer) first Orga-
nization for Tropical Studies (OTS) course Fundamentals of
Tropical Biology: An Ecological Approach, funded by the
US National Science Foundation as part of the germination
and early growth of the OTS in Costa Rica (Stone 1988). I
was a new faculty member in the Entomology Department
of the University of Kansas, coordinating the 2-month course.
It was sequentially 2 weeks in (i) the cloud forest at high,
cold elevations on Cerro de la Muerte (≥2,500 m); (ii) the
lowland Guanacaste Province dry forest in the rainy season
(60 m); (iii) the coastal marine ecosystem of Guanacaste

Province; and (iv) the lowland northeastern rain forest
(40 m; fig. 1).
The course had a Costa Rican teaching assistant (TA),

born and raised in the San José area (1,000–1,300 m asl).
He had been there essentially all his life. Unfortunately, I
no longer have a record (paper in those days) of his name
or whereabouts.
In the 2 weeks on Cerro de la Muerte—climate indicated

by its name—the course fully occupied a generally unheated
small hotel (pension). It was fieldwork in the day and lec-
tures in the evening in a makeshift classroom. I stood in
the back listening and casually studying the students, all
from North America. The TA sat next to me to the right,
back to the wall. After several days, I realized that he was
always huddled under a pile of one to two blankets wrapped
around his shoulders, long pants, long-sleeved shirt, and
heavy undershirt and often wore a coat in the field in the
daytime. Innocently thinking malarial chills, I asked him if
he was sick; he replied no but said, “it sure is cold here.” At
the same time,mymental photo was of the 20 students seated
calmly listening and taking notes, all in T-shirts, long-sleeved
shirts rolled up, long hair, and relaxed; some in shorts during
the day, and always just one shirt. The light bulb did not go off
in my head, but the two photographs were there.
After 2 weeks on Cerro de la Muerte, we bussed directly

down to 60 m in rainy season Guanacaste Province dry for-
est and occupied a large rented farm house and some sleep-
ing cots outdoors. Lectures were held in the open air under
the second floor in a work patio. Again, it was fieldwork in
the day, lectures at night. Again, I was standing in the back
watching and listening, the TA seated on my right. I looked
down at him in a light T-shirt and his back and shirt were
soaked in sweat, brow as well. First thought was, oops, sick.
And then the light began to turn on. I looked carefully at the
backs of 20 students wearing the same T-shirts and cotton
long-sleeved shirts rolled up, the same clothing they wore
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on Cerro de la Muerte. Not a trace of sweat on anyone. That
is when the light bulb turned fully on. If you grow up in
a constant climate at midelevations (or anywhere), going
into the upper-elevation cold or the lowland heat is a major
shock, but not if you have lived your life annually fluctuat-
ing through summer, fall, winter, and spring, largely in non-
air-conditioned buildings (it has never snowed in San José,
and at 1,100 m it is more or less, to a North American, like
being in a lightly air conditioned world nearly all the time).
Therefore, mountain passes are higher in the tropics from
the viewpoint of the physiological animal, and thereforemon-
tane barriers are greater in the tropics. Needless to say, the
concept applies to any organism vis-à-vis the milieu in which
it is situated.

—Daniel Janzen, January 17, 2017, Área de Conservación
Guanacaste

Introduction

In the summer of 1965, Dan Janzen was a newly minted PhD
teaching a tropical ecology course in Costa Rica (fig. 2). He
was already a seasoned tropical biologist and a keen observer
of the natural world, having cut his teeth on studies of the
coevolution of ants and acacias in Central America (Janzen

1966). While teaching the tropical ecology course, he noted
that a Costa Rican TA who was born and raised at a mid-
elevation site near San José was freezing at cooler, high-
elevation sites and overheating at warmer, low-elevation
sites. In contrast, the students from North America who ex-
perienced both warm summers and cold winters were com-
fortable with the temperatures at a variety of elevations. As
Janzen describes in the prologue to this article, these simple
observations were the inspiration for his classic article “Why
Mountain Passes Are Higher in the Tropics” (Janzen 1967),
in which he linked fluctuation in temperature with its con-
sequences for the physiology and dispersal of organisms.
Janzen (1967) proposed a simple hypothesis (Janzen’s

“seasonality hypothesis”) consisting of two assumptions
and two predictions. Assumption 1, the primary focus of
his article, is that ecosystems vary not only in mean temper-
ature but also in variation around the mean and that vari-
ation in temperature is relatively less in the tropics. Given
that mean temperature decreases with elevation at all lat-
itudes (Dillon et al. 2005), a corollary is that the climates
at any two given points along a tropical elevational gradient
will overlap less in their range of temperatures than will two
equivalently separated temperate points (fig. 3). Assump-
tion 2 is that populations (especially of ectotherms) are
adapted to climates they experience; a corollary is that ther-
mal specialists characterize less variable (i.e., tropical) cli-
mates, whereas thermal generalists are more prominent in
variable (i.e., temperate) climates. From these two assump-
tions, Janzen derived the article’s eponymous prediction 1,

Figure 1: Map of Costa Rica showing the study locations of the
1965 course Fundamentals of Tropical Biology: An Ecological Ap-
proach. Participants in the course spent 2 weeks at each of the fol-
lowing sites: (A) in or near cloud forest at high elevations on Cerro
de la Muerte in the province of Cartago (∼3,100 m), (B) in lowland
dry forest during the rainy season in the province of Guanacaste
(∼60 m), (C) on Playa Coco in the coastal marine ecosystem of Gua-
nacaste (3 m), and (D) in the lowland northeastern rain forest near
the town of Puerto Viejo de Sarapiqui in the province of Heredia
(40 m).

Figure 2: Photo of Dan Janzen in Costa Rica teaching the course
Fundamentals of Tropical Biology: An Ecological Approach in March
1967, just before “Why Mountain Passes Are Higher in the Tropics”
was published. On the blackboard, Janzen drew “fairy insects”—
imaginary insects he has drawn since childhood—to illustrate the dif-
ferences between species richness and species evenness. Two years
earlier, during the first iteration of the same course, Janzen formulated
his ideas linking seasonality in temperature, thermal physiology, and
range sizes. Photo credit: Carl Rettenmeyer.
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which can be paraphrased as follows: take any two organisms,
one tropical, one temperate, and let them climb a mountain;
the tropical organism is more likely than the temperate or-
ganism to encounter climates for which it is maladapted.
As a consequence, Janzen reasoned, tropical mountain ranges
are more likely to act as physiological barriers to movement
(up or down a mountain) because thermal specialists are less
able to acclimate to and survive the range of temperatures
encountered on the journey. This leads to prediction 2: ther-
mal specialists in the tropics will have reduced dispersal
along climatic gradients and thus smaller elevational ranges
than thermal generalists. Although Janzen (1967) did not
explicitly discuss species range sizes, he views prediction 2
of the seasonality hypothesis—the link between barriers to
dispersal and smaller elevational ranges—as implicit and self-
evident, so much so that “stating it is redundant on what was
said before.” Thus, we view prediction 2 as part and parcel
of Janzen’s seasonality hypothesis.

The combination of assumptions and predictions in “Moun-
tain Passes” is simple but appealing. Janzen marshalled tem-
perature data to support assumption 1 but did not cite any
references showing that tropical species were more likely to
be thermal specialists with relatively limited acclimation abil-
ities. Here he had to rely on intuition, as comparative studies
of thermal specialization and acclimation were not yet avail-
able. Since then, a pattern of increased variance in body tem-
perature with latitude has been documented in lizards (van
Berkum 1988), but variance in body temperature can none-
theless be substantial in high-elevation tropical ectotherms
(Navas 1996; Navas et al. 2013).Moreover, a pattern of greater
thermal specialization in the tropics has been well established
(Sunday et al. 2011). However, Payne and Smith (2017) re-
cently proposed an alternative explanation for global trends

in thermal tolerance. Using a thermodynamics approach (i.e.,
transforming temperatures to presumed biological rates), they
argue that tropical ectotherms have relatively narrow ther-
mal tolerance and performance ranges because the tropics
are relatively warm—thus, biological rates change relatively
rapidly with temperature—and not because tropical tem-
peratures are relatively constant. However, as Payne and
Smith (2017) note, their hypothesis and the seasonality hy-
pothesis need not bemutually exclusive. Finally, Janzen’s as-
sumption that tropical species have relatively limited accli-
mation ability is still debated (Gunderson and Stillman 2015;
Seebacher et al. 2015; Vinagre et al. 2016).
When Janzen submitted his manuscript to The American

Naturalist in November 1966, he corresponded with the
journal’s coeditor, Richard C. Lewontin (supplemental ma-
terial, available online).We know from this correspondence
that Lewontin sent the manuscript to two reviewers, Monte
Lloyd and one anonymous reviewer whom Lewontin de-
scribed as “an eminent person in the field.” Both reviewers
gave the article their “highest recommendation.” The anon-
ymous reviewer wrote, “The contribution is original and
significant. It crystallizes what many of us who work in the
tropics have understood vaguely—so vaguely that we have
never articulated the idea in any way that counts. Janzen ham-
mers it into shape in a sharp and authoritative manner, and
his article will be quoted for a long time to come.”
The anonymous reviewer’s expectation has proven cor-

rect: due to the mechanistic nature of the seasonality hy-
pothesis and its implications for latitudinal and elevational
patterns of biodiversity, Janzen’s unique synthesis has in-
spired 50 years of research in biogeography, physiological
ecology, evolution, and global change biology. However, in-
terest in the article was slow to develop. In a recent correspon-

Figure 3: Schematic of Janzen’s seasonality hypothesis (adapted from Ghalambor et al. 2006). The first panel shows one of the plates from
the original article (Janzen 1967), all of which were hand drawn by Janzen.
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dence, Janzen wrote the following of “Mountain Passes”:
“Once published, it created no interest. I did not flog it. . . . If
I had made a career of talking about it and its relevance at
meetings and in more papers, it would have gotten more at-
tention. But that is not something I cared about or enjoyed.”

Consistent with Janzen’s statement, the article generated
limited interest—at least as indexed by citations—in the
early years. Of the 610 times the article has been cited
(Web of Science through April 2017), more than 75% have
come in the last 10 years (fig. 4). The recent uptick in cita-
tions may be due in part to Ghalambor and colleagues
(2006), who, revisiting their yellowed copies of “Mountain
Passes,” outlined the assumptions and predictions of Janzen’s
original work and introduced a new generation of scientists to
this important article. Additionally, Janzen’s assumption 2
has become critically relevant to discussions about the vulner-
ability of tropical species to climate warming (e.g., Deutsch
et al. 2008). With a renewed appreciation for “Mountain
Passes,” Janzen’s article has become increasingly influential
and is widely regarded as a classic. Here we discuss how the
predictions of “Mountain Passes” have been examined and
what questions remain unanswered.

Mapping the Geography of Physiological Performance

Janzen’s seasonality hypothesis explicitly focuses on moun-
tain ranges as barriers to dispersal, but the cornerstone under-
lying the hypothesis is the importance of considering envi-
ronmental gradients as physiological rather than physical
barriers. Here’s the key statement in Janzen’s article: “It is

the temperature gradient across a mountain range which de-
termines its effectiveness as a barrier, rather than the abso-
lute height” (p. 233). In effect, Janzen’s basic concept was to
“map” or “transduce” elevational change onto its impact on
physiological performance, as mediated by temperature change.
The perspective here is simple but profound, especially

given that organismal performance is usually nonlinearly
related to physical environmental factors. That is, a unit
change in a physical factor should not imply a unit and par-
allel change in performance. In ectotherms, for example,
performance generally increases gradually with body tem-
perature up to somemaximum level and then drops rapidly
as temperatures approach a critical or lethal limit, so any
given change in body temperature (with elevation, habitat,
or climate) could enhance, reduce, or not affect performance,
depending on the actual temperatures involved (Huey 1991).
Furthermore, the same change in temperature can affect dif-
ferent species with different thermal optima in different ways.
Consequently, any attempt to analyze the biological impacts
of the physical environment—or of changes in that environ-
ment—requires “mapping” physical metrics onto physiolog-
ical ones.While this concept was foreign to ecologists in 1967
(but see Fry 1947), it is now a standard consideration—al-
though not without complications (e.g., Dowd et al. 2015;
Kingsolver and Woods 2016; Sinclair et al. 2016)!
Why does mapping matter? In recent decades, air tem-

peratures have increased most rapidly in the Arctic, followed
by northern temperate regions and then the tropics. This ob-
servation led to the prediction that biological impacts are
likely to be greatest in the Arctic and in northern temperate

Figure 4: Citation history of “Why Mountain Passes Are Higher in the Tropics” showing how interest in the article increased over time. The
white bars show all citations by year, the black bar shows the year Ghalambor et al. (2006) revisited Janzen’s original article, and the gray
shading shows the number of citations that mention “climate change,” “global warming,” or “climate warming” in the title, abstract, or
keywords of the article. Results are from a Web of Science search in April 2017.
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regions (Root et al. 2003). However, biological impacts de-
pend not only on the magnitude of temperature change but
on the physiological sensitivity of species (Deutsch et al.
2008). Many physiological functions of ectotherms, such as
reproduction and growth, increase exponentially—not line-
arly—with temperature up to an optimum temperature and
then decline rapidly to an upper maximum. Because tropical
species are thermal specialists, the range of temperatures over
which they can function is narrower than that of temperate
species, and they are active at temperatures nearer to the
threshold temperature where performance decreases. When
projected changes in air temperature were mapped onto pop-
ulation growth curves, the biggest declines in organismal fit-
ness were in the tropics, not the temperate region, suggesting
that tropical species are more vulnerable to temperature
changes (Deutsch et al. 2008).

In principle, any physical factor (e.g., pH, salinity, O2)
can be mapped onto a performance trait, such that Janzen’s
mapping concept is broadly applicable (Huey andWard 2005).
Moreover, multiple environmental factors often interactively
affect physiological performance, complicating any mapping
exercise. As an example that is relevant tomountain gradients,
organismal heat tolerance can be affected interactively by tem-
perature and O2 (Pörtner 2002; Smith et al. 2015; Gunderson
et al. 2016), both of which decline with elevation. Analytical
approaches are being developed to map multiple physical fac-
tors onto physiological performance and tolerance (Porter et al.
1984; Deutsch et al. 2015).

Maps of Temperature Mean and Variation

Elevation

Janzen’s seasonality hypothesis is based on two climatolog-
ical patterns: (1) that daily and seasonal variation in air
temperatures are lower in the tropics than at higher lati-
tudes and (2) that air temperatures decline roughly linearly
with elevation anywhere on the globe (Dillon et al. 2005).
These facts were widely known, but Janzen’s insight was
to merge those two observations and then to realize that
low- and high-elevation sites on a tropical mountain would
be climatologically more different from each other than
would equally separated low- and high-elevation sites on
a temperate mountain. To demonstrate this point, he com-
piled temperature data from several pairs of sites on moun-
tains and then computed an index of seasonal temperature
overlap between low- and high-elevation sites. In a series of
graphs, Janzen showed clearly that low- and high-elevation
sites in the tropics had much less thermal overlap than did
temperate sites. All else equal, this implies that a tropical or-
ganism dispersing up or down a mountain would be more
likely (relative to a temperate-zone disperser) to encounter
a thermal regime that differs from the one in its “home” en-

vironment and thus would be more likely to encounter a
physiological barrier to further dispersal (Janzen 1967).
We will soon return to this issue, but we first must em-

phasize that the climate patterns in Janzen (1967) were
based on shaded air temperatures from weather stations:
thus, the derived elevational and latitudinal patterns of
temperature overlap would apply strictly to the rare or-
ganisms that are always in shade (Ghalambor et al. 2006).
Most organisms live in a mix of sun and shade or may shift
from shadier habitats at low elevation to open habitats
at high elevation (Hertz 1992). For such organisms, what
matters for physiological performance are operative temper-
atures, which, for organisms exposed to the sun, can be dra-
matically higher than air temperatures (Bakken 1992), espe-
cially in the tropics (Sunday et al. 2014).
Buckley et al. (2013a) took a fresh look at climate overlap

and contrasted patterns based on air versus operative tem-
peratures. They noted that shaded temperatures decline
with elevation but that radiation levels increase. As a conse-
quence, surface soil temperatures in the sun—and opera-
tive temperatures of ectotherms—decline with elevation
but do so much less rapidly than air temperatures. When
they substituted operative temperatures to compute cli-
mate overlap, Buckley et al. (2013a) found that the “height
of mountain passes” in tropical and temperate regions can
sometimes be very similar. Computations of operative tem-
peratures in Sunday et al. (2014) show similar patterns. But
as Buckley et al. (2013a) note, other factors, like local cloud
cover and behavioral thermoregulation, complicate specific
elevational overlaps. Thus, the degree of temperature overlap
among sites separated by elevation will depend on a host of
variables, such as habitat, local climate, behavioral shifts,
and the species of concern (Hertz 1992; Buckley et al. 2013a).

Vertical Layers of Ecosystems

Physiological ecologists have developed maps of tempera-
ture mean and variation and found that local differences
in temperatures can arise from the fact that ecosystems of-
ten have vertical layers (Huey et al. 2009; Denny et al. 2011;
Kaspari et al. 2015). Consider the diverse insects of a forest.
An ant crawling on a branch in the sun-drenched canopy
may experience super-heated air of the boundary layer
(Oke 1978;Woods 2013), at least until it crawls to the shaded
side of the branch. Below, in the shaded leaf litter of the for-
est floor, an ant will be cooler still and encounter fewer tem-
perature hotspots—and, hence, less temperature variation.
When night falls, the temperatures of the canopy and forest
floor converge (Kaspari et al. 2015). Down into the soil, tem-
peratures further stabilize and are invariant year-round
(Coleman and Crossley 1996). A similar pattern occurs in
Earth’s oceans, from the warm, variable surface waters to
the cold, constant abyssal depths (Pacanowski and Philan-
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der 1981). Maps of temperature mean and variation across
the vertical layers of ecosystems thus differ in a useful way
from Janzen’s maps across latitude: layers closer to the sun
(i.e., forest canopies and surface waters) are likely to be
warmer on average than those below, as well as more vari-
able. This effectively reverses the latitudinal correlation of
temperature mean and variation and provides a second way
to test assumption 2 of Janzen’s seasonality hypothesis—that
variable environments select for temperature generalists—
but within local communities.

And More . . .

Janzen recognized that temperature mean and variation
of an environment covary geographically, with potential
ramifications for species traits and movement. For example,
Janzen (1967) noted that terrestrial habitats near oceans of-
ten experience less temperature variation due to the higher
specific heat of water than air. Likewise, the parasites and
microbiomes of endotherms likely experience a warmer
and less thermally variable environment than do those of
ectotherms. Finally, like terrestrial species, aquatic species
in temperate streams experience greater change in tem-
perature mean and variation over the year, but unlike ter-
restrial species, the aquatic species experience roughly the
same minimum temperature—the freezing point of wa-
ter—regardless of elevation (Shah et al. 2017).

Janzen’s observations open upmany opportunities to test
how these climatic maps predict changes in population traits
and physiological performance. Biophysical modeling (King-
solver andWatt 1983; Buckley et al. 2013a) can be used to ex-
plore these patterns, but ultimately an empirical approach is
necessary and will involve monitoring body temperatures of
free-ranging ectotherms of a given clade over 24-h days for
a full year and then replicating these measurements at several
elevations and several latitudes. The resulting data would pro-
vide insights into “realized” thermal overlap. Such a project is
ambitious but feasible thanks to miniature data loggers. To
our knowledge, it remains to be attempted.

Transducing Climatic Maps into Distribution,
Diversity, and Function

Range Sizes

Janzen’s seasonality hypothesis is focused on the impact of
temperature variation on organismal dispersal—about whether
an organism can cross a thermal barrier—and the resulting
consequences for population isolation. Reduced dispersal in
the tropics should lead to tropical species that have smaller
elevational ranges than their temperate counterparts. Two ex-
tensions of this logic are that (1) greater seasonality onmoun-
taintops should result in broader elevational range sizes of

species living at higher elevations (Stevens 1992) and (2) re-
duced seasonality at lower latitudes presents a barrier to dis-
persal and should result in smaller latitudinal ranges for low-
latitude species (i.e., Rapoport’s rule; Stevens 1989; see below).
Wake and Lynch (1976) were the first to cite “Mountain

Passes” in relation to range sizes when they discussed small
elevational range sizes of tropical salamanders. Since then,
studies have largely confirmed predictions that tropical taxa
have smaller elevational ranges than their temperate coun-
terparts. However, this pattern does not hold for all taxa.
Elevational ranges are narrower in tropical herpetofauna,
insects, and birds, but mammal groups are mixed: bats, but
not rodents, have narrower elevational ranges in the tropics
(Huey 1978; McCain 2009; Cadena et al. 2011; Sheldon and
Tewksbury 2014). The lack of a consistent pattern in mam-
mals is ironic considering that “Mountain Passes” was built
on Janzen’s observations of mammalian subjects. The pre-
diction that range sizes should be greater at higher eleva-
tions has also received mixed results (Gaston and Chown
1999a; McCain and Knight 2013; Sheldon et al. 2015).
Studies examining Janzen’s seasonality hypothesis and

elevational range sizes may suffer from the use of proxies
for temperature variation. For example, sites at the same
latitude can have vastly different seasonalities depending
on elevation and whether the site has a continental or mar-
itime climate (Chan et al. 2016). In addition, temperature
readings from weather stations do not represent micro-
climates important for the physiology of small ectotherms
(Bartholomew 1966; Potter et al. 2013; Kaspari et al. 2015;
Pincebourde and Suppo 2016). Even the temporal scales
of temperature variation (i.e., seasonal vs. daily climate var-
iation) can have differing influences on elevational range
sizes depending on the region of interest (Chan et al. 2016).
Thus, a better approach to test predictions about seasonality
and range size would be to use temperature variation itself
rather than latitude as an explanatory variable in models
and to use “realized” seasonality, or the temperature variation
species experience when active or at appropriate times in
their life cycles (Ragland and Kingsolver 2008; Sheldon and
Tewksbury 2014). Using appropriate seasonality requires an
understanding of the natural history and phenology of a spe-
cies and microclimates at a site (Kingsolver et al. 2011; Levy
et al. 2015; Pincebourde and Casas 2015); this is nontrivial,
as activity cycles vary with seasonality.
In addition to elevational ranges, Janzen’s seasonality hy-

pothesis has been extended to latitudinal ranges: reduced
seasonality in the tropics presents a barrier to dispersal and
should result in smaller latitudinal ranges for species at low
latitudes (i.e., Rapoport’s rule; Stevens 1989). Support for this
extension ismixed, with some studies showing a trend toward
smaller latitudinal ranges with decreasing latitude and others
studies showing no relationship (Price et al. 1997; Ruggiero
and Lawton 1998; Cruz et al. 2005).
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The idea that physiological barriers to dispersal result in
smaller range sizes hinges on the presence of allopatric sites
with limited thermal overlap. Unlike montane gradients,
where mean temperature shows a linear decline with eleva-
tion, mean temperature is not linear with latitude. Instead,
mean temperature is relatively constant in a band around
the equator from 257N to 257S (Terborgh 1973; Gaston and
Chown 1999b). Outside this region, mean temperature de-
clines linearly with increasing latitude toward the poles, but
the decline is steeper in north temperate regions than in south
temperate ones (Gaston and Chown 1999b; Colwell 2011).
Thus, studies of lowland species outside the tropics—but
not within the tropics—may well show a trend toward in-
creasing latitudinal range size (e.g., Price et al. 1997). How-
ever, if Janzen’s seasonality hypothesis explains latitudinal
range sizes, then tropical species—at least lowland ones—
could also have broad ranges (Gaston and Chown 1999b;
Colwell 2011). Thus, a careful examination of range sizes
across latitude must focus on temperature, not latitude, as
the key factor.

Janzen’s seasonality hypothesis can also be applied to
map vertical distributions. This leads to a testable predic-
tion: species that inhabit the stable temperatures of the soil
or abyssal depths are less likely to disperse than those of for-
est canopies or surface water (Brown 2014; Tomillo et al.
2017). In other words, the soil, forest, or aquatic layer in
which a population makes its home may shape the fraction
of Earth it occupies. We know of no data for this conjecture,
pro or con.

Characterizing the relationship between thermal physi-
ology and range size is an important step forward in under-
standing the factors affecting species distributions. Janzen
predicted that variation in temperature seasonality would
influence dispersal, the degree of population isolation, and
distributions of both temperate and tropical species, which
was counter to discussions at the time that suggested that abi-
otic and biotic factors were the primary drivers of ecological
and evolutionary patterns at higher and lower latitudes, re-
spectively (Dobzhansky 1950; MacArthur 1969). The relative
role that biotic versus abiotic factors play in species distribu-
tions is largely untested (Schemske et al. 2009; Jankowski
et al. 2013). Closing this knowledge gap will help to illumi-
nate range shifts of species in response to climate change
and may help us to understand why range shifts have not al-
ways followed predicted responses (Lenoir et al. 2010; Chen
et al. 2011).

Speciation in the Tropics

The two predictions stemming from Janzen’s seasonality
hypothesis are that tropical mountain ranges are more likely
to act as physiological barriers to movement than temperate

ones and that tropical species should thus have reduced dis-
persal and narrower elevational ranges. An extension of this
logic, what we call prediction 3, is that reduced dispersal in
the tropics should limit gene flow, resulting in greater popu-
lation isolation and local adaptation and, thus, in increased
rates of speciation in the tropics (Ghalambor et al. 2006;
Ricklefs 2006; Martin et al. 2009). Surprisingly, prediction 3
was not the main focus of Janzen (1967). In fact, in the intro-
duction of “Mountain Passes,” Janzen (1967) specifically
wrote that his article was “not an attempt to explain tropical
species diversity . . . but rather to discuss a factor that should
be considered in any discussion of the relation between topo-
graphic and climatic diversity, and population isolation”
(p. 233). However, the idea posed by Janzen (1967) that trop-
ical mountain ranges are more effective barriers to dispersal
leads inexorably to reduced gene flow and likely to greater
speciation in the tropics, all else equal. So why the contradic-
tion? When asked about this, Janzen wrote,

Back in those days, “tropical species diversity”was all the
rage. I did not want the paper to be seen as one more . . .
attempt to blame tropical species richness on one factor.
Today I would have the prose maturity to separate the
two more unambiguously such that it would not appear
that I was . . . negating the obviously true “idea that
greater effectiveness of tropical barriers leads inexorably
to reduced gene flow and likely to greater speciation, all
else equal.” Of course it does. But rather, I wanted the
readers to not think about that per se but rather about
the physiological ecology of the phenomenon itself, be-
cause it applies to vastly more things and cases than just
the old saw about tropical species richness.

Thus, Janzen had recognized that his seasonality hypoth-
esis could be a mechanism for greater speciation in the
tropics. Subsequent research shows that tropical popula-
tions have greater genetic (Martin and McKay 2004) and
phenotypic (Martin and Tewksbury 2008) divergence, sug-
gesting reduced dispersal, limited gene flow, and greater
population isolation in the tropics. A recent analysis of
New World mayflies uncovered greater diversity of cryptic
species along elevational gradients in the tropics, sup-
porting the idea that limited dispersal in tropical mountains
promotes speciation (Gill et al. 2016). Not surprisingly, spe-
ciation in African forest biota was found to be greatest in
areas characterized by topographic complexity (e.g., mon-
tane areas; Fjeldså and Lovett 1997).

The Microgeography of Traits
in Ecological Communities

Scaling downward, microclimate gradients within local eco-
logical communities can be used to predict how the mean
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and range of thermal traits are distributed (Ruibal 1961;
Otero et al. 2015).

For example, in a lowland forest in Panama, ants in the
canopy experience daytime temperatures 47–107C warmer
than those in the litter below, a temperature disparity that
vanishes at night or under heavily overcast skies. The ther-
mal ecology of the canopy and litter ants match their en-
vironment in the way that Janzen’s seasonality hypothesis
predicts (Kaspari et al. 2015, 2016): the mean thermal
maxima of a canopy species averages 3.57C higher and is
broader than that of a species from the cooler, more ther-
mally stable litter.

Studies of the thermal ecology of whole communities re-
main uncommon but hold the promise to partition drivers
of thermal diversity by local versus latitudinal gradients in
temperature. The importance of local drivers is hinted at by
studies of plant functional traits that reveal a considerable
fraction of global trait diversity residing within a given
community (Kraft et al. 2008; Hillebrand and Matthiessen
2009; Messier et al. 2010). The Panama ant community de-
scribed above (Kaspari et al. 2015) accounted for 74% of the
thermal diversity found by the global survey of Diamond
et al. (2012). Thus, local physiological diversity can be sub-
stantial, even in the tropics. What maintains such local var-
iation? One suggestion: competition drives some popula-
tions to become “thermal outliers,” diverging from the taxon’s
mean physiological optimum to access less crowded micro-
climates (MacArthur 1972; Cerda et al. 1998).

A final opportunity for applying Janzen (1967) to ecolog-
ical communities lies in exploring the effects of seasonal
variation on populations that may experience that season-
ality very differently. For example, Janzen’s OTS students,
unlike the TA, had experienced thousands of daily and 20
or so annual temperature cycles during their individual
ontogenies. Those 20 years of living in a variable environ-
ment were sufficient to generate the phenotypic differences
between students and TA that were the genesis of Janzen’s
observations. However, a quarter of a century before Janzen
(1967), Hutchinson (1941) asked us tomatch an organism’s
life history to its experience of environmental variation
(Potter et al. 2013)—that the passing from one season to
the next is a few months in the life of a 10-year-old fish
but spans many generations for a unicellular lake phyto-
plankton. Each generation of algae, Hutchinson (1941) ar-
gued, grows up, lives, and dies in a relatively stable phy-
siochemical environment, while the fish in the same pond
endures five summers and winters. Across the diversity of
life on Earth, the 1017 range in body mass generates an hours-
to-century range in life spans, and thus we must consider
how environmental variation is distributed within versus be-
tween generations (Levins 1968; Gilchrist 1995; Weiser et al.
2018). What implications does this have for the distribution
of thermal traits with body size?

The Next 50 Years

“Mountain Passes” may have seemed like esoteric natural
history in 1967, but Janzen’s concepts are now foundational
to our understanding of the effects of climate change and
have been an integral part of ecology’s global change toolkit
(Deutsch et al. 2008; Bonebrake 2013). Generating future
climatic maps of temperature mean and variation, predicting
how they transduce organismal performance, and extrapolat-
ing to the geography of populations and communities has
never beenmore relevant given contemporary climate change.
How will Janzen (1967) contribute in the next 50 years?

What Is the Future of Temperature
Mean and Variation?

Global change modelers working at large spatial scales are
increasingly predicting increases in both temperature mean
and temperature variation over time (Diffenbaugh and Scherer
2011). Understanding how these changes relate to the opera-
tive temperatures of organisms (i.e., translating microclimates
into the equilibrium temperature of individuals) and to bio-
logical impacts remains a central challenge (Kearney and Por-
ter 2009; Potter et al. 2013). Given that forests generate a vari-
ety of microclimates (Otero et al. 2015; Pincebourde and
Suppo 2016; Scheffers et al. 2016), including cooler,more stable
temperatures in their shaded understories, forests operate as
major climate modifiers. Thus, one clear impact of large-scale
climate change on the mean and variation of operative tem-
peratures in forested regions would be the loss of forest can-
opy. Models have suggested that the combination of heat and
drought is expected to convert lowland evergreen rain forests
into more open, seasonal forests (Malhi et al. 2009) or savan-
nah (Salazar et al. 2007). The resultant shifts in operative
temperatures will likely swamp any direct shifts in air tem-
perature. Recent patterns of both tropical and temperate tree
mortality have begun to validate these predictions (Laurance
et al. 1997; van Mantgem et al. 2009; Silva et al. 2013).

How Does Change in Temperature Variation
Shape Individual Performance?

To examine the effects of climate change on species, re-
searchers have typically used shifts in mean temperature
to make predictions. Increasingly, ecologists studying the
effects of climate change are recognizing something Janzen
did 50 years ago: temperature variation is just as important
as temperature mean in driving the ecology and evolution
of species and, thus, responses to climate change (Gilchrist
1995; Martin and Huey 2008; Williams et al. 2016, 2017).
Because species responses to temperature are not linear, small
changes in temperature variation can have large biological
consequences and greatly alter predictions of climate change

560 The American Naturalist



(Dillon et al. 2010; Vasseur et al. 2014; Sheldon and Dillon
2016). A productive step in climate change research will be
to focus on how changes in temperature variation, rather
than mean temperature, shape the physiology, ecology, and
evolution of species.

What Are the Consequences for Populations
and Communities along Elevational

and Latitudinal Gradients?

Janzen’s seasonality hypothesis, applied to populations, helps
predict which are most at risk of extinction in a warming
world. If aseasonal environments favor populations of ther-
mal specialists, with thermal optima closer to thermal max-
ima, then a given increase in temperature is more likely to
drive those species into a thermally untenable situation,
resulting in extirpation (Deutsch et al. 2008). A literature re-
view suggests that range contractions have resulted in more
local extinctions in tropical (55%) than in temperate (39%)
regions (Wiens 2016). At the same time, warming environ-
ments provide opportunities for range expansion, especially
for ectotherms. Unfortunately, this suggests that tropical dis-
eases, such as malaria, will reach higher latitudes and ele-
vations as mosquito vectors expand their ranges (Siraj et al.
2014), leading to epidemics in areas where people lack im-
munity and greatly impacting the economies of tropical
and extratropical countries (Gallup and Sachs 2001). A key
knowledge gap is our ability to predict which populations will
be more adept at dispersing to exploit the shifting geography
of climate (Colwell et al. 2008; Buckley et al. 2013b).

Beyond a simple summation of population responses,
Janzen’s seasonality hypothesis can be applied to predict
how the properties of communities will change in a warm-
ing world. First, when whole habitats disappear (e.g., the
tundra of a mountaintop), then the assemblage of species
specialized to that habitat will likely go with it (Colwell
et al. 2008). Second, if populations are becoming extinct lo-
cally and colonizing new habitats in a changing world, then
communities (assemblages of species) should be experienc-
ing enhanced turnover, and this should be particularly true
in the tropics (Lawler et al. 2009; Sheldon et al. 2011). A
survey of species turnover across 13 assemblages over 10–
159 years (Gibson-Reinemer et al. 2015) suggested mean
species turnover of 12% per decade with little net change
in diversity. Long-term monitoring studies will be vital to
understanding whether community flux is enhanced in the
Anthropocene. Perhaps the most intriguing puzzle is how
the often considerable intrinsic diversity of a community—
within and between species (Kraft et al. 2008; Hillebrand
and Matthiessen 2009; Messier et al. 2010, Kaspari et al.
2015)—feeds into its resilience: the ability to retain abun-
dance, form, and function in a changing world. This leads
to a basic question, one that has enlivened more than one

OTS classroom discussion over the years: Are the hyper-
diverse tropics susceptible to disturbance because their pop-
ulations are hyperspecialized, or are they resilient because
they are genetically and phenotypically diverse?

Epilogue: Dan Janzen on the Importance
of Natural History Observations

“Mountain Passes” is a natural history observation. Notic-
ing it requires being in the middle of the perturbation and
noticing its effects as displayed by the reactions of the
participants. It requires no theoretical framework and of
course can be “tested” if one has the desire. But it is one
of the simple natural history observations that is so clear
that replicate samples are likely to be superfluous. Obvi-
ously, this observation will not apply to all species and
all mountain ranges. Wherein lies the variation can be de-
termined only by experiments and more observations; of
course, this was a naturally occurring experiment that
alerted me to an ongoing process in nature.
It should be noted that this salami did not require being

sliced very thin in order to have it be useful to others. They
do their own salami slicing for their own sandwiches, al-
lowing me to enjoy the luxury of being in the forest among
many other salamis.
It is fair to say that every one of the papers or processes

for which I am “famous” has its origin in such an obser-
vation. I did not theorize that acacia ants protect their
ant acacias and then test it. I saw it happen in front of
me and then decided to repeat it “experimentally” to probe
its variation and variance for a formal dissertation (Janzen
1966). The same applies to herbivores and tropical trees
(Janzen 1970), toxic seeds (Bell and Janzen 1971), why
fruits rot (Janzen 1977), and tropical conservation through
biodevelopment (Janzen and Hallwachs 2016). It is fair to
acknowledge that the experiments, formalizations, and
“theoretical” conceptualizations always came after seeing
something happen that was, in effect, a naturally occurring
experiment. Nature is full of them. The question is only
which of them does Homo sapiens care to pay attention
to, for whatever agenda, and which does one happen to
be carrying enough other contextual information to stim-
ulate noticing.
—Daniel Janzen, January 17, 2017, Área de Conservación

Guanacaste
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“Teocalli mountain.—On the west side of the Main or Wasatch range, in a nearly direct line from the Twin lakes, is a mountain peak of very
singular but interesting appearance. . . . The name was given this peak by the Survey on account of its resemblance to the celebrated sacrificial
mound of Mexico.” From “Twin Lakes and Teocalli Mountain, Central Colorado, with Remarks on the Glacial Phenomena of that Region” by
F. V. Hayden (The American Naturalist, 1880, 14:858–862).
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