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Press, pulse, and squeeze: Is climatic equilibrium ever possible 
on mountains? 
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A B S T R A C T   

Mountains present challenging habitats for biological conservation assessment and intervention. Atmospheric 
warming is pressuring populations, communities and ecosystems to move toward higher elevations, but 
increasingly variable precipitation patterns could enhance or reverse the upward trend. The effects of warming 
pressure from lower elevations combined with irregular annual precipitation pulses will be complicated by the 
squeeze cause by decreasing habitat area at higher elevations. Given the evidence to date this raises the question, 
can species’ distributions on mountains ever be in climatic equilibrium?   

Snowfall is a critical driver of patterns and processes in mountain 
ecosystems, and snowpack provides water storage for billions of people 
around the world (Figs. 1A, B, S1) (Immerzeel et al., 2020). Snow cover, 
depth, duration and extent have globally declined, particularly at the 
lower elevation limit of snowlines (Hock et al., 2019), a trend that is 
likely to continue (Notarnicola, 2022; Zou et al., 2022). The conserva
tion of biological populations will be affected by the presence and 
persistence of snow and the loss of montane snowpack (Williams et al., 
2007; Barnett et al., 2008). Snow is more widespread in the Northern 
Hemisphere, and snowline elevations are lower in temperate regions 
above about 35◦ latitude (Fig. 1B). Multiple critical impacts will result 
from climate change-induced snowpack loss (Fig. 1C), including 
reduced water and carbon storage by ecosystems (Siirila-Woodburn 
et al., 2021; Albrich et al., 2023). The highly variable timing and 
magnitude of snow (Fig. 1D) will likely drive changes in species distri
butions on mountains (Lenoir and Svenning, 2015), largely toward 
higher elevations (Inouye et al., 2000; Callaghan et al., 2004). The ex
pected reduction of mountain snowpack will affect local and regional 
climate through lower albedo, increased local temperatures, and 
reduced evaporated and sublimated water (Schulz and de Jong, 2004). 
Less snow would result in a decrease in spring stream flow timing and 
amount, affecting wildlife habitat (Hammond and Kampf, 2020), and 
confounding downstream commerce (Sturm et al., 2017). The impacts 
on biological communities will profoundly affect the economic well- 
being of those who rely on seasonal recreation (Huss et al., 2017). The 
importance of species movements toward higher elevations in response 
to climate change has been recognized for some time (Peters and 

Lovejoy, 1992), but how will climate and the shape of mountains 
interact to affect biodiversity? 

Montane species that are reliant on snowpack are being challenged 
by the ways that mountain climates are changing. In fact, the combi
nation of warming temperatures, spatial and temporal snowpack vari
ability, and the tapered shape of mountains could result in “climate 
disequilibrium” (Svenning and Sandel, 2013), whereby species range 
limits do not keep up with the environmental filters that are moving due 
to climate change (Fig. 2). Mountain air temperatures decrease with 
increasing altitude due to the adiabatic lapse rate (Fig. 2A). However, 
climate change is warming the atmosphere, accelerating snow melt and 
reducing snowpack, thereby causing the lower elevation of the snowline 
to move upward to higher elevations in many regions (Fig. 2B). These 
changes, which can be characterized as a chronic press, will continue to 
compel upslope movements for some species. Yet climate change is also 
causing snowfall to be more variable, as wetter-than-average years have 
more snowfall and lower snowlines. Thus, there will be both increases 
and decreases in snowpack depth in some places and in some years 
(Fig. 2B). Interannual snowpack cover and depth are also highly variable 
in many mountain regions. The spatial and temporal variability of snow 
produces pulses of soil water and other resources at multiple scales (Loik 
et al., 2004) that are potentially important for species ability to disperse 
and successfully establish in new locations (Fig. 2C). Complicating 
matters for species that are pressed toward higher elevations is that most 
mountains have a more-or-less tapered shape, meaning that some spe
cies may be squeezed into smaller areas of potential habitat. The 
reduction in habitat area along with a general decrease in spatially 
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important resources (food, nest sites, burrows, hibernacula) could result 
in increased intensity or frequency of stressful or negative biotic in
teractions (Fig. 2D). Some species have always migrated in response to 
past climate changes (Millar et al., 2019), whereas other species stayed 
in place, adapted to the altered climate, faced dispersal barriers, or were 
extirpated (Holt, 1990; Alexander et al., 2018), highlighting a diversity 
of responses to climate change on mountains. Nevertheless, it is not clear 
how important ecological and evolutionary processes will be affected by 
the unprecedented press of warming temperatures in combination with 
highly pulsed precipitation and squeezed habitat availability. 

How does the shape of mountains affect habitat area? Mountain 
surface area decreases with altitude, so the tapered shape of mountains 
could cause species to be squeezed into smaller habitat space as they 
move toward higher elevations in search of preferred conditions. For 
species that occur up to the mountaintop, the area available for occu
pation can be approximated as the lateral surface area of a cone. For 
species with mid-mountain elevation limits, the area available for 
occupation as habitat can be estimated as the surface area around the 
mountain, bounded by the upper and lower elevation limits of its pop
ulations (which describes a surface called a frustum.) Mount Morrison in 
eastern California, USA is a symmetrically-shaped mountain that illus
trates the effect of elevation on habitat availability. It has an average 
slope of 60◦, a base height on the Long Valley Caldera floor of 2134 m 
above sea level (7000′), and a peak elevation of 3731 m (12,241′). 
Considering a species with a lower elevation limit of 2743 m (9,000′) 
and upper elevation boundary at the peak, the potential habitat would 
be the lateral surface area of the cone, and would have about 0.5 km2 of 
mountain area to potentially occupy. The adiabatic lapse rate varies 
with vapor content, but at the midpoint (0.6◦ per 100 m), 1.0 degree of 
warming corresponds to a change in elevation of about 250 m. Such 
changes are comparable to transformations of trailing-edge forests 

(Meigs et al., 2023). If the lower elevation margin was to rise by 250 m 
to almost 3000 m altitude (9843′), the area available as potential habitat 
would decrease by 46 %. This shows that small changes in upward 
elevation movement of range margins result in dramatic reductions in 
habitat space. This is a highly oversimplified illustration because 
mountains are overtly heterogeneous habitats and not right-angle cones. 
Latitude, elevation, aspect, slope, topographic variability (ridgelines, 
gullies) and forest cover would drive complex interactions with the 
impacts of press-squeeze-pulse on the presence/absence of habitat 
available for supporting species diversity (Coblentz and Riitters, 2004). 
Moreover, certain features might act as corridors or refugia that could 
facilitate species’ movements or stasis, respectively (Chester et al., 2013; 
Alexander et al., 2018). 

How might species respond to the combined effects of simultaneous 
warming press, habitat squeeze, and highly variable interannual pre
cipitation pulses? Altered snow ablation (particularly earlier disap
pearance due to melting and sublimation) can cause a loss of synchrony 
between the timing of biological interactions, such as pollination or 
predator-prey relations. These “phenological mismatches” can have 
important consequences for population processes (Visser and Gienapp, 
2019; Twining et al., 2022). The date of snowmelt is a key ecological 
trigger for the emergence and growth of many kinds of organisms in 
montane ecosystems. Earlier snowmelt and onset of development can 
cause plants to be damaged by freezing air temperatures, resulting in 
reduced flower abundance, suggesting reduced seed availability, 
recruitment and impacts on pollinators and herbivores (Inouye, 2000, 
2008) For early-season plants, the loss of snowpack can lead to cold- 
induced photoinhibition for some plant species, in which processing of 
light energy by the photosynthetic apparatus is impaired due to com
bined light and temperature stresses (Germino and Smith, 2000; Loik 
et al., 2004). The loss of snow cover removes the thermal insulation 

Fig. 1. Variation in snow cover and snow depth over time and space on mountain environments (A) Maximal annual Northern Hemisphere snow cover, January 
2017; maximal Southern Hemisphere snow cover is shown in Fig. S1. Data are from the NASA Earth Observatory. (B) Minimum (solid line) and maximal (dashed 
Line) snow line altitude as a function of latitude. Data are adapted from (Adam et al., 1997) and (Leonard and Fountain, 2003) (C) Decadal trends in Northern 
Hemisphere snow cover from 1967 to 2023. Data are from the National Centers for Environmental Information and the Rutgers University Global Snow Laboratory 
(GSL). (D) Decadal variation in 1 April snow depth at 2530 masl (8300′) near Mammoth Lakes, California, USA, in the Sierra Nevada. Winter 2023 value exceeds 3 sd. 
Data are from the California Data Exchange Center. 
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effect, resulting in colder soils, altered nutrient transformations, and soil 
gas fluxes (Edwards et al., 2007). Warming temperatures and climate 
disequilibrium portend shifting distributions and widespread impacts on 
life-history evolution (Phillips et al., 2010) and biodiversity (Huntley 
et al., 2018). Some studies have found evidence for widespread climate 
disequilibrium among conifers, fish, and invasive insects (Early and Sax, 
2014; Hill et al., 2017; Kirk and Rahel, 2022). The climate-sensitive 
mammal Ochotona princeps (American Pika) has limited dispersal abil
ity, is reliant on snow for thermal insulation and to avoid predators, and 
requires thermal refugia in summer to stay cool. This species has 
attracted conservation attention because rapidly shifting environmental 
conditions may cause isolated alpine species to become locally extir
pated (Wilkening et al., 2015; Waterhouse et al., 2018). Recent genetic 
evidence indicates population decreases throughout the range of pikas 
(Klingler et al., 2021). However, other studies indicate limited move
ments between elevations in some regions (Henry et al., 2012), 
increasing isolation in other places (Klingler et al., 2023), whereas other 
populations appear robust (Millar and Westfall, 2010). This indicates 
that responses to climate are not universal within high mountain spe
cies, and highlight differences in how pikas are responding across their 
distribution in North America (Schmidt et al., 2021). These studies 
suggest that for this sensitive snow-reliant species, any impacts of press, 
pulse and squeeze are geographically distinct. Moreover, they highlight 
the need for studies that explicitly test the effects of press, pulse and 
squeeze on species’ ranges. (Rowe et al., 2010). 

Evidence is growing that individuals, populations, communities and 
ecosystems are decoupled from environmental conditions, raising some 
questions about the role of press, pulse and squeeze on montane biodi
versity. First, for the case where species are not in climate equilibrium, 
do wet years with low-elevation snowlines create conditions favorable 
for equilibration? If so, do species actually equilibrate, or are the pulses 
too short for an effective “catch up”? Several new and emerging methods 
could help identify whether a study system is out of equilibrium. For 
example, repeat drone-based hyperspectral mapping could be particu
larly helpful for identifying the shifting distribution of species in the 
challenging topography of mountain habitats (Kluczek et al., 2023). 
Hypotheses about the relative importance of precipitation vs. warming 
could be tested using drought shelters, overhead heaters, or snow ma
nipulations (Dunne et al., 2003; Wahren et al., 2005; Moyes et al., 2013; 
Knapp et al., 2015), particularly in combination with transplanting 
across current distributional limits. Likewise, experiments that test ef
fects of warming or precipitation in combination with habitat removal 
or biotic treatments (e.g. increased or decreased competition, herbivore 
or pollinator exclusion) could help evaluate the relative importance of 
press and pulse compared to squeeze. What if some species are more 
sensitive to the squeeze than the pulses or press, will that result in 
altered distributions that reflect the disproportionate influences (Hord
ley et al., 2023)? Assisted migration and reciprocal transplant experi
ments could help to test hypotheses about the relative importance of 
biotic interactions associated with habitat squeeze by comparison to 

Fig. 2. Characteristics of mountain habitats that create press, pulse, and squeeze constraints. (A) The adiabatic lapse results in colder temperatures with elevation. 
The rain-snow transition and freezing lines, snowpack limits and continuous (glacial) snow cover occur at different elevations over daily, seasonal and annual time 
scales due to external meteorological forcings, and global warming. (B) Anthropogenic climate change is causing air temperatures to warm, creating a pressing trend 
from lower elevations. Variable snowfall means the snowline position varies from year to year, setting the stage for heterogeneous interannual water inputs and 
ecological outcomes. Depending on their slope, mountains tend to have less habitat availability with elevation; younger (steeper) mountains will have more pro
nounced reductions in area. (C) An abiotic factor (freezing, snow depth, soil moisture) may impose an upper limit on a species distribution. However, climate change 
is causing movements in the elevation at which abiotic limits occur. Species may be compelled to migrate to match the abiotic limit but mismatched movement rates 
can lead to climate disequilibrium, where the species has not kept up with the abiotic limit. (D) Some potential ecological outcomes of press, pulse, and squeeze 
influences. Warming temperatures may press species to migrate toward higher elevations that match their fundamental niche. Variability of precipitation (e.g., 
infrequent heavy snowfall years) could lead to pulses of high fecundity or recruitment for certain species in “suitable” years. And, the tapering shape of mountains 
may reduce habitat or other resource availability, leading to higher numbers or intensity of biotic interactions such as competition, herbivory/predation, or disease. 

M.E. Loik                                                                                                                                                                                                                                         



Biological Conservation 291 (2024) 110468

4

abiotic press and pulse influences (Wadgymar and Weis, 2017; Midolo 
and Wellstein, 2020; Charles and Stehlik, 2021). And, how do other 
kinds of meteorological episodes that rapidly melt snow (e.g., rain-on- 
snow events, spring heatwaves) affect climate disequilibrium and con
servation outcomes for species of concern on mountains? Warm-water 
additions could test hypotheses about the seasonal timing and temper
ature of precipitation on key processes that affect species ability to track 
preferred conditions. Given their higher altitudes and isolated nature, 
how would press, pulse, and squeeze affect climate disequilibrium on 
tropical mountains (Veettil et al., 2017; Flantua et al., 2019)? We might 
hypothesize relatively less impact from the warming press due to the 
higher snowline altitudes, compared to pulses or the habitat squeeze, 
which could be tested by examining the impact of passive warming 
shelters (Hollister et al., 2022) vs. supplemental watering or planting 
density on species establishment. 

What should conservation biologists and practitioners be most con
cerned about when it comes to press, pulse, and squeeze on mountains? 
For one thing, adapting conservation strategies for changing climates, 
such as when designing restoration plans, management of invasive 
species, or scoping for assisted migration efforts, is already challenging 
in an era of rapid climate and biotic change. Predicting how climates 
will change, whether soils will be suitable if species are translocated, 
what might be the impacts of an invasive species or pest outbreak, and 
whether key beneficial biotic interactions will be maintained are diffi
cult enough on flat ground. In all likelihood, there will be additional 
costs, time, and special expertise required for monitoring, restoring 
species, or providing assisted migration in the complex topography of 
mountains. Testing hypotheses about the importance of abiotic press 
and pulse limitations vs. biotic interactions within squeezing habitat will 
help develop new theory about controls on montane biodiversity. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biocon.2024.110468. 
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Kääb, A., Kang, S., Kutuzov, S., 2019. High mountain areas. In: IPCC Special Report 
on the Ocean and Cryosphere in a Changing Climate. The Intergovernmental Panel 
on Climate Change. IPCC, Geneva.  

Hollister, R.D., Elphinstone, C., Henry, G.H., Bjorkman, A.D., Klanderud, K., Björk, R.G., 
Björkman, M.P., Bokhorst, S., Carbognani, M., Cooper, E.J., 2022. A review of open 
top chamber (OTC) performance across the ITEX network. Arctic Science 9, 
331–344. 

Holt, R.D., 1990. The microevolutionary consequences of climate change. Trends Ecol. 
Evol. 5, 311–315. 

Hordley, L.A., Fox, R., Suggitt, A.J., Bourn, N.A., 2023. Precipitation buffers 
temperature-driven local extinctions of moths at warm range margins. Ecol. Lett. 26, 
805–815. 

Huntley, B., Allen, J.R., Bennie, J., Collingham, Y.C., Miller, P.A., Suggitt, A.J., 2018. 
Climatic disequilibrium threatens conservation priority forests. Conserv. Lett. 11, 
e12349. 

Huss, M., Bookhagen, B., Huggel, C., Jacobsen, D., Bradley, R.S., Clague, J.J., Vuille, M., 
Buytaert, W., Cayan, D.R., Greenwood, G., 2017. Toward mountains without 
permanent snow and ice. Earth’s Future 5, 418–435. 

Immerzeel, W.W., Lutz, A.F., Andrade, M., Bahl, A., Biemans, H., Bolch, T., Hyde, S., 
Brumby, S., Davies, B., Elmore, A., 2020. Importance and vulnerability of the world’s 
water towers. Nature 577, 364–369. 

Inouye, D.W., 2000. The ecological and evolutionary significance of frost in the context 
of climate change. Ecol. Lett. 3, 457–463. 

Inouye, D.W., 2008. Effects of climate change on phenology, frost damage, and floral 
abundance of montane wildflowers. Ecology 89, 353–362. 

Inouye, D.W., Barr, B., Armitage, K.B., Inouye, B.D., 2000. Climate change is affecting 
altitudinal migrants and hibernating species. Proc. Natl. Acad. Sci. U. S. A. 97, 
1630–1633. 

Kirk, M.A., Rahel, F.J., 2022. Climate disequilibrium of fishes along elevation and 
latitudinal gradients: implications for climate tracking. J. Biogeogr. 49, 2145–2155. 

Klingler, K.B., Jahner, J.P., Parchman, T.L., Ray, C., Peacock, M.M., 2021. Genomic 
variation in the American pika: signatures of geographic isolation and implications 
for conservation. BMC Ecology and Evolution 21, 1–19. 

Klingler, K.B., Nichols, L.B., Hekkala, E.R., Stewart, J.A., Peacock, M.M., 2023. Life on 
the edge—a changing genetic landscape within an iconic American pika 
metapopulation over the last half century. PeerJ 11, e15962. 

Kluczek, M., Zagajewski, B., Zwijacz-Kozica, T., 2023. Mountain tree species mapping 
using Sentinel-2, PlanetScope, and airborne HySpex hyperspectral imagery. Remote 
Sens. (Basel) 15, 844. 

Knapp, A.K., Hoover, D.L., Wilcox, K.R., Avolio, M.L., Koerner, S.E., La Pierre, K.J., 
Loik, M.E., Luo, Y., Sala, O.E., Smith, M.D., 2015. Characterizing differences in 
precipitation regimes of extreme wet and dry years: implications for climate change 
experiments. Glob. Chang. Biol. 21, 2624–2633. 

Lenoir, J., Svenning, J.C., 2015. Climate-related range shifts–a global multidimensional 
synthesis and new research directions. Ecography 38, 15–28. 

Leonard, K.C., Fountain, A.G., 2003. Map-based methods for estimating glacier 
equilibrium-line altitudes. J. Glaciol. 49, 329–336. 

Loik, M.E., Still, C.J., Huxman, T.E., Harte, J., 2004. In situ photosynthetic freezing 
tolerance for plants exposed to a global warming manipulation in the Rocky 
Mountains, Colorado, USA. New Phytol. 162, 331–341. 

Meigs, G.W., Case, M.J., Churchill, D.J., Hersey, C.M., Jeronimo, S.M., Smith, L.A.C., 
2023. Drought, wildfire and forest transformation: characterizing trailing edge 
forests in the eastern Cascade Range, Washington, USA. Forestry 96, 340–354. 

Midolo, G., Wellstein, C., 2020. Plant performance and survival across transplant 
experiments depend upon temperature and precipitation change along elevation. 
J. Ecol. 108, 2107–2120. 

Millar, C.I., Westfall, R.D., 2010. Distribution and climatic relationships of the American 
pika (Ochotona princeps) in the Sierra Nevada and western Great Basin, USA; 

M.E. Loik                                                                                                                                                                                                                                         

https://doi.org/10.1016/j.biocon.2024.110468
https://doi.org/10.1016/j.biocon.2024.110468
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0005
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0005
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0010
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0010
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0010
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0015
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0015
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0015
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0020
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0020
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0020
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0020
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0025
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0025
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0025
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0025
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0025
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0030
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0030
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0035
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0035
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0035
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0040
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0040
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0045
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0045
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0045
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0050
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0050
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0050
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0055
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0055
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0060
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0060
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0060
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0065
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0065
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0070
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0070
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0070
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0075
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0075
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0075
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0080
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0080
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0085
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0085
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0085
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0085
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0090
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0090
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0090
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0090
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0095
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0095
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0100
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0100
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0100
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0105
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0105
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0105
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0110
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0110
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0110
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0115
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0115
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0115
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0120
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0120
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0125
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0125
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0130
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0130
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0130
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0135
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0135
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0140
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0140
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0140
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0145
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0145
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0145
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0150
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0150
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0150
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0155
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0155
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0155
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0155
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0160
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0160
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0165
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0165
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0170
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0170
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0170
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0175
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0175
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0175
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0180
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0180
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0180
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0185
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0185


Biological Conservation 291 (2024) 110468

5

periglacial landforms as refugia in warming climates. Arct. Antarct. Alp. Res. 42, 
76–88. 

Millar, C.I., Charlet, D.A., Delany, D.L., King, J.C., Westfall, R.D., 2019. Shifts of 
demography and growth in limber pine forests of the Great Basin, USA, across 4000 
yr of climate variability. Quatern. Res. 91, 691–704. 

Moyes, A.B., Castanha, C., Germino, M.J., Kueppers, L.M., 2013. Warming and the 
dependence of limber pine (Pinus flexilis) establishment on summer soil moisture 
within and above its current elevation range. Oecologia 171, 271–282. 

Notarnicola, C., 2022. Overall negative trends for snow cover extent and duration in 
global mountain regions over 1982–2020. Sci. Rep. 12, 13731. 

Peters, R.L., Lovejoy, T.E., 1992. Global Warming and Biological Diversity. Yale 
University Press. 

Phillips, B.L., Brown, G.P., Shine, R., 2010. Life-history evolution in range-shifting 
populations. Ecology 91, 1617–1627. 

Rowe, R.J., Finarelli, J.A., Rickart, E.A., 2010. Range dynamics of small mammals along 
an elevational gradient over an 80-year interval. Glob. Chang. Biol. 16, 2930–2943. 

Schmidt, D.A., Waterhouse, M.D., Sjodin, B.M., Russello, M.A., 2021. Genome-wide 
analysis reveals associations between climate and regional patterns of adaptive 
divergence and dispersal in American pikas. Heredity 127, 443–454. 

Schulz, O., de Jong, C., 2004. Snowmelt and sublimation: field experiments and 
modelling in the high Atlas Mountains of Morocco. Hydrol. Earth Syst. Sci. 8, 
1076–1089. 

Siirila-Woodburn, E.R., Rhoades, A.M., Hatchett, B.J., Huning, L.S., Szinai, J., Tague, C., 
Nico, P.S., Feldman, D.R., Jones, A.D., Collins, W.D., 2021. A low-to-no snow future 
and its impacts on water resources in the western United States. Nature Reviews 
Earth & Environment 2, 800–819. 

Sturm, M., Goldstein, M.A., Parr, C., 2017. Water and life from snow: a trillion dollar 
science question. Water Resour. Res. 53, 3534–3544. 

Svenning, J.C., Sandel, B., 2013. Disequilibrium vegetation dynamics under future 
climate change. Am. J. Bot. 100, 1266–1286. 

Twining, C.W., Shipley, J.R., Matthews, B., 2022. Climate change creates nutritional 
phenological mismatches. Trends Ecol. Evol. 37, 736–739. 

Veettil, B.K., Wang, S., de Souza, S.F., Bremer, U.F., Simões, J.C., 2017. Glacier 
monitoring and glacier-climate interactions in the tropical Andes: a review. J. South 
Am. Earth Sci. 77, 218–246. 

Visser, M.E., Gienapp, P., 2019. Evolutionary and demographic consequences of 
phenological mismatches. Nature ecology & evolution 3, 879–885. 

Wadgymar, S.M., Weis, A.E., 2017. Phenological mismatch and the effectiveness of 
assisted gene flow. Conserv. Biol. 31, 547–558. 

Wahren, C.H.A., Walker, M.D., Bret-Harte, M.S., 2005. Vegetation responses in Alaskan 
arctic tundra after 8 years of a summer warming and winter snow manipulation 
experiment. Glob. Chang. Biol. 11, 537–552. 

Waterhouse, M.D., Erb, L.P., Beever, E.A., Russello, M.A., 2018. Adaptive population 
divergence and directional gene flow across steep elevational gradients in a climate- 
sensitive mammal. Mol. Ecol. 27, 2512–2528. 

Wilkening, J.L., Ray, C., Ramsay, N., Klingler, K., 2015. Alpine biodiversity and assisted 
migration: the case of the American pika (Ochotona princeps). Biodiversity 16, 
224–236. 

Williams, J.W., Jackson, S.T., Kutzbach, J.E., 2007. Projected distributions of novel and 
disappearing climates by 2100 AD. Proc. Natl. Acad. Sci. 104, 5738–5742. 

Zou, Y., Sun, P., Ma, Z., Lv, Y., Zhang, Q., 2022. Snow cover in the three stable snow 
cover areas of China and spatio-temporal patterns of the future. Remote Sens. (Basel) 
14, 3098. 

M.E. Loik                                                                                                                                                                                                                                         

http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0185
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0185
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0190
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0190
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0190
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0195
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0195
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0195
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0200
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0200
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0205
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0205
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0210
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0210
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0215
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0215
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0220
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0220
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0220
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0225
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0225
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0225
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0230
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0230
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0230
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0230
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0235
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0235
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0240
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0240
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0245
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0245
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0250
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0250
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0250
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0255
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0255
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0260
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0260
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0265
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0265
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0265
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0270
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0270
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0270
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0275
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0275
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0275
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0280
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0280
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0285
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0285
http://refhub.elsevier.com/S0006-3207(24)00029-6/rf0285

	Press, pulse, and squeeze: Is climatic equilibrium ever possible on mountains?
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References




